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ITPOAOI'OX

H napovoa Stoatpiiny ekmoviiOnke oto Epyaotiiplo Avopyavng Xnueiag tov Tpnpatog Xnpeiog
tov [Mavemotpiov Iwavvivev katd to xpovikd Sdotnpa 2012-2017 vnd v enifAeym tov
avamAnpet kaBnyntm| k. ABavaoiov K. Toinn. MéAn g TtpipeAodg emTpoOmNg opioTnKav o

kaOnynt¢ K. ITAakatovpag Ioavvng Kot o kaBnyntg kK. Xat{nkakod Letrpng.

Lto onpeio autd Ba NBsAa va evxaploTNom TOV E€MPBAENOVIX KaBNynt yla TNV oLVEXN
emoTtnpovikny kabodnynon ko otpién xwpic v onoia de B Hrav Suvatn N OAOKANPWON TNG
Satpifric. Emiong Ba nbeda va evxapiotow tov kabnynty k. ITAakatovpa Iwdvvn kol Tov
KaOnynm kK. Xot(NKokoL X@TNpN Y& TG EMOKOSOUNTIKEG CLNTNOEG Kol TIG €VOTOXEG

TIAPATIPTOELG TOVG KATA TNV €KMOVNOT NG S1atpfng.

Emniong Ba 10eAa va euyaplotom Beppd tov Opdtipo Kabnyntm Toinn Kevotavtivo, kabag
NTav 0 GvBpwTOg ToL e eloT|yaye, KHBOSNyNoe Kol ev TEAEL [iE EVEMVELOE KATA TA TIPOTA Brpata

Hov atov kKAGSo g YnoAoyotiknig KBavuikng Xnpeiac.

TéNOG, €LXUPLOTAO TOLG YOVEIG HOL Kot TNV oO{VYO HOUL Yyl TV NOKN vTooTPEN TOL HOU

TIPOCEPEPAV GE OAI TN SIAPKELN EKTIOVINOTG NG SIOAKTOPIKTG S1ATPIPNG.



IIEPIAHYH

Zmv napovoa SatpiPr] peAeTONKe pix Oelpd LOKATESTNHEVOV BeVOAKOV SaKTUAIWV e
dropa HeTdA®V vopiopatokoneiov Tov yevikon tomov CsHenMy (M = Cu, Ag, Au, n = 1 — 6), pe m
Bonbewax g pebBdSov ouvaptnolakoy mukvotntag (Density Functional Theory), mov
xapaktnpi¢etat pe 1o akpovupo DFT. XZvykekpipéva peAetOnkav Sie§odika 1600 ot Sopikég 600
KO Ol EVEPYELOKEG, HOYVITOTPOTIIKEG KL PACHATOOKOTIKEG 1810TNTEG TV TIHPATIAV® EVOCEMV KAl
ouvykpifnkav pe TI¢ avtioToleg 1610TNTEG TOVL I LMOKATAOTNHEVOL OPWHATIKOD [ev(oAkoL
SaxtuAiov. Xe avtiBeon pe tov Bev(OAKO SoKTOA0, Tar pETXAAOLTIOKATAOTHEVA Bev(OAx TOL
TOmov CeHenM, (M = Cu, Ag, Au, n = 1 — 6) TKpoLa1&{OLV APWHATIKO XAPAKTPA AKOHX KL OTNV
TPUTA] OleyeppEVI KATAOTAOT TOLG. ATO T HEAETN QLT TPOEKLYAV TIOAD KOAEG YPOHHIKEG
ovoyeTioelg Tov tavuoTn zz oto onpeio 1, NICS,,(1), Tov deiktn apopatikottag NICS (Nucleus
Independent Chemical Shift), 1) pe t0 OUVOANKO apVNTIKO QULOKO @OPTIO TIOL QEPEL O
KapBOKLKAIKOG SaKTOA0G Kot 2) pe TO PNKoG KOpatog (A) g petdntwong HOMO — LUMO ot
eacopata anmoppoenong twv evaoewVv CeHenMn. Ta @aopata ekmopnmg twv evaoenv CeHenM,
xapaktnpidovtol ano tig PNAEG TIHEG TNG Sx@opag evépyelag AEso.riy EI0IKA 0TI TIEPUTTMOOELG TMOV
S1-UTTOKATECTNHEVOV PETA- Ko TTdpa- 1oopep@v. H péyiotn tipr AEso-riy TTOL DTTOAOYIOTNKE Yyl TNV
évwon m-CeHsAu, eivan ion pe 67 kcal/mol. MehemBnkav emiong Ta SeGHIKA XXPAKTNPLOTIKA TV
pHetaAMwv Cu, Ag, Au pe toug Bev{oAkovg SoktuAiovg ya kdbe mepimtwon, pe ™ Ponbewx
S1POPV LIIOAOYIOTIKOV KPBavToXnUIKOV pHeBOSwY, OMmg eivan 1) MALBNOHIOKT] AVEALOT] PLUOTKGOV
tpoxlokev deopov (Natural Bond Orbital, NBO), n mAvbnopiaxn avédAvon pe m pébodo twv
Atopav-Xta-Mopua  (Atoms-In-Molecules, AIM), T 0ULVAPTNON TNAEKPOVIKKOD EVIOMIOHOV
(Electron Localization Function, ELF), v xAion avnypévng mukvomrag (Reduced Density
Gradient, RDG) ka1 o1 cuvaptoelg Sign(A:(r))p(r) yix axkopa peyohutepn akpiffela. H Bewpnrikn
HeAé TV evooewv CeHenMy (M = Cu, Ag, Au, n = 1 — 6) €6e1&e 611 autég eivan Beppoduvapikd
otaBepég Ko Katd ouvenela Ba Ntav dvvartr n obVOeoT Kol AMOPOVAOOT] TOLG KMo TEPAHATIKOVG

XNHIKOUG,.



Emiong, peAemBnke, pe peBodovg g DFT, N Kavota avTUTPOCOTEVTIKOV EVOCERDV, OTIMG
tov CsHsCu ko 1,3,5-CusCsH; yiax ) §€opevon ko amobrikevon poplakod vdpoyovou Kat Bpédnke
va Tnpovy 11§ anontnoelg ov US DOE yia xapnAob K0oTtoug VAIKGOV amobrkevong vdpoyovou. Mix
EUMEPLOTATOUEVT  avdAvon TV  Seopikwv  Cu-+(n*-Hy) aAAniemdpdoswv pe ™ Borbex
LTOAOYIOTIKQOV  HeEBOSwV mAektpovikig dopng (NBO, AIM, ELF, RDG kol ouvoptioewmv
Sign(A2(r))p(r)) €6€1&e OTL 01 AAANAETIOPAOELG HUTEG EPPAVICOLY VAV HIKTO OHOLOTTOAIKO - 1OVTIKO

XOAPOKT PO IOV oLVOSEVETAL amo aobeveig Stapoplokég aAANAemSpaoEelg S1OTIOPAG.



SUMMARY

A series of coinage metalated benzenes formulated as C¢He..M, (M = Cu, Ag, Au, n =1 - 6) are
investigated by means of DFT calculations. The structural, energetic, magnetotropic and
spectroscopic properties of the coinage metalated benzenes are thoroughly analyzed and compared
to the respective properties of the archetype aromatic benzene molecule. In contrast to the
archetype benzene molecule, the CsHs..M, (M = Cu, Ag, Au, n = 1 - 6) molecules are predicted to
be aromatic even in their excited triplet state. Excellent linear correlations between (i) the zz
component of the Nucleus Independent Chemical Shift (NICS.(1)) values and the total negative
natural charge acquired by the carbocyclic ring and (ii) NICS.(1) vs wave length (1) of the HOMO
— LUMO transitions in the absorption spectra of the coinage metalated benzenes are established.
The emission spectra of the coinage metalated benzenes are characterized by high AE o1, values
particularly for the di-substituted m- and p-isomers, with the highest AEso.t1) value of 67 kcal/mol
calculated for the m-C¢HsAu, species. The bonding pattern of the coinage metallated benzenes has
been thoroughly analyzed by means of a multitude of electronic structure calculation methods
(Natural Bond Orbital, NBO, Atoms-In-Molecules, AIM, Electron Localization Function, ELF,
Reduced Density Gradient, RDG and Sign(A2(r))p(r) functions). Our findings indicate whole classes
of new coinage metalated benzenes (mono-, di-, tri-, four-, five- and six-substituted) opening a
new chemistry for the coinage metalated benzenes and their chemistry would be worthwhile to be
studied both experimentally and theoretically in the future

In addition the hydrogen storage capacity of representative cuprated benzenes (CsHsCu and
1,3,5-CusC¢H; molecules) has been investigated by means of DFT calculations and found to fulfill
the US DOE targets requirements for low cost hydrogen storage materials. A thorough analysis of
the bonding Cu--(n>-H.) interactions by means of a multitude of electronic structure calculation
methods (NBO, AIM, ELF, RDG and Sign(A:(r))p(r) functions) showed that these interactions
exhibit a mixed covalent-ionic character accompanied by weak intermolecular dispersion

interactions as well.



XKOIIOX
LKOMOG NG TpoLOag SlaTpiPng eival n peAé:

(i) Tov €idouvg Twv Seapwv mov xapaktnpilovv Tg evaoelg CeHenMn (M = Cu, Ag, Au,n =1 - 6)
Xpnolonolevtag Sidpopeg «state-of-the-art" peBodouvg g vtoAoyloTikng KPavtikig xnpeiag,

(ii) TV W80TV payvnTikng anokplong tewv evacemv CeHenM, (M = Cu, Ag, Au, n = 1 - 6) 1600
0TV amAn Baoikr 600 KAl 0TV TPUTAT SlEYEPHEVT] TOLG KATAOTAOT,

(ili) eV EETOPLOKGV 1BlOTTOV (PAopATA KMOPPOPNONG KOl EKMOHTIG) TV EVAOEMV,
avanteovtag mapaAAnAa pe Baon avTtég TG 1810TNTEG, KAT& OO0 Ol EVMOELG QUTEG €ival
KOXTEAANAQ DAIKG Y1 EQUPHOYEC, OTIWG DAIKG KAESOPaTOC “onmv” oe cuokevég LED.

(iv) ™G eQappoyTg Kot GUPTEPLPOPAG TV eVOOE®Y CeHenMn (M = Cu, Ag, Au, n = 1 — 6) ©G VAIKA
amoBnkevong vépoyovov.

(V) ™¢ avad)Tnong EVOOoE®wvV HE TAPOHON  OOHIKG, HOYVNTIKK KOl  QOCHXTOOKOTIKK
XOPOKTNPIOTIKK, (OOTE VO HTOPECOLY SLUVNTIKK va  xpnolpomoinfolv €miong ¢ LAKK

amoBnkevong vépoyovov.



1. TENIKO MEPOX



1.1. EIZXAI'QI'H

H Xnpeia, 6nwg kot moAAoi GAAOL eMOTNHOVIKOL KAGSOL, €X0UVV EMMPENCTEL ONUAVTIKK QO TN
OLVEXN KOl HE EKMANKTIKG Pripata odénomn g TayOTNTeG KOl TNG LMOAOYIOTIKNG 10X00G TV
VTTOAOY1I0T®V. AUTO OLVEPN ev pépel eéontiag TG PeATinong TOAAGOV LTOAOYIOTIKOV TEXVIKQYV,
npoodivoviag €10l véa ®Bnon oty KPavIopPnXaVviKi] TEPLYPAPT] TOV OTOHIKOV KOl HOPLXK®OV
OLOTNHATWY. XNpepa 0 kKAGSog NG voAoylotikng KPavrikng Xnpeiag nailel onpaviikd péAo ot
XNHIKN €pevva. Me 1 ouvexn BeATioon TV LMOAOYIOTIKOV TaKET@V 1| broAoyloTikn KBavtikn
Xnpeia anoteAel oNjpepA AVATTOOTIAOTO EPYAAEID OTN XNHIKT €PELVA, TTOL POl HE TA TIEWPAPATIKA
epyoAeia oLPBAAAEL otV TIPOPAEYT] Kol KATAVONOT| TG CULUTEPLPOPAC HIX ELPEING TIEPLOXNG
XNHIKQV, QLUOIKOV Kol [loAoylkdv @owvopéveov. Me v kataokeunp mAewddwv (clusters)
UTTOAOYIOT®V Y1t TTAPAAANAOLG LTTOAOYIGHOVG HE LMOAOYIOTIKY o}V Hepikawv teraflops ko v
avamtuén TV avtioTowv aAyopiBpwv pmopovpe va mpofAéyouvpe 6Tt N voAoylotikn Kpavrikn
Xnpeia Ba ovveyioel va aAAGlel To emoTnHoVIKO medio katd tov 21° cuwva. Aev Bplokopaote
HOKPL& ammo TN OTIYHT] TIOUL Ol XNHKol Ba ptopolv va axeditd{ouy KaTaAlTEG Kol GAAX LAIKG Ko va
npofAénovv ) BloAoyikn SpaoTIKOTNTH 1 TIG TEPIBAAAOVTIKEG EMMTOOELG OTO TN XNHIKN SOpT KAl
HOVO.

H KBavtikn Xnpeia, o emotnpovikog KAGS0G mov a@opd 0An ) Xnpeia, eiva 1 EMOTHHN TIOL
ene&epyaeTal TN HOPLOKT] CLUHTEPIPOPA HE Hix pOvo evomotnpévn (unified) évvowa: v ediocwon
Schrodinger. Av kot vmdpyxouv €dikoi oto medio g KPavrikng Xnpeiag, ot LMOAOYIOTIKEG
KPBOVTOPNXOVIKEG TEXVIKEG €QAPHOLOVIOL HE OULEAVOHEVO OLVEXDG PLOUG MO TEPAPATIKOVG
XNHIKOUG TOL eivon €UMEIPOL EPELVNTEG HE KOAEG yvaoelg Xnpeiog kot €xouv StaBéopa ta
LTTOAOYIOTIKG epyoAeia. npepa SiatiBeviol 010 ePmdplo MOAAG LTTOAOYIOTIKK TIOKETX HE TIG TILO
oUYXPOVEG LTIOAOYIOTIKEG HeBBOOLG, Ta oMol AMENTOOV EAXYIOTEG YVMOELG TEPAV KO TO XNHIKO
TOTIO H10G €VWOTIG YO VO LTTIOAOYICOLV HIx TTOIKIAIG 1810THT®V NG éveonc. [ToAAéG @opég paAioTa
HE T LTOAOYIOTIKA OUTA TOKETK LTIOAOYI(OVTOL GOHIKEG, PACTHATOOKOTIKEG KL 1610TNTEG XNHIKIG

SpAOTIKOTNTHG TIOL Oev givan S1B€01EG OO TIEIPAUATIKEG HETPTOELG.
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H npoodog mov €yve ta teAeutaia xpovia o 0Tt agopd TNV akpipr] KPAvIOUN)avIK TEPLYPAON
OLOTNHATOV TIOL TIEPIEXOVV OTOLKEIN HETAMTMOONG (OUUTTAOKEG EVAOOEL;, EVOOELS GLUVAPHOYNG,
OPYAVOUETOANKEG eVOOEelg) Snuodpynoe €vav véo, TOAD evala@épovia KAGSo Tng Avopyavng
Xnueioag, avtov g KPavtikng Avopyavng Xnpeiag. X0yxpoveg Kol evOl1@EPOVOEG TIEPLOXEG TNG
LTTOAOYI0TIKT|G XT|pElNG TTOL APOPOVV 0T XNUELX TV OTOLXEIOV HETATTWOTG €OV dnpooievbei oe
e101Ka Tevyn twv meplodikawv, Chemical Reviews [1-13] kon Coordination Chemistry Reviews, [14-
29] kaBahg ko oto meplodikd Comments on Inorganic Chemistry. [30] M mponyoOpevn
EUTIEPIOTATWHEVT] AVAOKOTINOT] TV Be@pNTIKOV HEBOS®V TIEPLYPAONG TNG NAEKTPOVIKTG SOUNG Kot
NG XNHIKNG SPAOTIKOTNTOG TV EVOOE®V TV OTOEIWV PETAMT®wONG dnpootevbnke 1o 1991 oto
neplodikd Coordination Chemistry Reviews.[31] Ot Koga kon Morokuma [32] dnpooisvcav pia
EMOKOMNOT] TV OepNTIKOV HEAETOV TIOL QVAPEPOVIONL OTI( KATAAUTIKEG QVTIOPROELG TIOL
KOTAADOVTAL QIO EVAOOELG TWV OTOLXEIOV PHETATTOONG, eved ot Gordon kot Cundari [33] dnpooievcav
GpBpo AVAOKOTNOTG TWV HEAETOV NG SEOHIKOTNTAG, TNG SOUNG Kal TNG SPACTIKOTNTAG EVOOEWY
TOV OTOEIWV HETAMT®ONG e TN Xpnolponoinon Spwviwv duvapikov moprva, ECPs (Effective
Core Potentials). TIpoogata d&pBpa €mOKOMNONG ova@Eépovial o€ O €0IKA Bépata g
LTTOAOYI0TIKT|G XN peiag, mov oyetidovial pe KPAVIOXNHIKEG HEAETEG TV UNYXAVIOH®V aVTIOPAOEDV
HETOAAOEV(OH®Y KOl KOTOALTIK@OV  ouvBeTik®v  ovotnpdtev [34] kabBohg emiong kot g

NAEKTPOVIOKIG SOUTNG TOV HETOANKQOV KEVIPWV O TIPAOTEIVEG KOl HOVTEAX [35].
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1.2. EZAT'QI'H X TA METAAAA NOMIZMATOKOIIEIOY (Cu, Ag, Au)

Ta petaAAikd otoyeia YaAKOG, Gpyvpog Kot Xpuodg eival YV@OTd amo ta aAd Xpovia, Omwg
Seiyvouv T Sdipopa avtikeipeva mov PpéBnkav o€ apXOOAOYIKOUG X®POLG. APYIKE, HOVO O
XPLOOG KOl 0 Gpyvpog XPNOIHOTIOWONKAV Yl TNV KOTHOKELT] KOOUNHATOV KOl VOHIOHAT®V.
Apydtepa avakaAbEOnKe 611 1 TPOGBNKN XaAKOD EAATTAOVEL TO KOOTOG KAl TALTOXPOVA aLEAVEL TV
aVTOXT TOUG, €Meldn €xel peydAn okAnpdtnta. Ta otoeia autd dev o&elddvovton ebkoAa Kat yU
QUTO XPNOIHOTOOLVTNL YO TNV KOTAOKELT VOHOHATwv. Etol, eival yvootd Kol o HETHAAX
voplopatokorneiov (coinage metals). H yxpnowomoinon tou apydpou yia@ TNV KOTROKELN
VOHIOHAT®V gival 1000 maAld, 600 Kal Tov Xpuoov. Daivetal, Op®G, OTL XpOVOAOYIKK O Gpyvpog
givat To Tpito PHETAAAO TIOL XPNOHOTIOINTE 0 AVOPWTOG, HE TIPATO TO XPLOO KXl SEVTEPO TO XAAKO.

Ta otoyeia YaAkag, dpyvpog Kot xpuaog aviikovv otnyv 11 n (IB ) opdda tov meplodikod mivaka
KOl €XOLV TO KOWK XOPOKTNPOTIKA TV HeTaBatikdv otoeiwv. Ta otoieloa autd €xouvv
nAektpovikn Swapopewon (n-1)dns' (n = 4, 5, 6). Mapolo mov Ta d TPOXIK& TOLG €ival
OLUTANPOHEVE, Ta d NAEKTPOVIX Sev elvan adpavi] Kol GUHHETEXOVV O€ PETAAAIKOVG Seapong. T
va Sdoovv 10vta, mpénel éva (evyog and T d NAEKTPOVIA V& 10vioTel. Me ouTOV TOV TPOTO
EHQVIETOL 0 PETAPBATIKOG XOPOKTAPAG TWV OTOLKEIDV, YEYOVOG TIOU OLVOEETOL KOl HE TN
OULHHETOXN TV d TPOXIHKAOV OTO HETHAAMKO Seopod. Ta otoyeia autd mapovoldlovv peTafAnTo
0Bévog ko oxnpatiCouv oOpMAOKeG evwaoelg. ‘Exouv ca@n HETOANKO XXPOKTPQA, ivon OAKIHO Kot
eAatd Kot epeavi¢ouy LYMAT BeppiKn Kol NAEKTPIKT ay@ylHOTHTH. Bplokouv omovdaieg mpokTikeg
EQUPHOYEG KOl OXNHATICOVY KPAHOTO HE OT|HAVTIKO TIPOKTIKO EVO1(QEPOV.

Ta péTaAAa XaAKOG, GpyupPOG KOl XpLOOG €XOLV TNV Tdon va oxnpatifouvv clusters, dnAadn
EVWOELG OTIG OTOIEC TX GTOUN TV HETAAA®V ouvS€ovtal HETAED TOUG pe Ge0pOVG PETGAAOL—
HeTaAAov. Otav OAa Ta dropa eivon Gtopa tou idov otoykeiov, tote T clusters ovopdloviat
OHOTILPT|VIKA, EV® OTAV TEPIEXOLV ATOHA OO SIAPOPETIKA OTOLKELN, OVOPALOVTIOL ETEPOTIVPTVIKA.
Ta clusters amoteAoLV éva GT|HAVTIKO GLVOETIKO KPiko PETASD TOV HEHOVOHEVOV ATOH®V KOl TV

HOpiwV ammo T Pla TAELPK KA TV OYKOSOV atepe®v (bulk) amod v dAAN. Autog eivan kKot 0 Adyog
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TIOL TA METHANKG clusters, 10xitepa OLT& TV HETOAADV VOUIOHOTOKOTEIOL, OMOTEAOVV
QVTIKEIPHEVO PEAETNG €80 Kol TOAAG ypovia. Ot peAéteg twv clusters Ttwv peTGAA®Y
VOUIOHOTOKOTIEIOV €0TIA{OVTaL OTNV €0PECT] TV SOHAV, TV EVEPYEIDV KOl TWV OlQOpwv
1510TNTOV TOLE, KABDE Kot oV KATAAVTIKT] Toug SpacTikoTnTa. To eDpog TG HEAETNG Sekvdel and
Hikp& clusters (600 1| TEPLOCOTEPOV ATOHWV) Kol QTAVEL PEXPL T vavoowpatidia. Emiong éxouv
peAemnOel dropa, 1OVIA Kol PETOAAIKA OTEPEd QLTAV, KABOC €miong Kal 1n Xpron TouG ®G
LTTOKOTAOTATEG 0€ BeVIOAMKOVUEG SaKTLAIOLC.

O1 yeopetpikég Sopég KabBhg kol mANBopa 1810TNTOV ONWG PAOUATOOKOTIKEG, APWHIATIKEG,
QOTOXNHIKEG KTA TNG XPTONG XVTOV TV HETAAA®Y 0 LTTOKATAOTATEG 0€ Bev(OAIKOUG SaKTLAIOLC,
QIOTEAOLV TO avTiKeipevo g mapovoag Sdaktopikng Owtping. Edompetikd evdiagpépov
TIAPOLO1A{OLV EMOTG 01 EPAPHOYEG TOV VEDV XUTOV SOHMV OE EMOTNHOVIKO, 0G0 KOl TEXVOAOYIKO

eninedo.
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1.3. YIIOAOTI'IXTIKH KBANTIKH XHMEIA
O xA&bog g Xnpelag OV AOYOAEITAL |E TOV TPOTIO EPAPHOYNG TOV BEDPNTIKAOV OPXOV TNG
KBavtopnxavikng oe Siapopa xnpik& cvotpata anoteAel v KBavukn Xnueia. H avantoén kot
EQUPHOYT KPAVIOXNHUIK®V LMOAOYIOTIK®V HEBOSwV amoteAel TO avTIKEIPEVO TNG LMOAOYIOTIKIG
KBavtikng ynpeiag. O poAog TG LIIOAOYIOTIKNG KPAVTIKNIG xNHElnG oty TpomBnon ¢ épevvag o€
Hl TANBOPA EMOTNHOVIKOV KAGS®V, ON®G Y TNG OLVOETIKIG OPYAVIKNG, OPYaVO HETOHANIKNG Kot
avopyavng Xnuelag, g poplakng BroAoyiag, g HOPLOKNG NAEKTPOVIKNG, TNG POSIOXGTPOVOHING,
NG AOTPOYXNHELNG, TNG VAVOXT|HELNG, TNG TTVPNVIKNG PUOIKNG KA1 TNG PLOKNG OTEPENG KATAOTAOTG
gtvat onpepa aSIOPPOPRTNTH aveKTipNToGg. Méxpt onjpepa €xouv avamntuyBel Sidpopeg péBodot Kot
UTTOAOYIOTIKEG  TEXVIKEG, TO HEYQAVTEPO HEPOG TwV oOmoiwv Pooiletor otng apxég g
KBavTOpNXaVIKNG Kol oToXeVOLV oTnV emiAvon TG BepeMddoug e&iowong ¢ KPavIopnxavikng,
™G mepipnung e§iowong Schrodinger.
Hy(r) = Ey(r)
O1 voAoy10TikéG PEBOGOL HOPLOK®Y KPAVTIOXNHIK®V VTTOAOYIGH®OV HTOPOUV VA KATATAYOUV OE
TPELG KATNYOPIEG:
1. nuiepmeipikég péBodor KPavIoynUIKWY LITOAOYIOHWV
2. ab initio péBodot KBavToxNUIKWV LITOAOYIGUWY

3. DFT péfoéot kBavtoxnpikwv vmoAoylopuwmy

Enedry omv mapodoa Swxtpiffp ot vmoloylotikég péBodol  poplokmv  KPavtoxnpiKov
UTTOAOYIOHGOV TIOL €QappooTnKav Paciloviar ot Bewpiar TG oLVAPTNOIKOG TLKVOTNTAG, B
TIEPLYPAPOVY 0TI OUVEXEWX, HE OLVTIOMIN, Ol BaoKEg apyég TG Bewpiag TOL CLVAPTNOIAKOL

nmukvotntag (Density Functional Theory, DFT)
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1.4. OEQPIA XYNAPTHXIAKOY IIYKNOTHTAX (Density Functional

Theory)

1.4.1. Tevika yra ] Ogwpia tov Zvvaptiotakov Iokvotnrag (DFT)

E&otiag tv vmoAoyloTikav mpofAnpAT®V TOL oLUVOSEVLOLY TIG €QAPHOYEG TV ab initio
HEBOSWV HOPLAK®V TPOXIOKAOV OTN HEAETN TNG OOUNG KOl TNG XNHIKNG SPAOTIKOTNTOG TV EVOCERDV
OULVOPHOYTNG KOl TV OPYOVOHETXAAK®OV EVOOERV 0l TIEPLOCOTEPES BewpnTIKEG PEAETEG OTO TIESIO
™¢ Avopyavng Xnpeiag epappolovv g peBodoug tov cuvaptnolakol mukvotntag (Density
Functional Theory) pe to akpovopo DFT. H DFT Paocileton 010 yeyovog OTL OAEG Ol HOPLUKEG
NAEKTPOVIOKEG 1810TNTEG HTOPOLV VX ULMOAOYIOTOUV opKel va yvaopilovpe v nAeKTpOViaKn
TMUKVOTNTX p(r) tou popiov. Etol, ot poplakég 810tnteg eivan ouvvaptnolakd g p(r) agov n
NAEKTPOVIOKN TIUKVOTNTA QLTI KaBeaT €ival oLUVAPTNOT TV XWPKOV CUVIETAYHEVQOV I. XTA
nmAaiowx g DFT n nAektpoviakn evépyela evog ovotnpatog N nAektpoviov Ba divetar and
oyeon:

EDFT:Z vaHpv+ Z vaPAonv)\c +EX(p]+EC‘pj +Vnuc
pv pvAc

onov Ex(p) kot Ec(p) elvar §00 epmelpik mapayOHEVEG GUVHPTIOELG IOV AVTIKAOIOTOVY T HNTPX
avToAAOYNG KOl QVOQEPOVIOL MG OLVAPTNOKA ovidAAayng (exchange) kot oLOXETIONG
(correlation) avtiotoa. To onpeio exkivnong Paoifeton oe i Siepyacia SCF katd v omnoia
TPOCS10pi{oVTaL THUTOXPOVA TO POPTIO KAL Ol TTUKVOTNTEG SPin NG PBOOIKNG KATAOTAOTG ADVOVTOG
TG e§lohoelg Kohn-Sham evdg cwpatidiov. H DFT napéyel piax otabepn Baon yux v avamntuén
UITOAOYIOTIKQOV OTPATIYIKQOV TIoL Ba pag Seoovv TANpo@opieg yix ) Sopr, TNV eVEPYELX KOL TIG
10TNTEG TV HOPIWV O TMOAD HIKPOTEPO KOOTOG omd Ot ou ab initio texvikég. Mix mOAD
evllxpépovoa Snpooievon amod toug Koch kon Holthauen pe titho «Chemist’s Guide to Density
Functional Theory” avagépeton avalvtikd otig duvatotnteg ¢ DFT ywx v mepypaen Hiog
TIOWKIAMOG HOPLOKAOV 1810THTOV KOl OOTeEAEL évav XprolHo o8myo ylo tov pn €81ko 1o ng o

ekTeAéTEL TOUG avdAdoyoug vroAoylopovg [1]. Emiong dAAeq mpoOo@ateg SNHOCIEVCEL OO TOLG
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Geerlings kol toug ouvepyateg tov [2] kon amd toug Ayers Koi TOug ouvepydteg tov [3,4]
avaEPOVTAL AETTTOPEP®G OV evvoloAoyikr] DFT. ISiaitepo eviia@épov yia tov Avopyavo Xnuiko
napovolalel 10 apbpo emokonnong twv Cramer kon Truhlar [4] mov mepLypaEel AETTOUEP®G TIG
epappoyég g DFT ot Xnueia towv otoiyeiov petantwong. Iapd ig amAég g apyxég n DFT Sivel
TIOAD KOAG QTMOTEAECUATN OTIG TTEPLOCOTEPEC TIEPUTTAOTCELG.

Zto pabnuatikd pio ouvaptnon f(x) amoteAel évav Kavova ov cuvdéel Evav aplBpd pe kabe
TN MG HetafANTC ¥ yw@ v omoia opiletor N ouvvdptnon. Kotd avaioyo Tpomo pia
ouvaptnolako F(f) amotelel évav kavova mov ouvdeel évav aplBpo pe k&Be cuvdaptnon f.

Xt 1964 o1 Pierre Hohenberg ko Walter Kohn é8e1§av ot 1 e§iocwon Schrodinger mov eivat
Hx  e€lowon ¢ Kupatoovvaptnong N-nAektpoviov, mov mepiéxel 3N petafAntég, TG
OULVTETAYHEVEG TOV NAEKTPOVIOV OTO XOPO, 1| KKOUT KOl TECOEPLG OTaV AapPdvetanl vmdym Kol To
OTV TV NAEKTpOviov pmopel va SoBel kan pe ™ popeny Huag e€iowong Tng NAEKTPOVIOKNG
TIUKVOTNTOG TIOV TIEPLEXEL HOVO TpelG petafAntég [6]. Me aAAa Aoywa 1 DFT mpoomabel va
vroAoyicel Vv Ep ot GAAEG HOPLOKEG 1810TNTEG AMO TNV NAEKTPOVIAKT] TTUKVOTNTA Po NG BAOIKNG
KOTAOTAOTG, X®PIg VA EIVaL AMOPAITNTO VA LITOAOYIGEL T HOPLAKT] KUHXTOGLVAPTNOT.

‘Eva fpa napanépa yia v epappoyn g DFT oe mpaypoanik& cvotpata éyive ota 1965 amo
toug Kohn kot Sham pe ™ Swntdnwon tov gepovopwv eélowocewv [7] (e§lowoelg KS) mov
npoékuyav and 1o Bedpnua twv Hohenberg-Kohn.

O e€lowoelg KS avaoyedidlovv to mpofAnpa g e§iocwong Schrodinger twv aAANAemdpoviwv
NAEKTPOVI®WV KIVOUHEVWV Ot €E®TEPIKO 10VIKO Suvapikd (ion potential) oe mpofAnpa pn
aAANAEMEPOVI®V TNAEKTpOVI®V KvoOpeVav o «8pav» Suvapikd (effective potential). Ot
OULVEIOQPOPEG OTNV OAKI] evépyelx Swapovvial o€ Vo KoOpla pépn. To mpdTO HEPOG TIOL
LTTOAOYICETO EDKOAX TIEPLEXEL TIG KIVITTIKEG EVEPYELEG, TIG SUVAHIKEG EVEPYEIEG KAl TIG KAXOOIKEC
evépyeleg Coulomb twv pn aAAnAemdpaviov nAektpoviov. To dedtepo pEPOG €ivar avtd MOV
TAPOLOIA{el SLOKOAIEC OTOUG LMOAOYIOHOUG KOl ouvioTatol amod TG vmoAoneg evépyeleg. Ot

EVEPYEIEG OUTEG EVOWHOATAOVOLV KBaVTIK& @ovopeVH TOA®V OWUATOV. To HEPOG auTO NG
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elowong KS ovopadletar ouvaptnolakod avtaAlayng-evépyelag ovoyxétiong (exchange correlation

energy).

rilp(r)

EOZIp[r]v(r)dr+T_s[p}+%ﬂ P dr, dr, +Exc[p]

12

To oLVOPTNOIOKO AVTOXAAQYT|G-EVEPYELOG OLOYETIONG Slaywpiletal ouviBwg oe dVO pépn TO
ouvaptnolako aviaAlayng (exchange functional) kol To GLUVAPTNOINKO EVEPYEIG GLOYETIONG
(correlation functional). To ouvapTNOOKO aVIOAAQYNG TIPOKOMTEL OMO TNV  OopXN TG
QVTICVUHHETPIOG, €V TO OLVOPTNOIOKO EVEPYEING OULOXETIONG TEPLAAUPdvel TV  evepyela
ovoyetiong Coulomb, n omoia cuvééeTon pe TIG SINAEKTPOVIKEG OMWOELG, TOV OPO TNG KIVNTIKIG
OLOYETIONG KOl Plag ocuTo-cAANAemSpwaoag ovoyétiong (self-interaction correlation, SIC). H SIC
TIPOKOTTEL OO TO YEYOVOG OTL €va HEPOG TG TNAEKTPOVIOKNG TUKVOTNTHG P GUYKEKPIHEVOU
nAektpoviov cAANAemdp& AaBepéva e TNV NAEKTPOVIOKT] TTUKVOTNTA TOL i810L NAgkTpoviov Six
HEéoov ToL Xwpov. Eival yvaotd o1l éva nAeKTpovio dev pmopel va aAAnAemdpdoel pe Tov €avTO
TOL.

To Sevtepo pépog g e&icwong KS eivan 1o pdvo ayvwoto pépog g e&lowong. Av yvapilape
TO OKPPBEG OLVOPTNOIAKO AVIXAAQYTG — OLOYXETIONG OAEC Ol 1610TNTEG €VOG OLOTHHATOG B

HTTIOpODOQV VO LTTOAOYLOTOUV HE okpifelar Katd to 1810 Tpomo pe tov omoio vmoAoyiloviol ot
1810TNTEG TOL pHoplakoL LSpoydvou e Baon v e§icwon Schrodinger. To cuVAPTNOIOKO AVTO Eivat
YVOOTO ®G «HavTIKO» cuvaptnolako (Divine Functional).

O1 kupatoovvaptroelg mov vrmoAoyilovtan pe v DFT avaeépovionr wg tpoyioakd Kohn-Sham
(KS orbitals) kot Stagépouv and ta tpoyiakd SCF wg mpog o cuvaptnolakd aviaAiayng (XC
functionals). Av yvwpilape v akpin popon tev cuvaptolakov XC n peBodog DFT Ba pog €6ive
NV aKP1T| EVEPYELX TOV CLOTIHATOG.

H DFT mneptypd@el T NAEKTPOVIKEG KATAOTAOELS TOV ATOH®V, HOPI®wV Kol VAIK®V, amd tnv
amoym g TPLOSIACTATNG NAEKTPOVIKTG TTUKVOTINTOG TOV GUOTHHATOG. AUTO OMOTEAEL Pl ONHOVTIKN
amAonoinon ¢ Oewpiag Kupatoouvvaptoewv (WFT, Wave Function Theory), n omoia, yw

ovbotpa N nAektpoviov, vmoAoyilel pix 3N-8140TATN QVIIGCLHHETPIKY] Kupatoouvaptnon [1].
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ITapoio mov n DFT Bewpeiton oxetikd véa Bewpia, xpnolpomoleiton €8¢ kol 45 xpovia pe
povtépva g datvnwor [8] kon €xel piceg [9,10] tooo maAiég, 6oo ko 1 €§icwon Schrodinger.
[Tpaktikd, N DFT ypnoiponoteiton oxedov mAvTa e I HOPEPT| IOV TAPOLOIXCTNKE amd Toug Kohn
kot Sham [7], ovpmeprhapfavovtag vy enéktaon moAwong spin [11,12]. H Baoikn moodtta ot
DFT eivan 1 moAvnAektpoviaki mukvotnta spin, p(r). H Statdonwon towv Kohn kot Sham pe xpron
G EMEKTAONG MOA®ONG spin TepAapPdavel évav TPAyovTa TIOL TIPOKVMTEL amo €va oUVoAo N
TPOXIKAV, TK OTOIA OaVTIOTOLXOUV O€ €va PN OpaoTIKO CUOTNHA TMAEKTpOViwV pE TG 161eg
TIUKVOTNTEG Spin, p* kat pP, pe 1o mpaypoatikd ovotnua. H mokvotnta spin p eivat 1o GOpoiopa tev
TIUKVOTAT®V spin p® kat pP , ) mukvoTNTA spin p* eivar 1| TPLOSIGOTATI NAEKTPOVIKT] TIVKVOTITX OA®DV
TV NAEKTPOVIQV [E APLOTEPOSTPOPO SPin Ko N TUKVOTHTA spin p? elvon N tprodidotatn mukvOTTX
spin OAwV TV NAeKTpoviav pe deloatpo@o spin. Xty Statdnwon g Bewpiag Twv Kohn ko Sham
Xopig TN xpnon g enéKtaong MOAwong spin (n omoia XpNOHOTOIEITAl O HOPLA KAELOTAG
OTOBESAG KAl O€ PN POYVITIKG 0TEPEX), OL TTUKVOTNTEG spin p* kon pP eivon logeg peta&d Toug.

H DFT amotelel onpepa v mAéov xpnolpomnolovpevn péBodo g Ocwpiog HAektpovikrg
Aopng. Avtd ovpfaiver emeldn eivon apketd mo evyxpnotn HEBodog amo v WFT, kabhg kot and to
YEYOVOG 0Tl avtaywvidetor TOAD KaAd GAAeg peBddovg oe OTL agopd oty okpifelar v
QMOTEAEOPAT®V, pe €&aipeon Ta TOAD HIKP& oLOTHHOTA. Ta MAPAMAvVe 10XV0LV KKOPUA Kol GTNV
Opyavikr Xnpeio, oAA& 1o mpaypoanka mAcovektipoata ¢ DFT @aivovion oe petaAAKd
OLOTHHATA KOl €I0IKA 0€ CLOTHHATA IOV TEPIAApBavouy petafatikd pétaiia. O Adyog yU autd
€1VOL 1] OTATIKT) OLOYETIOT) NAEKTPOVI®V.

MNa va €yovpe peyaAn okpifela otoug LMOAOYIOHOUG NAEKTPOVIOKNG SOUNG, €ival TOAD
OMHOVTIKO avTol vo epIAapBAvouy T oLOYXETION NAEKTpoViwy. YTdpxouv d00 TUTOL GLOXETIONG
NAEKTPOVI®V: 0 TIPAOTOG TOTIOG OVOUALETON SUVAHIKT] CUOYETIOT KOl 0 SEVTEPOG TUTIOG OTATIKN 1 1N
Suvapikn cvoyétion. H Suvapikn ovoyxétion eival éva pikpol e0poug GatvOHEVO, KATK TO OTIOI0 TX
NAEKTPOVIAX ATTOPEVYOLV TO €VAX TO GAAO, HE OKOTIO VX EAXTIMCOLV TIG NAEKTPOVIKEG OMAOCES. To
(QOVOHEVO OUTO €ival TIOAD YEVIKO Yl TIEMEPAGHEVA GCLOTIHATA TIOV TIEPLEXOLV OVO0 1) TIEPLOTOTEPX

nAektpovia. H Suvapikn ouvoy€tion o€ piot KUHATOOULVAPTNOT OAANAEmiSpaong Sapdpewong
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anotel €va peydAo aplBpd Slapopeaoemy NAEKTpovioV Kol KaBlotd tn oOykAon moAy apyn. H
OTOTIKT] OLOYETION €ival éva peoaiov 1 HEYAAOL EVPOLG PAIVOHEVO KOl XPT|O1HOTIOEL €va HIKPO
aplBpo (oe KAMoleg MEPUTTAOOELG SVO 1] KAl TIEPLOCOTEPEG) NAEKTPOVIK®V S1HOPPDTEWY, Ol OTIOIES
oxebov ek@uAifovton [13,14]. dovopeva OTATIKNAG OLOYETIONG TAPOLOIA(OVTIAL OTA HETABATIKK
HETOAA, €&ontiag TV HEPIKAOG OLUMANPwHEVEOV d vmootolfadwy, KaBOG Kol tav oyedov
EKQUALOPEVRV (n+1)s kKo nd vmooTolddwv. 'Etot, Ta péTaAAa avtd yapaktnpilovial and mAnbopa
oXe6OV EKPLAIOPEVOV KATAOTAGEWV.

H mpooBrkn @owvopévav cLoXETIONG, HE 100PPOTNHEVO TPOTO, 0€ LTOAOYIGHOUG WEFT eivat
apketd SVokoAog. Avtifeta, otny mepintwon vnoAoylopwv DFT, n tpoobnkn aut gival eDKoAN Kot
HOALOTO TIAPEXEL ATOTEAETHATA PEYRATG OKPIPELNG OTIG IEPLOTOTEPEG IEPIMTWOELG. To yeyovog autd
av&avel v vnoAoylotikn anddoon ¢ DFT kot kaBlotd ) péBodo KATEAANAN Y €QapHOYEG OTN

XNHEL TRV HETABATIKOV HETRAAGV.
1.4.2. Ta cvvaptnoaka g Baciko epyaieio g DFT

Zuvaptnoiaka LDA kot LSDA

To MPAOTO BrHa Y10 TO «HAVTIKO» GUVOPTNOINKO NTAV T} TPOCEYYLoT TOmKNG mukvotntag (Local
Density Approximation) pe 1o akpovopo LDA, 6mov povo 1o NAEKTpOVIO 0 €va onpeio Tou
OLOTIHOTOG XPNOIHOTOLEITAL Y1 TOV TPOGS0PIoHS TG OLVEIGPOPAG ALTOV TOL OTHEIOL OTNV
OAIKT] EVEPYELX AVTOAAQYNG-OLOYETIONG TOL ouaThpatog. Ot Hohenberg kon Kohn é6e1éav omi, 6tav
T TUKVOTNTA PETARAAAETONL apy& WG TIPOG TN BEOT OTO XMPO, N EVEPYELX XVTOAAARYTG-OLOYKETIONG

Sivetan amo ) oxéon:

E"**[pl=[ plrle, (p|dr
omov dr = dxdydz Ko & €lval 1 EVEPYELX XVTOAAQYTIG GLV TNV EVEPYEL CLOYKETIONG YO NAEKTPOVIO
oe jellium. To jellium eivol éva vmoBetikd, nAekTpiK& 0oLSETEPO, amMelpOL OYKOU GUOTNHA TIOU
anoTeAeiTol amo Amelpo aplOUd aAANAEMOPOVI®OV NAEKTPOVI®VY, TO OTOlar KIVOUVTIOL GE XOPO e
OHOLOpHOpYa KaTaveUNHEVH BeTiKG @opTia. O aplBpdg TwV NAEKTPOVIOV avA HOVASK OYKOL EXEL HIX

un pndevikn otabepn tipr. Avto onpaivel 0Tt  LDA vnoB€tel éva 0pO10YEVEG BEPLO NAEKTPOVI®Y,
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WOTO00 OHMG EQPUPUOLETAL EMTUXOG KL Yot avopoloyeviy ovotipata. I'’ autov 1o Aoyo n LDA

XPT|O1LOTIOLEITAL EKTETAPEVA AKOT KL OT|HEPQL.

H 18éa oty LDA eivon 1) €€1G: | TPOGEYYL0T) TNG EVEPYELNG TIVKVOTNTAG AVIOAANYTG-CUOYETIONG
o€ éva ompeio evog TPAYHATIKOD AVOHO10YEVOUG GUOTHHATOG HE BAOT TNV AVTIOTOIKN €KOPOOT Yl
TO OHO10YEVEG aEPLo NAEKTpoviwv. To cuvaptToloKd avIGAAAYNG-CLOYETIONG TIPOKVTITEL QMO TNV
OAOKATp®OT| TNG THPAKAT® £&lowong:

degp(p(r))

Ve = p(r) + exe™(p(r))

dp(r)

L1ig meplocotepeg epappoyég g LDA, n evépyela ouox€Tiong eKQpALeTal OO TIG AVOAVTIKEG
TapapETPONOM Ol [15] TV amoTeAeGPATOV €VOG OHOIOYEVOVG 0EPIOL NAEKTPOVI®V, ONMOG OUTEG
TIPOKVTITOLV AT TIG TPocopolwaelg Monte-Carlo [16]:

1,2

& {P{r}] = —0. 1423 /(1 + 1.9529r,"" + 0.03334r5)
c —0.0480 + 0.0311Inr; — 0.0116r; + 0.0020rInr; ,

W

e =1
ri

s <1

010V

eivon 1 aktiva katd Wigner-Seitz. Ta v evépyela aviaAAayng n mo Sadedopévn €k@paon, N
OTIOL TIPOEPYETHL OO TOV LTIOAOYIOHO TOL oAokAnpwpatog Fock yia v opiovoa Slater twv

TPOXLOKAOV OTNV TIEPIMTWOT] TTIOL EXOVE EVO OHOLOHOPPO KEPLO, EIVAL T) TAPAKATR:
EL2A[p] = _i(i}”:; [ p*3(0)dr
T 3 \am H

H LDA Ba mpémel yevikK&@ va XPNOlHOTOLEITOl HOVO Yl CUOTHHATA OTOL T TIUKVOTNTX
petaBaAAeton apyd. Qotdoo, 1 LDA Aettovpyel mTOAD KOAG KOl Yl CUCTHHATO TTOL €IV TTEPA ATTO
avtd 1o Oplo. H peyain aut emtuyia pmopet va anodobel kon va e§nynbel pe Pdon v akvpwon
TOV 0QOAPATOV. Eva peydo pelovéktnua g LDA gival 1 avemapkrg oakOP®OT) GUVEICQPOPOV T®V
avTto-aAANAemépdoewy. Q¢ OMOTEAECUA OULTOV, TO SUVOHIKO OVTIOAAXYTG-OLOYETIONG, Vec Sev

TIEPLYPAPEL OWOTA TNV ACVUTTOTIKI] CUUTIEPLPOPA TIOL €ivat avaAoyn Tov 1/1, Y& CLUOTHHATH TIOVL
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eival evromopéva (OMwg GTOHA, HOPIX KATL), aAA& avtiBeta @Bivel ekBetikd. H mo yvwotn kot
TIEPLOCOTEPO ¥prolpomnolovpevn péBodog LDA eivar n pébodog VWN, mov mrpe 10 GKP@VLHO NG
QaTo TA KPYIKA TV ENOVOHOV TV epeuvitev Vosko, Wilk kon Nusair [17].

H yevikevon mg LDA mov emtpénel S1a@opeTiKe XmPIKA TPOYIXKE ylor NAEKTPOVIO e avTiBeTo
oTV €ival YVOOTH 0¢ TPOCEYYIoT| TOTKNG ukvotnTag omyv (Local Spin Density Approximation)
Kot @épel 1o akpavupo LSDA [17]. H LSDA §ivel kaAOtepa amoteAéopata amod v LDA ywx
HOPLX aVOLYTNG OTIRASHG KO Y10 HOPLUKEG YEMHETPieG KOVTA 0TO onpeio Sidotaong agou xelpileton
EEXWPLOTA TNV NAEKTPOVIOKT] TTUKVOTNTA TV o oty p(r) Kol TNV NAEKTPOVIOKT] TTUKVOTNTA TV f3

omv pP(r). 'ETo1 T0 oLuVapTNOaKO GVTOAAYFG-OLOYETIONG YPAPETAL [IE TI| HOPYN:

E&(SfDA :EXC {pa ’pb}

H LSDA «kdavel v vnébeon onwg ko n LDA ot n p(r) eivon piax ouvaptnon g Béong mov
petafaiAeton apyd. [lapa to yeyovog 0Tt auto dev gival 0wotd n LSDA dovAevel mapdomg KaAd
YO TOV UTTIOAOYIOHO HOPLOK®V YEDHETPLOV, SOVITIK®V GLXVOTT®V KOl SUTOAIKQV POTIOV OKOWTN Ko
YO EVAOOELG OCLVOPHOYNG T®V HETAPATIK®OV HETAAADV. Op®G Ol E€VEPYELEG OTOHOTOINOTG TIOUL
vrioAoyifovtan pe v LSDA 8ev eivanl moAd axpifeic. I mo akpiPr] amoteAeopata xpetdlovial
ovvaptnowak mépav MG LSDA. Mepwa moapadeiypata ouvvapmnolokov LDA amotedovv 1o

ouvvaptnoloka: BP86, SLYP, BLYP, PW91, PBE, PBELYP, mPWPW, mPWLYP.
Zuvaptnoiaka GGA

Ta ovvapmolokd GGA Paocilovior oty mpoogyylon yevikevpévng kAiong (Generalized
Gradient Approximation, GGA). Ta cuvaptnolaKa aUT& XPNOHOTOI0DV OXL HOVO TNV MUKVOTNTX
@opTtiov p(r) aAAG Kot Vv KAlon g V p(r).

Ta ovvaptnolakd GGA mpogkupav amd pia onpaviikn BeAtioon twv mpooeyyloewv LDA kot
LSDA pe v €l0aymyn evog OKOUN OpOL OTNV EKQPOOT] TNG EVEPYELAG OVTAAAXYTG-CLOKETIONG,
QUTOU TNG TTLKVOTNTAG KAloNG:

Exé" = [ p(®) exc(p(r);Vp(r)dr
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H emovopalopevn kot ¢ mpooéyylon yevikevpévng kiiong (GGA, Generalized Gradient
Approximation) SteDpuve ONUAVTIKA TIG €QAPHOYEG TwV KPavioynuikav vmoAoylopov DFT. Ot
TAPAYovTeG avTtol ouvnBwe Ywpilovtal oe SVO PEPT, O EvVaV TAPAYOVTA AVIOAAQYNG KOl O €vav

TIAPAYOVTA GLOYETIONG:
ESGA = EGGA 4 EGEA

To Mo yveOOoTO aAAX KOl EVPEMG XPNOLHOTIOIOVHEVO GUVAPTNOIXKO aVIGAAQYNG €lval avTd TOu
Becke [18]. O Becke 10 1988 aventuée eva Kavouplo GUVOPTIOLOKO OVTOAAQYNG, TPOTIOTIOLOVTOG
éva moAanotepo ovvaptnolako pe to ovopa LGC (Lowest-Order Gradient Correction), 10 onoio
givon pa §10pBwon g LDA ko €xel tn popon:

(Vplr)?
arr.lil'?

BAC = B4 - By Sk dr

omov [ eival pla otaBepd. To mapoamdve cuVAPTNOIAKO €lXE OPIOHEVH OTHAVTIKA HELOVEKTIHOTA.
Opwg, péow g Tpomonoinong touv omd tov Becke, avapeébnkav oe éva peyaho PBoabpo ta

HelovekTHpata avtd. H tehikn| poper| tou givat:

I
E¢"® = EGP4 — BE [p(r)* gr1+|5r’-x5i"'1"3fldr

omov B = 0.042 a.u. pia otabepa kot x €ivatl pior aS1xoToTn TOPAHUETPOC:
x = |Vpl/fp*=
[ToAD Snpo@IA, aAA& Kot akpifi] CLVOPTNOIOKA CLOXETIONG SlopBwpévNg KAloNG ival auTd
tov Perdew (P86) [19] kot Twv Perdew kot Wang (PW91) [20-24], kaBw¢ kot Twv Lee, Yang kot
Parr (LYP) [25,26]. Ot Lee, Yang kou Parr, otnpi{0pevol o€ évav TOAaOTEPO TUTIO Y1 TV €VPECT)
™G evépyelng ovoxetiong and toug Colle ko Salvatti [27,28], cupnepiéAafav o autOvV Kol TV
TOTUIKI] TIUKVOTNTA KIWVNTIKNAG EVEPYELRG, KAVOVTAG TaTOXpova Kamoleg BeAtiwoelg. O TtOmog g

EVEPYELOG OLOYKETIONG oL TIpOTEVaY o1 Colle kot Salvatti eivat:

ESS = —4af

r-'-‘-'."'Ffr.rJ(’4"5!9”]_“"3[':'Eﬂ"_fﬁ.rr-ﬂ:\._“EKP[‘fﬂ'_”xrrJ:) d
2 5= r
p(r) (1+dp(r)—143)

omov a =0.049, b =0.132, ¢ = 0.2533 kot d = 0.349.
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Metd TV €l0aywyn TG TOMIKNG TILKVOTNTAG KIVNTIKNG EVEPYEING KOl HE HEPIKEG GAAEG
BeAniotomomoelg, ot Lee, Yang kot Parr xatéAnéav otnv MapokAte OVOAVTIKY| €KQPAOT| TNG

EVEPYELOG CLOKETIONG:

ENF = —n _f—l_fl J;.l + hp23 [i."p-,'.lﬁ":‘ — 2, + (%tw + #EWE'E‘E;J}JII g &F 1.-1} dr

o 1|'1l

omov o = 0.049, '7 N muKvOTNTX KvnTikng evépyelag Thomas-Fermi kon (™ 1 tomkn} mukvotnta
KIVNTIKNG evépyelag Weinsacker.

O ouvvdvaopog twv 600 mapandve ocvvaptnolakav, oL Becke88 kol g LYP é&ivelr 1o
Snpo@Aég ouvaptnolako BLYP. AAA0g, evpéwg yvwotog, cuvévacpdg ival o PBE [29,30].

Ta ovvapmmotlakd SopBwpévng KAlong ovopdlovtal GLUXVE KOl «fT TOTIKG» CUVHPTNOIOKK
EMELSN €10AYOVTOL KAMOIX HI] TOTKA (QOIVOUEVH KOTK TOV TPOCSIOPIOHO TNG GLUVEICQOPAG TV
onueiwv otV oAIKT evépyelx avtaAAayng-ovoxeétiong. H oAikr| evépyela avtaAAaynG-OLOYKETIONG
ot ouvvopmnoloka GGA dSywpiletor oe  péPN  avIGAAAYNG KOl GOLOXETIONG TO  OTOiX
povtehomolovvtonl Eexwplotd. Ta cuvaptmolakd Sopbwpéving kAlong mapéxouvv BeAtiwpévn
akpifela yor poplokd oLoTAHATA, AAAG Xpeld{ovTal TAPATEPA BrIHATA DOTE VA& ST|HI0VPYNOOVHE TX

CHOVTIKO» GUVAPTNOLXKA.
Zuvaptnolaka meta-GGA

[Tpdoata avamtuxBnke gl GAAN Katnyopia TPOCEYYIONG YEVIKELHEVNG KAlong, 11 meta-GGA
[31], n omoia efaptdrtan Gueca amd TV TUKVOTNTX KIVNTIKNG EVEPYEING TOL ouaTnpatog Kohn-
Sham. To mpwto kot povadikd meta-GGA cuvaptnolako eivatl to TPSS. Avutd 10 véo Kol eVENKTO
OLVOPTNOOKO SeV EEAPTATAL HOVO MO TNV TTUKVOTNTA, OAAG Kol and ta Tpoxlaka Kohn-Sham. I'a

TO CLVOPTNOLXKA VTA 1| evépyela e€apTatan Kot amo ) AamAaoilavny (Laplacian) g mukvottoag

V2 p(r) KOUN amo TNV TPOXIaKN KIVITIKN evépyela. Mepikd mapadetypata eivor: BB95, TPSS.
YBpibika ovvaptnolakda

Ta vBpOIK& oLVAPTNOIOKA Sev AMOTEAOLV HIX OlXQOPETIKI] Katnyopia oe oxéon He T

npoava@epBEvTa cuvaptNolakd, oAA& Bo pmopoloav Vo XOPOKTNPLOTOUV ooV Hia pign Twv
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TAPATAV® 1] IANQOG €va VPiISI0 VTV, Oa Tpénel va TovioBel o1y, emeldn o péyebog g evépyelag
OLOYETIONG €lval KAt amd To 10% TG evéPYENg aVTAAAQYNG, €IVl EMTOKTIKN 1| GVAYKN VO
vroAoyloBel pe peydAn axpifeia n evépyela aviaAiayne. 'Etol o Becke 1o 1993, €xovtag Kat& vou
TNV TAPATIAVE TTRPATHPTOT), TTPOXMPTNOE TNV Snuiovpyia evag véou VAPISIKOL GLVAPTNOINKOV, IOV

éuele va @épel v enavaotaon ot DFT [32]. O Becke, ovpunepiéAaf3e 0to ouvaptnoioko tmyv

evépyelx  aviaAiayng HF, EX" o oe oLVOLOOPO pe To SopBwpevg KAIOMG CLUVAPTNOIOKO

oFT
aVTOAAQYG-OLOYETIONG , Exc’ Sumdnwoe 1o LBPIOIKO CLVAPTNOIAKO AVTXAAAYTG-OLOYETIONG,

OUHP®OVA [IE TOV TIKPAKAT® YEVIKO TUTO:
B2 = FEY" 4 0BT
H noapanave ékppaon prmopet va avamtuyBel wg e€ng:

ESE = agEfT + (1 — ag) EFP* + ayAEP®® + EESPA 4 a AEPW®!

LTV TOpamAvVe E€KEPOOT] Ol Oy, Oy KOl O €Ivol TPEIG TMHIEPTEIPIKOL OLVTEAEOTEG TIOL
LITOAOYIOTNKAV OO TNV €QUPHOYN TNG YPAPHIKNG pHeBSSoL eAayioTwv TeTpaydvwv oe 56 evépyeleg
atoponoinong, 42 Suvapik& 10vVTIoHoU, 8 TP®TOVIooLyyEveleg Kol 10 OMKEG ATOHIKEG EVEPYELEG
SéKa oToElwV NG PTG TEPLOSov. Ot BeEATIOTOMOMNHEVOL CUVTEAEGTEG IOV TIPOEKLYAV EXOLV
TIHEG oo = 0.20, oy = 0.72 ko a= 0.81. ITio CLYKEKPILEVA O IPMOTOG CLVTEAEDTHG Ko KaBopilel Tnv
akplfn] TOoOTNTH aVIXAAQYNG, O O€0TEPOG O, T OULHHETOXN Tov Sopbwpévng KAlong
oLVOPTNOOKOL Tapdyovta aviaAAayng oty LSDA kol 1€Aog 0 a. kaBopilel T GUMHETOXN TOL
Sopbwpévng kAlong ouvaptnolakoL mapdyovia cuoyétiong oty LSDA. Me Bdon 10 mopanave
ouvaptnolokd B3, upmopel KAMOO¢ va KAVEL GUVSLAGHOVLG HE SIAPOPOLE CULVUPTNOIAKOVLE
TIAPAYOVTEG GLOYETIONG, WOTE VA TIPOKLYPOULV 600 To Suvatov To akpiPn ovvaptnolakd. Etol, av
ouvévaotel pe 1o P86, mMov gival €va GLVAPTNGIOKO GLGYETIONG, TPOKVMTEL TO TOAD Stadedopévo
ouvaptnolakd B3P86. Télog, av ouvévaotel pe to LYP, mpokidntel 1o vppidikd ouvvaptnoloko
B3LYP [33]. To teAevtaio eivar éva amd to mePIOGOTEPO XPTOHOTIOIOVHEVA GLUVAPTNOIAKA KOl EXEL
m Hopon:

EF3YP = 0.20E§" + 080EFP* + 0.72EF% + 0.81EE'" + 0.19EL™V
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Oa mpénel va tovioBel n peydAn amodoyn mov €xel 1o B3LYP amd éva peydAo pépog tng
EMOTNHOVIKIG KOWVOTNTAG, KOV TA OMOTEAEGHATA TOL YA SIPOPETIKA HOPLAKE CLOTIHATA €ival
TOAD 1IKavOTOINTIKA. Op®G, OTIwG 10YVEL o€ OAEG TIG TIPOOEYYIOTIKEG peBdSovg, €Tot ko o B3LYP
ep@avidel oplopéva pelovekTpata. Ao amo T BaciKOTEPA €lval N PN COOTH TEPLYPUPT| TV
deapav van der Waals kot Twv §e0pdV LEPOYOVOL, ONKG €TTOTG Kot TNV aduvapia vo TpoPAENEL To
Seapd o€ Spuepr HOPLA TV EVYEVAOV KEPI®V. ATIAVINOT] O€ QLT TA PEIOVEKTHHATH Kot BeATinon o
TOAAG AN 1pBe va Swael éva véo VBPISIKO cuvaptolakd pe 10 ovopa X3LYP [34]. Ot Goddard
K.O0. EMAVEQPEPAV TO GLVAPTNOIHKO PWI1 oty €K@paot ToL GLVAPTNOIXKOD KAl BEATIOTOTIOIOVTOG

VA TOLG OLVTEAEDTEG KATEANEQV OTNV TAPAKAT®D HOpET} LEPISIKOD CLVAPTNCIAKOV:

EXFWF = 0 21BERF & D7HZES™ & 0DG424EF% & 0167AEDWY & 0BT1ENT + 0.az20gWH

Mepikd oakopn mapadeiypoata vBpidikav cuvvaptnolakov eivar: B3PW91, B3LYP, B1LYP,
PBE), MPWiK, HSE.

Ta VBPIOIKG cuvaPTNOAKA Sev Sivouv HOVOV KOAEG YEDUETPIKEG OOPEG, SOVITIKEG GLYXVOTNTEG
Kot SUTOAMKEG pOTIEG, AAAG Ko aKp1feig eVEPYELEG ATOPOTOINOTG. ¢ €K TOVTOL 01 TEPLOCATEPOL KO
Toug vmoAoylopovg DFT mov yivovton ompepa Xprolponoloty LEPISIKG CLVAPTNOIOKA YIX TOV
UTTOAOYIGHO TNG EVEPYEIRG OVTAAAXYNG-OLOXETIONG. XZNHEPA LIAPYXEL €vag HeYaAog oplBpog
VBPOIKOV oLUVAPTNOIOK®Y. ALTO amoteAel KoaAd onuadt ywx ™ xpnopdémra g DFT, opwg
vrtapyel aofapn €veel€n 0Tt Kavéva oo ta LEPIEKA CLVAPTNOIXKA SV €ival KATAAANAO Yyl OAX Ta
ovotpata. Eva &AAo mpoBAnpa mouv TMPOKUMTEL QMO TPONYOVHEVEG TXPATNPNOELS Eival OTL
av&avopevng G MOAVTTAOKOTNTOG TOV CLOTNHATWV Tov epevvavtal pe v DFT 1o {mua g
EMAOYTG TOL KATAAANAOL cuvapTNolaKoL KaBiotatal mToAD SvokoAo. TIpaypatt o KaAdTEpOg TPOTOC
Y& VO eKTIUnoovpe kK&Be véo ocuvaptoloakd oty DFT elval va eKTEAEGOLPE CLOTNHOTIKEG
OLYKPIOEIG TV OMOTEAECPAT®Y TIOL LMOAOYi{ovTal HE SIAQOPN CLVAPTNOIAKA HE TA KOUAVTEPX
BepnTIK& Kot TEWPAUATIKA amoTteAéapata. Av Kot Ta LEPISIK& cLVAPTNOIOKA Sivouy YeEVIKG akplf3T|
amoTeAéopaTa Ypeldlovial mapamépa BeAtiwoelg g akpifelag twv vmoloyiopwv DFT kabBwg

eMiong Kol TV avamtuén akOpUn KoAUTEPOV oLVOPTNOlaK®Y. Ot 600 KUPIEG OTPATNYIKEG TIOL
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akoAovBovvtal otV avanTuén PeATIOUEVOV CLVAPTNOAK®V gival N «ok&Aa Tov TakmP» (jacob’s
ladder) kot ta LEPIOIKG CLVAPTNOLAKA.

Tov Iovvio tov 2000 oto ovpmdolo DFT2000 oto Menton ¢ I'aAAiag o John Perdiew
TIAPOLOINCE TO OPAUK TOV YIX TEVTE YEVEEG CLUVOPTIOIOK®Y HE TN HOPEN TNG oK&Aag tov Toakmf
[35]. To oynua ™G okdAag tov ok eival N MOHPASOCINKT] OTPATNYIKT] OTNV KOWOTNTIA TWV
(QLOTK®V KOl €ival Pla €MEKTHOT TNG OTPATNYIKNG Tov odnyei otig GGA. Xopewva pe m BifAo o
IakoB €ide oe €éva Ovelpo pia okdAa mov Katéfave amd tov Ovpavo ot yn Kol &yyeAol va
OKOPPAA®VOLY Kal va Katefaivouv T okaAa. £1o dpapa Tov Perdew ot ayyeAol ival o1 XprioTeg
¢ DFT mov aveaivouv ) okdAa yia va kepdicouv peyaAdtepn akpifeia aAAd Kot mov xpeladeton
va gival oe Béon va Katefovv T okdAa avaioya pe Tig avaykeg toug. H okdAa oto oynipa tov
Perdiew (Zynpoa 1.2) €xel mévie OKOAAOTIATIX T OTIOIX O8TYOUV OTIG «HOVTIKEG» GUVHPTNOINKES, TOV

Ovpavd mov eivat 0 TEAIKOG 0TOX0G OTNV AVATITUEN TV CLVAPTINOIRKOV.

A_A_4

Tynua 1.2. To oynpa g okdAag tov IakmpP mov TapoLCIGoTNKE 08 GLVESPLO amo Tov John Perdew

t0 2000.

To mpwto okaAomatt anoteAel  LDA mov XpnolHomolel HOvoV TV NAEKTPOVIAKT TTUKVOTTOA.
To devtepo okaromatt amoteAel 1 GGA mov Aapfdavel vmoOYMV Kot TV KAoT NG NAEKTPOVINKNG
mokvotntag. Ta tpito okoAomdrtt mepiexel ta meta-GGA ouvapTnNOAKATK, OOV ELOAYETAL KAl T

TIUKVOTNTQ KWVNTIKNG eVEPYELNG. TO TETAPTO OKAAOTIATL TTPOCEYYILEL TA «HAVTIKO» GUVOPTNOIOKA HE
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™ Xpnolponoinon g akpoig aviaAlayng. AVTO TIETLXKIVETAL HE TNV TPOCONKN TG MANPOLG
€&APTNONG TG A0 TH KATEXOHEVA TPOXaKA. To TMEPTTO Kol TEMKO OKOAOTIATL Satnpel OAeg TG
TIPOTYOUHEVEG €EAPTNOEIG KO TIPOCHETEL KOt TNV €EXPTNOT QMO T KEVA TPOXIOKA KABOTOVTAG £TO1
TN CLUVOPTNOIOXKO OAOKANPWTIKA T TOTIKO.

To oynua ™G okdAag tov Takdf vVIoBeTONKe amod TOLG PLOIKOVE. TNV KOWOTNTA OHMOG TV
XNHIK®OV 1] KOPLX OTPATNYIKN €ivanl 0 e€evyeviopog g Xprong Twv LBpSIKaV cuvaptnolakoy. H
QLA0COQIX TNG OTPATNYIKING OUTNG €lval 1 avanTtuén VE@V LPPISIKGOV CLUVAPTNOINKAOV KOl N
EKTINOT] TOLG AOTE VO EXOHE KAAVTEPT] TTPOCGEYYIOT] TV «HAVTIKOV» GLVAPTNOIAKOV AVIOAAAYNG-
ovoyétiong. Eivon BéBato ot 1o pelypa ovvaptnolakev oakpipoig aviaAiayng kat GGA ouvvnbwg

KaBopideton amd 10 TAIPIXOHUA OPIOHEVEV 1I10THTWV TOV HOopiav.

Maxkpiviig mepoyng Sopbwuéva SutAa-vBpidika ovvaptnoiaka mokvotntag (Long-range
Double-hybrid density functionals) ka1 cvvaptnowaka pe S0pOwoeig Siaomopag (Dispersion

Corrected Double-hybrid density functionals, DFT-D).

Me Tt pakpivrg eployng StopBwpéva SIMAG-LBPISIKG cuvapPTNOIaKA TteTLYaiveTan T S16pBwon
TV AaBmv ™G avto-aAAnAenidpaong Twv nAektpoviov ot DFT pe mv eicaywyn tov 100% g
avtaAAayng Hartree-Fock otig aAAnAemdpaoelg pakpuvav anootdocwy. Evag onpoavtkog aptfpog
SNUOCIELOE®WY  APOP&  OTNV  avATTLEN  HaKPVIAG  TIEPLOXNG  OopBapévay  SUTAGV-LBPISIK®Y
OLVOPTINOIOK®Y KOl ouvaptnolakwv pe Sopbroelg Swwomopdg [36-43]. Mepika ond 1
OLVOPTINOIOKA XUTK TIOL XPT|OTHOTIOI0VVTOL APKETA 0€ LITOAOYIOTIKA TIPYTOKOAAX TG DFT eivon tax
B97XD, w-B97XD [44], CAM-B3LYP [45], n 1¢&n TV ovvapmolakov DFT-D3 [46], to LC-w-

PBE k.4.
1.4.3. Ta MAéov Kowva ovvaptnolaka amno to 1964 ¢xg onpepa

H emAoyn To0u GLUVAPTNOIXKOD Y1 CUYKEKPIHEVO VTTOAOYIOHO OMOTEAEL TO HOVO TIEPLOPLOHO TNG
DFT. TIpog 1o mapov 6ev LIIAPYEL KAVEVACG GUOTNHATIKOG TPOTOG EMAOYNG TOL CLVAPTNOIAKOV KOl
TX TAE0V XPTOLHOTOIOVHEVA OLVAPTNOOKA ot PiAoypagion TpoéKLWaV amd TNV TPOCEKTIKT

OUYKPLOT TV OMOTEAECHAT®V HE T StaBéotpa melpapatikd dedopéva. Oa mpémel va onpelnbel 6Tt
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Xpelaletal 181aitepn MPOCGOYT| OTNV EMAOY TOL CLUVHPTNOIAKOL OTav BéAovpe va vroAoyicovpe

KOTAOTAOELG Spin 0T XNHEIX TOV OTOEI®V HETANT®ONG.

Ztov mapakdte I[Mivaka 1.2. ylvetanl g ypryopn ava@op& 0T GLVAPTNOINKA TIOL TIEPLEXOVTAL

0TO LIIOAOYLOTIKO TakETO Gaussian09.

IMivakag 1.2. M yprjyopr ava@opid OTO CUVOPTNOIOKG TIOU TIEPLEXOVIAL OTO ULTOAOYIOTIKO

nakéto Gaussian09.

YYNAYAZOMENEYX £YNAPTHXIAKEX MONEZX YXYNAPTHEIAKEZ
Avtadaynig Yvoyétiong Movo avrarlayrg KaBapég YBprdikég
S VWN HFS VSXC B3LYP
XA VWNS5 XAlpha HCTH B3P86
B LYP HFB HCTH93 B3PW91
PWI1 PL HCTH147 B1B95
mPW P86 HCTH407 mPW1PW91
G96 PWI1 tHCTH mPWI1LYP
PBE B95 MoO6L mPWI1PBE
O PBE B97D mPW3PBE
TPSS TPSS BS8
BRx KCIS B971
PKZB BRC B972
wPBEh PKZB PBE1PBE
PBEh VP86 BI1LYP
V5LYP O3LYP
BHandH
Makpivr|g TtepLOXNG BHandHLYP
Sopbopéva BMK
LC- MO06
MO6HF
M062X
tHCTHhyb
HSEh1PBE
HSE2PBE
HSEhPBE
PBEh1PBE
wB97XD
wB97
wB97X
TPSSh
X3LYP
LC-wPBE
CAM-B3LYP

Ztoug ITivakeg 1.3, 1.4 ko 1.5 Sivovtan ta cuvaptnolaka mov mpotabnkav and 1o 1964 péxpt 1o

1989 (ITivakag 1.3), and to 1990 péxpr 1o 1999 (ITivakag 1.4) kot amd to 2000 péxpt onpepa

(TTivakag 1.5).



IMivakag 1.3. To 0 Kowvd cuvaptnolaka oo 1o 1964 ¢wg to 1989.

Axpavopo "Etog YUyypaQELg Yo
BR89 1989 Becke and Roussel xc, meta-GGA
LYP 1988 Lee, Yang and Par c, GGA
B88 1988 Axel Becke x, GGA
P86 1986 John Perdew c, GGA
PW86 1986 Perdew and Yang x, GGA
LM83 1983 Langreth and Mehl ¢, GGA (first)
P781 1981 Perdew and Zunger xc, SIC
Xalpha 1974 Slater X, local
LDA 1965 many xc, local

To mpadTO ovLVAPTNOlAKO NTav NG mpooeyylong LDA kot avontuyxOnke 1o 1965. To 1974 o
Slater yux va BeAtiwoelr v LDA ewonyaye m pébodo Xa. [47,48]. To Xa eival éva TOTKO
OLVOPTNOLOKO, OTO OTOI0 1) CLVEICPOPQ TNG EVEPYELNG CLOXETIONG AapBdveton iomn pe To PNndév.
Mepikd xpovix apyotepa, to 1981 ot Perdiew ko Zunger [49] avéntuéav éva ouvaptnolokd OV
ovopdotnke PZ81 oto omnoio éAafav vmdym toug kot ) S10pBwon avto-aAAnAenidpaong. Qoto00
TO peyaAUTePO Pripa €yve to 1983 pe v avdmtuén tov cuvaptnolakoyd LM83 amod tovg Langreth
kot Mehl [50]. To LM83 Bewpeiton 611 elvanr 10 mpad10 cuvaptnookd GGA ywx Vv evépyelx
ovoyetong. To mpwto cuvapmolakd GGA ya Vv evépyela aviaAlayng eivoar 1o PW86 mov
avartoxBnke 1o 1986 amod toug Perdiew ko Wang [51] padi pe to P86 mov amoteAel ) GGA ywx
mv evépyeln ovoxetiong [52]. Ta 600 auT& CLVHPTNOIOKA XPNOHOTOWONKAY O HIX HeEYEAN
TIOKIALX GUOTNHATOV, CAAX EYKOTOAEIPONKAV HEPIKA XPOVIA apyOTEPR OTAV AVATITUXONKAV VEX TIO
aKpPn cLVHPTNOIOKA.

Tov Iavovapio Tov 1988 o1 Lee, Yang kot Parr [25] elom)yayav TO GUVOPTNOIOXKO GUGXETIONG IOV
QEPEL To aKp@VLHO LYP and ta apyika twv ovopdtev toug. Enavadiatinwoav tn oxéon twv Colle
Kot Salvetti yix TNV €vépyelt GUOYETIONG OTNV OMOIA 1| TILKVOTNTO TNG EVEPYELNG GLOXETIONG
EKQPACETAL PE OPOLE TNG NAEKTPOVIKIG TTUKVOTNTOG KOl TNG AAMAXGIAVIG TNG HNTPAG TTUKVOTATOV
devtepng taéng HF, dote va cupmeptAddfel TNV MUKVOTNTH Kol TNV TOTIKI TIUKVOTNTO KIVITIKAG
evepyelag. Metd v el0aywyn TG KAIOTG TNG TOTIKING TTUKVOTNTOG KIVITIKNG EVEPYELNG, TIPOEKLYIE

10 ovvaptnolokd LYP. To LYP amoteAel éva omd Ta MO KOV CULUVOPTNOLOKA TNG EVEPYELNG
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OLOYETIONG Kal Xprolpomnoleital o€ MoAAG LBPOIKE cuvapToloKE, Onwg sivor BLYP kon B3LYP,

[25] mov Sivouv oAD axpifin] anoteAéopaTa.

IMivakag 1.4. Ta o Kowd cuvaptnotaka and to 1990 éwg to 1999.

Axpavopo "Etog ToyypaQeig Tyoha
PBEO 1999 Adamo and Barone xc, Hybrid
PKZB 1999 Perdew, Kurth, Zupan and Blaha meta-GGA
VSXC 1998 Van Voorhis and Scuseria xc, meta-GGA

mPW1PW9I1 1998 Adamo and Barone Hybrid
HCTH-93 1998 Hamprecht, Cohen, Tozer and Handy xc, GGA
K2-BVWN 1998 Sherif Kafafi xc, Hybrid
B97 1997 Axel Becke XC
PBE 1996 Perdew, Burke and Ernzerhof xc, GGA
B3LYP 1994 Gaussian Inc. xc, Hybrid
&YV 1993 Becke Original Hybrid
PW91 1991 Perdew and Wang Xc

Tov ZentépPpro Tov idov xpdvov, 1988, o Becke [53, 54] elonyaye €va GLVAPTNOIXKO EVEPYELNG
AVTOAAQYNG HE OWOTH HOVUMTOTIKY CLHTIEPLPOPd. Ovopace To ocuvaptnolako avtd B88. To B88
TIEPIEXEL HIX HOVO TIAPAHETPO Kol o€ eKelvn v mepiodo Tou XpOvou €8woe OMUAVTIKE OKplfn|
QMOTEAEOHATA YIX 10 TIOWKIAI OTOHUIK®OV GUOTNHAT®V EEMEPVAOVTOG TIPONYOVHEVA GUVAPTNOLUKA
Tov Tiepieiyav Svo 1| TEPLOCOTEPEG TIAPAPETpouG. Tov emopevo xpovo ot Becke kot Rousel [55]
napovoiaoav €éva véo ouvaptnolokd aviaAlayng meta-GGA, to omoio ovopacav BR89. To
ouvaptnolako avtaAiayng BR89 Bewpeitan wg éva amnd ta mpwta suvaptnolokd meta-GGA.

To 1991 o1 Perdiew kon Wang [56-58] e1onjyayav 10 meta-GGA ouvaptnoloKO IOV OVOHACTNKE
PWO91. To 1993 o Becke [54] mpotewve ) pi&n g GGA pe akpiff] cuvaptnolakd avtaAAayrng o
odnynoav oto vBp1dikd cvvaptnolakd B3P. To B3P eivat upidikd cuvaptnolokd mov avapelyvoel
v akp1n] avtaAAayr] Hartree-Fock pe to cuvaptnolakd VWN80c [59], B88x [18] ko P91C [60].

B3P _
xc

E E,|LDA|+E.(VWN80c|+a, E,|HF|—a,E,[LDA| +a,E,(B88, )| +a E,P91,|

Av kot Bewpeital g 10 TPAOTO LPPISIKO CLUVAPTNOIOKO TO APXETLTIO LEPISIKO CLVAPTIOLNKO

givon ¥2 & ¥4 11 B93xc19 mov elonyaye o Becke vapitepa.

Bo3_ 1 1
EN’=—E,[HF+ZE [LDA|
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To 1994 n Gaussian Inc. [61] elonyaye pia mapaAiayr] tov cuvaptnolakod B3P to B3LYP [25].
To véo auTO LBPISIKO GLVAPTNOINKO TPLOV TAPAHETPROV AVAHELYVOEL TO GUVAPTNOINKO AVTAAAXYTG

B88 pe 10 ovvapmmoilakd cvoxétiong LYP [25] pe akpifinp aviaAAayn.

Ex""'=(1—ay|E,[LDA|+a, E,|HF|+a,E,(B88) +a.E.[LYP|+(1—a | E.[VWN]

XC

ormov VWN21 elvan 10 ouvaptnolako ouoyETiong mov lonyayav ot Vosko, Wilk and Nusair kot o,
Qx KOl O Ol Tpeig mapapeTpol. Ot TpeEIg TAPAUETPOL IOV SIVOLV TX KHADTEPH XMOTEAETHATO EXOLV TIG
Tipuég 0.20 , 0.73 and 0.81 avrtiotoya. To ouvvaptnolok6 B3LYP eivar 10 meplocotepo
XPT|O1LOTIOIOVHEVO HEXPL OTJHEPN CLUVAPTNOIAKO ooV Sivel amoteAéopata LYMANG akpifeiag y
TIOAAEG 1810TNTEG TIOIKIA®V CLOTNHATOV.

To 1996 ot Perdew, Burcke and Ernzerhof mpoondBnoav va BeAtidcouvy 1o cuvaptolokd
PW91 [56-58] pe v ewoaywyn &vog ovvaptnolakol ovoyétiong GGA kol 1o ovopooav
ouvaptnolako PBE and ta apyikd Tov ovopdatwv toug [62] To ocuvaptnoiakd PBE esivat pia amAn
napaywyn Tov PW91 otnv onoia 0Aeg o1 mapapetpol eivar BepeAadelg otabepéc.

To 1997 o Becke avéntuée 1o OapYIKO OGLUVAPTNOIXKO QVIGAAAYNG KOl TX OUVOPTNOIOKK
OLOYETIONG THPGAANAOL KOl avTITKPAAANAOL OTV O €KOETIKEG OEIPEC TIOL TIEPLEXOLV TNV
TIUKVOTNTA KAl TNV TIPAOT TIAPAY®YO TOLG. XupmepléAafe éva KAGopa G akpodg TPOXIaKNG
avToAAayng Kol BEATIOTONOINCE TI( TOHPAPETPOLE KATE TPOTO HI) XUTOCULVET] XPT|O1HOTIOIOVTOG
HOVO evepyelakd dedopéva. To VEO oLUVAPTNOIOKO AVTAAAXYNG GLOXETIONG €ival yvwotd wg BI7
[63, 64] ko mepiExel SEKA TAPAUETPOVG

O1 Hamprect, Cohen, Tozer and Handy Paoci(dpevol oto ovvaptnolakd B97 elonyayav éva
XPOVO apyoTEPA TO GLVAPTNOLNKSO AVTXAAAYNG oLOYETIONG TIoL ovopdoave HCTH [65]

X1ig apyég tov 1998 o Kafafi mpoteve 10 vfpidiké cuvvaptolakdé K2-BVWN [66] to omoio
é¢dwoe evdiapépovta anoteAéopata. Ty idix mepiodo o1 Adamo kon Baronenpdteivav 1o vpldiko
ouvaptnolakd mMPW91PWI1 [67] 1o omoio BeATinoe T CLUUTIEPIPOPE HAKPLVOV KMTOCTAGE®V, EVEM
ot Van Voorhis kot Scuseria eloryayav 1o meta-GGA ouvvaptnolokd VSXC [68]. To VSXC édwoe
TIOAD KOAG OMOTEAETHATO GUYKPIOTHA [E QUTH GAA@V CLVAPTNOIXKAOV TNG EMOXNG EKEIVNG €lXE OPWG
TO HELOVEKTNHA TOV TOAAQOV TOXPAHETP@V (GLVOAIKA 21) TTOL TIEPLEIYE.
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LDA
. d

pGeE?TAf(XG’ZG)dr-'_Jﬁf(XG’ZG)DGe
J‘ Evsxc:
XC

o
OTov f(Xe,Z5) ElVOL P1O PN TOTILKI] CLUVOPTIOT TIOV TIEPLEXEL TIEVTE MOPAHETPOLG KL Ol ASIAOTOTEG
HETAPANTEG X, Z Kol Dg amoTteAOVV v aS1A0TATO TIHPAYOVTO.

To 1999 ot Adamo kou Barone mpdtewvav 1o vfpidiko cvvaptnolakd PBEO [69] to onoio ev
nepLExel mapaperpovs. H amovoia nopapétpwv oto PBEO 1o kKatéotnoav eupitata Stadedopevo
omv KPavtikn Xnpeia. To PBEO epappoletan eniong pe emTuyi 0 LMTOAOYIOTIKA TIPOTOKOAAX

TD-DFT.

IMivakag 1.5. Ot o kowvég ouvaptnolakég and to 2000 €mg onpepa.

AKpavopo "Et0g TUyypaQELg Xyxoh
MO05-2X 2005 Zhao Schultz Truhlar Hybrid meta
BMK 2004 Boese and Martin xc, kinetic

X3LYP 2004 Xin Xu, Goddard, Muller, Zhang Hybrid
mPBE 2002 Adamo and Barone XC
OPTX 2001 Handy and Cohen X
HCTH-402 2001 Boese and Handy xc, GGA
HCTH-147 2000 Doltsinis, Handy and Sprik xc, GGA
PCS00 2000 Proynov, Chermette and Salahub xc, meta-GGA
B00O 2000 Axel Becke xc, meta-GGA

Katda 1o €tog 2000 mpotdOnkav moAA& véa ouvaptnolaka. Eva ano avtd nrav to BOO [70] movu
npotabnke and tov Becke kot givor meta-GGA ouvaptnolako aviaAlayng ovoyétiong. Eva Ao
KOA& LTTOoYOHEVO ouvaptnolako Nntav to PSCO0 [71] mov Snpiovpyndnke omd toug Proynov,
Chermette kon Salahub kot mepieixe 0T OLOYXETION TNV TUKVOTNTA KIVITIKNG EVEPYEING KO TN
AomAaolavr] NG NAEKTPOVIOKIG TLUKVOTNTOG G PN TOTKEG petafAntée. To pépog outd TOL
OLVOPTINOIOKOD GUVSVAOTIKE HE TO UI| TOTIKT] oLVAPTNO1aKO ToL Becke. TéAog ot Doltsinis, Handy
and Sprik elonyayav éva BeAtiwpévo ocuvvaptnolaké HCTH mov ovopdoave HCTH-147 [72] Aoywm
NG TOPALETPOTIOINCTG TOV WG TIPOG 147 cuoThpaTA.

To 2001 o1 Handy kou Cohen mpotewvav €éva ouvaptnolakd §00 TOPAPETP®Y TIOL OVOHACHV

OPTX [73]. Ta ocuvaptnolaké OPTX ouvSuaoTNKAV 0TI GUVEXEIX HE SIAQOpPA CLVAPTNOLOKK
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ovoyétiong onwg m.X. LYP, P86 kot P91 ywax va dwoouvv ta cuvaptnolakd OLYP, OP86 ko OP91
[74], avtioToa.

Eva xpovo apyotepa ot Adamo kot Barone mpotelvay pia TpOTOMOINGT TOL GLVAPTNOIAKOD
aviaAAayng PBE kou ) Snuiovpyia tov cuvvaptolakod mPBE [75], 10 omoio BewpnBnke v
ETOYN EKEIVI WG TO KAAVTEPO GLUVAPTNTIKO.

To 2003 ot Tao, Perdew, Staroverov kou Scuseria lonyayav to cvvaptnolakd TPSS [76, 77]
TIOL €ival KATAAANAO ylot LTOAOYLIOHO 1810TNTOV HOPIWVY, OTEPEMY KAl EMOPAVEIQOV. MEPIKOVG UNVEC
petd o1 Tao, Perdew, Staroverov kon Scuseria eloryayav pia vpidikn mapaAiayr tov TPSS piog
TapapETpou mov ovopacav TPPSh [78].

TPSSh t TPSS TPSS
E.'=aE*“+(1—alE, > +E,

H Béitiotn upn g napapetpouv eivar a = 0.10. To yeyovog ott to TPPSh mapapével
OHOLOHOPYa OKPIPNG YA HEYRAT TIOIKIAIX CLOTNHATKOV TIPETEL vVa BempnBel w¢ eva amo ta KaALTeEpa
OLVOPTNOOKA OTN HOVIEPVA LTTOAOYLOTIKT] KPAVTIKT| XNHEla.

Zto téAog tou 2004 o Xin Xu KOl Ol OULVEPYATEG TOL ELONYOYAV EVO TPOTIOTIOLNHEVO

ouvvaptnolako B3LYP, to X3LYP [79].

LYP
c

X3LYP _
XC -

E aoEExact+(1 _aO)ESlater +a AEextended+a EVWN

X X X X cec +(1_0)E

c

OTIOL o, O, A EIVOL TIAPAPETPOL Kol B2 glvan T0 eKTETAPEVO GUVAPTIOIAKO AVTAAAQYNG TIOL
TIEPLEXEL OVO VEEG TIOPAHETPOUG TIG Ox; and Qye.

Katd to téAog tou 2005 mapovoidotkav Svo véa ovvaptnowka [80, 81]. To mpwto
ovopaotnke MO5 kot oxedixotnke yix moAD yevikovg okomovg. To M0O5 Aettovpyet mTOAD KoAd yia
TNV KWNTIKN, ™ Beppoxnpeia kot Tig pUn opolomoAKeG OAANAETIOPACELS TOV EVOOEWV TOCO T®V
otoelwv 1wV KOpwv opadwv tov Ilivaka IleplodikOTnTag 600 KOl OUTWV TWV OTOLKEIDV
peTantooems. To devtepo mapovoldotnke ano tovg Yan Zhao, Nathan Schultz kon Donald Truhlar
gival éva meta LPPLOIKO CLVOPTNOIXKO AVIOAAAYNG CUCKETIONG Kl ovopdotnke MO05-2X. Xe
avtifBeon pe 10 apyikdo MO5 10 M05-2X eivar ouvaptnoloKO pe LYNAN PN TOTUKOTNTX KOl HE

SMAdo1x MOCOTNTA HN TOTIKNG aviaAAayng (2X) mov mapapeTponor|Onke povo yio apétaAia. To
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HOVTEPVO QUTO GLVAPTNOIAKO AEITOLPYEL AKOUT) KXADTEPX Y1 TNV KIVITIKT, TN Beppoynpeia kot tig
T OHOOTIOAMKEG XAANAETIOpATELC.

TéAog, Ba ava@EéPoupe PHEPIKA OKOUT GLVAPTNOLNKA TTIOL XPNOIHOTOMBNKAV KAT& KApoLG Kol
XPTO1HOTIOI00VTOL KON kol onpepa [82-86]. Avtd eivan ta B1B95, mPWI1PBE, HSEh1PBE,
HSE1PBE, O3LYP, M062X, BHandHLYP, LC-wPBE, CAM-B3LYP, wB97XD, n P2BLYP kot pa
oelp& GAAwV SopBwpévev pakpivig meploxng (Long-range corrected) KatdAANA®V yla T HEAETN
UN opolomoAlkV aAAnAemdpdoewy (my B3LYP-D3, LC-wPBE, TPSS-D3, revPBE-D3, B2PLYP,

K.(.). OA0 QTG T CLVAPTNOLAKA TTEPLEXOVTAL GTO VTTOAOYIOTIKO Ttakéto Gaussian09 [87].
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1.5. XYNOAA BAXHX

L’ évav vmoAoylopd eite autog eivan ab initio eite ivon oto eninedo g DFT o epevvng Sev
EYEL V& EMAEEEL HOVOV TNV TIIO KATAAANAT GLVAPTNOIOKO OAAK KOl TO QmoitoVHEVO oUVOAO Bdong
(basis set). To 1951 ot Hall kon Roothaan elonjyayav pio véa Bewpia tnv LCAO-SCF-MO, o0pgpmva
pe v omoia to k&Be Tpoxakd SCF pmopel va ek@paotel ¢ YPApHHIKOG GLUVSLAGHOG KATIOIOV
TPOXIOK@V OLUVOPTNOE®V Bdong. Me autov TovV TPOTO Pl KUHKTOOGLVAPTNOT €VOG TOAVTTAOKOL
OLOTNHATOG NAEKTPOVIOV HTopel va ypo@el Kol &G YPAHHIKOG OLUVOLACHOG €VOG GLVOAOU
HOVONAEKTPOVIOK®V cuvaptioenmv. To odvoAo autd givatl pokaBoplopévo Kot oOVORALeETal GUVOAO
Baong. Ot cuvaptnoelg faong HOA{OLY HE TX ATOPIKA TPOXLOKE, GAAK w¢ ohvoAo Bdong pmopetl va
XxpnotpomnoinBel onolodnmote GAAO0 GUVOAO GUVPTHOEWV.

CevikOtepa 01 oLVAPTAOELG BAONG TIOL XPTOHOTOIOVVTAL GTOVG KABVTOXNHIKOVG LTTOAOYIGHOVG
gtvat §00 TONWV:

1 Ta tpoytakd tomov Slater (STO)
2 Ta tpoyaka Tomov Gauss (GTO)

Ta tpoyiaka TOTov Slater amoteAoVV eKBETIKEG GLUVAPTNOELG TIOL Y1 €va Topo o Ba givon TG
HOPONG:

Slgrl=N,r ..expl—2r|-Y]'(0, ¢,]

orov N, elvan n otaBepd kavovikomnoinong, Yi"(6, @) eivat o1 cQoupikeg appoVIKEG Kol { 0 TPOXLOKOG
ekBeTNG ov N TP ToL KaBopilel TNV EKTOOT TOL TPOXIAKOL O0TO YWPo. Ta Tpoyxlaka Tumov Slater

TPOKVTITOLV ATO £V SUVHLKO TNG HOPYPNG :

v(rj= &, aln—t -l 1
r 2r

O ¢ pmopetl va xpnopononfel kol oG MAPAPETPOG HETAPOADV Yyl TOV TPOCSIOPICHO TNG
BéATIOTNG TIUNG TwV ouvieAeoTt®y. T 1 = n-1 1o Suvapikd aTo eival avéAoyo tov r', ondTe Ta
TPOXLOKA €ivan 18100 pe T ATOPIKE TPOYIOKA TV LOPOYOVOEIS®OV aTOH®Y. Ta Tpoylakd ToTov Slater

TIAPEXOLVV CWOTH TEEPLYPAPT] TNG CLHUTIEPLPOPAS TNG KUHATOGLVAPTNOTG TOGO KOVIX 000 KOl HOKPLX
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QIO TO XOPO TOU TILPNVA KAl KMOTEAOVV TIG KAADTEPEG GLVAPTNOELS BAONG Y KPavToxnHIKoLg
VTTOAOYIGHOUG 0€ aTOUIKO eminedo. Opwg, 8ev PMOPOLV Vo XPNOlHOTonBovy o HOPLAKOLG
LTTOAOYIGHOVG YIXTL O VTTOAOYIGHOG €lval apKETA XPovoBOpOg Kol T AMOTEAEGHATA OX1 KOl TOCO
KOAQ.

Ta tpoyakd tOmouv Gauss €ival Kol oUTK €KBETIKEG OLVOPTIOELG TIOL SlPEPOLY MO T

TPOXLOKG TOTIOL Slater pdvVo WG TIPOG TOV TPOYIAKO EKOETN.

G(Z,r) :Nnran—leXp(_Zr2)'YIm(9a¢a)

omov N, eivon n kot &AL n otaBepa kavovikomnoinong , Yi™(0, ¢) elvat ol c@aipikég appoviKeG Kat ¢
0 TpoxlaKOG ekBETNG. Ta TpoyloKd avTd 0TOLG KPAVTOXNHIKOUG LITOAOYLIOHOUG XPTO1HOTOI0VVTAL |E

TNV KAPTEGIAVT] TOLG HOPPN:
Glgr) =Nnxiyjzkexp(—Zr2)
omnov i, j kou k eivon pun apvnuikoi axépatot apiBpol. Otav i + j+ k = 0 to Tpoyiako eivor s TOMOUL.

Otav i +j + k = 1 eivan p tomov kot 6tav i +j + k = 2 to GTO eivan d tomov. Ta Tpoylokd TOMOL

Gauss TPOKVTITOLV aTO €V SUVOHTKO TNG HOPPNG:

2+n(\'n—1]—l{l+ 1)

Vir)=28r -
2r

Této1Eq CLVAPTNOELG €lval EDKOAX OAOKANPAOCIHEG, Y1’ ALTO KOl ATOTEAOVV TIG KATA KOPLo AGYO
XPNOHOTOLOVHEVEG CUVAPTIOELG GTOVG HOPLAKOVG KBAVTIKOUG DTTOAOYLTHOUG.

Ta tpoylaka TtOmov Gauss 6ev TAPEXOLV OWOTH TEPLYPOQON TNG OCULHTIEPLPOPAS TNG
KUHOTOOUVAPTNONG OUTE KOVIK OTOV TUPNVH OUTE HOKPWX Oomd ouTtov. AOYy® OH®G T®V
UTIOAOYIOTIKOV  TOUG  TIAEOVEKTNHAT®V avTKaBlotobv  ta  Tpoxlakd Tumov  Slater  otoug
KBavtoxnpkooug vmoAoyopovg. o v mepypaen pag ovvaptnong STO yxpnoiponotodviat
ovvnBwg meploooTEpa aMO Eva TpoxlaKG TUTIOL Gauss. Oc0 MEPLOTOTEPR TPOXIOKK TUTOL Gauss

avTikaBloTolv éva TpoylaKd TuTov Slater TOC0 TO KAADTEPO.
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1.5.1. ZuvoAa eAayiotng Baong (Minimal Basis Sets)

Ta oOvoAa eAaylotng Bdong N amAod RTa OMWEG GAMKDG OVOPALOVTHL ATTOTEAODV TQ TIO OMAK
oOVoAa Baong. Xe autd KABe KateXOpPeVO amd NAEKTPOVIX TPOXIOKO TV OTOH®V TOL AMApTi(ouV TO
HOPlO eKQpaleTan pe pia pdvo ouvdptnon Paong. Ta odvoAa eAdylotng B&ong pmopel va mepiéxouvv
STO 1 GTO ovvaptmoeig. Otav €xovv STO k&Be ouvvaptnon Paong eknpoowneitan and éva STO.
Otav eivar GTO T1o1e amotovvial meplocotepa GTO ya kdBe ouvvaptnon Paong, omdte 1
ovvaptnon Baong B ekppaletal g ypappikd aBpotopa evog aplBpod GTO. Ta ovvoAa eAG10TNG
Baong ovopadovton Kot oUVOAX amAol {ta ylati yix kKaBe pia amo tig ouvaptoelg fdong mpokettan
va BeAtiotomonfei povo pa mapdpetpog ¢ Ta oluvoAa eAaylotng Pdong de Sivouv axpipn
QMOTEAETPATA, OAAX XPTOLHOTOOOVIOL TIEPIOCOTEPO YA TIOLOTIKOUG LTOAOYIOHOUG O€ HEYRAX

OLOTHHOTA.
1.5.2. ovoAa Baong Suthod §jta (Double Zeta Basis Sets)

Lt olOvoAa Bdong SumAoL Nt KGBe KOTEXOHEVO OTOUIKO TPOXIOKO €KQpAleTon pe 600
ovvaptnoelg Paong mov eivar ouvviBwg STO. H ovopoacia DZ mov ypnowpomoteiton yix va
TIEPLYPAYEL TETO GVUVOAX BAong opeiAeTal 0TO yeyovog OTL yia kaBe ouvaptnon Paong mpokettan
va BeAtiotoriomnBolv 600 mapapetpol ¢ kot . Ta ovvoAa Pdaong SutAoy {Rta mapEXoLV
IKOVOTIOWNTIKT|] aKpifel oToug poplakovg KBavtikoug vmoAoylopovs. H akpiffela avt pmopet va
avénBel akopa mepLocoTEPO av 0T cUVOAX Bdong TpoaTteBovv CLVAPTIHOELG TOAWOTG.

Ot ouvaptnoelg MOAWONG eival TpoxlKa pe KPavTiko aplBpd [ peyaAdtepo amod avtov Twv
TPOXLOK®@V TIOU TEPLYPAPOLV T POAOIKN KAXTAOTKOT TOL OTOHOL. Ta TPOXLAKA QUTK OTO OLSETEPO
atopo Oev meplExovv nAekTpovia. Ol cuvapTioelg TOA®ONG XPNOLHOTOOLVIAL Yyl TNV oKpifn
TIEPLYPUQPT| TNG NAEKTPOVINKIG TTUKVOTNTOG T®V HOoplwv, AOYy® NG XAUNAOTEPNG CLHHETPING TOVG HE
O ATOHN KOL Y1 TIEPLYPOQT] TNG QVIOTOKPLONG TNG NAEKTPOVIAKNG TILKVOTNTAG OTNV €Midpaon

KQTO0L £&0TEPIKOL TESIOL.
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1.5.3. Extetapéva oovola Baong (Extended Basis Sets)

Zav ektetapéva oLVoAa [aong Bewpolvial OAx T oLVOAa [dong ota omoix To KA&be
KOTEXOHEVO OTOHIKO TPOXIOKO eKQpAleTal pE TEploadTepeg amod 6vo ovvaptnoelg Paong. ‘Oco
av&avetal o aplBpdg TV ouvaptnoemy Paong n oAk evépyela SCF eAATTOVETAL KL 1] TIEPLYPAPT
TOV ATOHUIK®V KOl TOV HOPLOK®V TPOXLHKAOV €ival 0A0 Kot KaAutepn. EAv 10 ekteTapévo ovoAo
Baong eivan anelpwv Sl00TACEWV, TIOL €iVOL OPLOKT TEPIMTWOT), TA ATOHIKA KOl HOPLXKA TPOXLOKK
nepypd@ovtot emakplBag kot n evépyelx SCF €xel v eAGY10TN TN TIOL €ival yvOoT &G 6plo

Hartree — Fock.
1.5.4. ovola Baong avamntvéng STO pe GTO

Onwg npoavagepnke, n xpnotponoinon cuvaptoenyv Paong STO kabiota toug KPaviikovg
UTTOAOYLOHOUG SUoKOAOUG v Oxl aduvatovg. '’ avtdv 1o Adyo ot cuvvaptrioelg STO €youvv
avukataotaBel pe GTO, omote n k&Be ovvaptnon Pacng STO avukabBiototonl pe ypOHHIKO
ovvévaopd GTO kol €tol Snpovpyovvial ta ovvoda Paong avamtuéng STO pe GTO mou
ovpfoAiovtal wg STO-NG. Zta ovvoda Bdong STO-NG &exwvdpe pe mn PeAtiotonoinon twv
ekBetV pe atopkoLg vtoAoylopovg SCF xpnolponol®vtag oOVoAX EAGXLOTNG PAONG. LT CLVEXELX
npooopoialovpe 10 k&Be STO pe ypappiko cvvévaopo GTO. AvTO PTIOPOVE VA TO TIETUXOVHE HE
m Ponbewr g Bewpiog twv eldyotwv TeTpaywvev. To kabe STO ekmpoowneiton omd
OLYKEKPLHEVO YpappIKO auvdvaopd GTO. Ta s STO ekgpaloviat pe ypappiko cuvévaopo s GTO,

ta p STO pe p GTO xok.
1.5.5. ovoAa Baong Sraywpiopévig otofadag o0évoug (Split Valence Basis Set)

I Xnpueia ta nAektpovia g otifadag oBévoug eivan avtd ta omoia Aapfavouvv Kupiwg pépog
otn Snuovpyia Tov XNHKOL deapob. MnopoVpe va SWOOLE PEYOADTEPT EVKAPYiA 0 évae GUVOAO
Baong STO-NG av Stakpivovpe T Tpoylokd g oTolBddag oBévoug oe e0WTEPIKA Kol eEWTEPIKK
TPOXLOKA KOl TOLG ETTPEYOLE Va HETAfAAAOVTOL aveEPTNTA. ALTA Tot GUVOAX Bdong ovopddovTan

oLVoOAX Baong «daxwplopevne» otolBadag oB¢voug 11 cuVoAa faong SV. O yevikog TUTOG YU oUTA
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T obvoAa PBaong eivor o STO [-mnG, omov I, m ko n pog divovv tov aplBpd twv GTO mov
TPOCOHOIALOLY Ta TpoYlaKA. T mapadetypa to ovvoro Baong STO 4-31G oto dropo Tov GvBpaka
nepiexel 4 GTO mov meprypd@ouv 1o 1s Tpoxiako (ecwtepikn otoada), 3 GTO mov meplyp&@ovy
€Vt OUVOAO 25 KOl 2p «E0WTEPIKOVY» OTOUIKQOV TPoXIaK®OV (otolfada oBévoug) kot 1 GTO mov
TIEPLYPAPEL €V OVUVOAO «E€EMTEPIKAOV» 2S Kl 2p OTOUIK®V TPOXIOK®OV (oTtofada aBévoug).
MrnopoVpe emiong va TPooBEcovpE Kol OLVOAPTNOES TIOAWONG 1oL cLpBoAilovion pe évav
aoTeEPIOKO * av TpOKeLTal yia TpooBnkn d cuvaptioewy o€ Bapy GTopo N pe §VO aoTepioKoLg **
av TPOKELTAL yix TIPOCONKN p cLVAPTHOEWV TOAWONG 0€ EAXPPV KTOLO.

EmnpooBétng yix va meplyp&YOuHE NAEKTPOVIOKEG TTUKVOTNTEG TIOL EKTEIVOVTOL O€ HEYAAEG
QITOOTAOELG, ONMWG OVIOVIN KOl €VMOELS He povhpn (evyn NAEKTpoviwv, HTOPOOHE Vv
XPT|O1LOTIOI|OOVHE GLVAPTNOELS S1aYLONG. To XAPOKTNPIOTIKO ALTAOV TOV CLUVHPTNOEDV S1XLOTG
elva 1 TOAD Yapn AT Tipr tov ekB€t ¢ ATd T GOVOAX BAOT|G EPTIEPLEXOVTAL OTA OVYXPOVA TTOXKETA

AOY1OHIKOD y1a NAEKTPOVIKOUG LTTOAOY10TEG OTIw¢ To Gaussian 03 kot to. Gaussian 09.
1.5.6. Apavta IMTupnvika Avvapka (Effective Core Potential)

Ta otoyeia ta omoia Ppiokovtal TNV TPITN KOl 0€ LYNAOTEPEG GEIPEG TOL TEPLOSIKOV TIIVOKA,
Onwg yo mopddetypa ot Aktivideg kot ot AavBavideg, €xouv MOAD peydAo aplBpud nAektpoviwv.
AvTO €ixe oG amotéAeopa T SLOKOAIX TIEPYPAPTIG TOLG ATIO TA LIIAPXOVTH GUVOAX Bdong, KaBAOG
KOl TNV abEnomn oTo XpOVo Kol GTNV LTTOAOYIOTIKI] 10X0 YA TNV OAOKANP®OT TV KPAVTIKGV
vmoAoylopov. O Hellman npotewve, Sivovtag Abon oto mapanave TpofANHa, TV avTIKATAoTHo
TV OLVAPTNOEDV PAOTIG TWV ECWTEPIKAOV NAEKTPOVIOV HE EVav OPO SUVAHIKOV 0TI XAHIAT®VIOVT,
T0 omoio ovopdotnke Spwv mupnvikd Svvapikd (Effective Core Potential, ECP) 1 aAAwg

Yevdoduvapikd (pseudopotential). H yevikr popen tov givon n €§ng:

Ugcp(r) = Z ;i e i

i

OTIOV ai, i KoL o €6APTAOVTNL IO TN 0TpoPopun| (s-,p-,d-,KTA).
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H Saxpopd touv §pmdvtog mupnvikod SUVOHIKOD amo TIG NHIEPTEPIKEG peBOSoLG eival OTL o€
avtég e Aapfdavovtal KaBoAov LTOYN TA €0WTEPIKA NAEKTPOVIA, eved oto ECP Aapfavovial wg
Suvapikd. Me tov TpOMO QUTO KOl TX ECOTEPIKA NAEKTPOVIA AapBdvovial Aowmdv vmoyn Kol o
XPOVOG ToL Be@PNTIKOD LTTOAOYIOHOD HELOVETHL KaTd TOAD. H evépyela 1) omoia TpoKOITEL amo €vav
TETO10 LTIOAOYLIOHO, GTOV 07010 Xprjolponoleital ovvoAo Baong ECP, ovopddeton evépyela oTifddag
00€voug. ZNUAVTIKO HEIOVEKTNHA OMOTEAEL TO YEYOVOG OTL OPLOUEVEG HOPLAKEG 1O10TNTEG Ol OTIOIEC
e&apTAOVTAL OMO TNV NAEKTPOVIXKT] TTUKVOTNTH KOVI& GTOV TUPNVA, O€V HTTOPOVV VA LTIOAOYLGTOVV
pe akpifela otav ypnoigonoteitor €va ovvolo [dong ECP. Avaloya pe tov aplBpd twv
nAektpoviev mov Ba mepiExel to Suvapiko Tov muprva T oVvoAa Baong ECP ywpilovial oe §vo

KOTIyOpieg.

1. Xta Relativistic Large Core ECP (RLC-ECP) ta omoia tepiéyouvv OAa Ta NAEKTPOVIA, EKTOG OO

auTA T oTtoia AVIKOLY 0NV e€wtepikn oTPada.
2. Xta Relativistic Small Core ECP (RSC-ECP) ta omoix dgv TepLEXOLV KOl TNV OHECKG

mponyoLpevn ano tn otifdda aBévouc.

Elvar mpogavég ot ta ECP mov avikouv otmv mpadtn Koatnyopia 6ivouv ypnyopotepa
QMOTEAEOHATA, KABMG TIEPLEXOLV TIEPLOCOTEPN NAEKTPOVIA, EVM OLTA TNG SEVTEPTG KaTnyopiag eivan
oa@w¢ mo akpPn. Avo and ta mo Sadedopeva ovvola Baong ECP eivan to LANL2DZ (Los

Alamos National Laboratory Double Z) kot to SDD (Stuttgart Dresden).
1.5.7. Xovola Baong copmokvopéveov GTO (Contracted Gaussian Basis Set)

Ta obvola PBaong avutod Tou TOMOL €ival ypappikol cuvévaopol GTO pe OLYKEKPIHEVOLG
OLVTEAEOTEG TIOL €ivan otabepol kKot mapapévouy otabepol kKol Kata T S1dpKEIX TOV LTTOAOYIGHOV.
H xpnowomnoinon avtwv twv cuvpmukvopévoy GTO mov cupfoAiilovian wg CGTO amAomotet
OT|HOVTIKKX TOV DTIOAOYLOHO KOl €TO1 HELWVETHL KO 0 XPOVOG TIOU XPELALETAL O VTTOAOYITHAG.

O ouvvbvaopog TV ovvoOAwv Pdong ouvieAel oto va  Tipooeyylotel  KaAUTEpR T

KLPOTOoLVAPTNOT Tou. H emAoyn Aowmdv tov kataAAnAov cuvéAov Bdong eivor 10 KvpLdtepo
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oTOolYEl0 €VOG KBOVTOXNHIKOD LITOAOYIOHOD. Ta KPLTPIX Y& TNV €MAOYT] TOU KATAAANAOL GLUVOAOL

Baong elvon ta e&ng:

v

Oco peyaAdtepo eivarl o ouvoAo Bdong toco mo akpPfég eivar To anotéAsopa SnAadn Ta
TPOXLOKA Tipooeyyilovtan pie peyaAuTepn akpifeia.

To olvolo Bdong Opwg dev mpémel va elvar MOAD peydAo wote va pewwBel o aplBpdg Twv
OAOKANPOUATOV TIOV TIPETEL VA LITOAOYLOB0UV Kol KT CULVETEIX va HEIWOEL Kot 0 XpOvog
KOl TO KOOGTOG TOV UTIOAOYLGHOV.

O1 ouvaptroelg BAoelg TPEMEL va 08NYOVV Kol 0€ OAOKANP®UATA TTOL ADVOVTOL EVKOAX Yl
ToV 1810 Adyo Tov avagépbnke Mo Tave.

O1 ouVapPTNOELG TIOL ATOTEAOVY TO GUVOAO [B&omng Ba TPEMeL v €XoVV TWOTH CLHTEPLPOPH
KO KOVTH KOl HOKPLX OO TOLG TTUPT|VEG.

TéAog 600 MO YaunAn €ival N TR TG CLVOAIKNG eVEPYELag TO00 KaAvTtepa. H Tipn g
OULVOAIKT|G EVEPYELAG EAATTAOVETAL OTAV EXOVHE KOXAVTEPT EKTIPOCMTINGT] TNG NAEKTPOVIOKIG

TIUKVOTNTOG TOV ECOTEPIKAV OTOASwV.
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1.6. MEOOAOI IIAHOYXMIAKHX ANAAYXHX

1.6.1. ITAnBuvopiakn avaAven QUGIKAV TPOXLAK®V Secpod NBO

H mAnBuopiakn avaAvon tov @uokov tpoxlakov decpol (Natural Bond Orbital, NBO)
dnpovpyndnke pe oKOMO v SMOEL P KaADTEPT EpUNVEIX TNG NAEKTPOVIOKNG SOUNG TOL Hopiov
Tov peAetaton pe Baon tig Sopég Lewis. O Sopég Lewis pmopouv va xpnotpononBoiv Kat yix v
EPUNVELX TOL XMHIKOV SeCHOV, yl T0 Adyo avutd n péBodog NBO ypnolpomoleitol ko ywx tnv
eppnveia tov Xnpikov Agopov. ITp®Tog e10T)yaye TNV EVVOLX TV QUOIKGOV TpoXIaKk®V 0 Lowdin To
1955 mpoomobwviag HEC® OLTOV Vo TEPLYpAPEL €va  HOvaSikO OUVOAO  opBoKavoVIK®V
OLVOPTIOEMV €VOG NAEKTpOViov, o1 omoieg elvan gyyeveig otnv Kupatoovvaptnon N-nAektpoviov
Y(1,2,...,N). Me padnpoatikodg 6poug ol GUVOPTIOELG KUTEG PTTOPOLV va BewpnBolv ot eivat Ta
1O10TPOYIOKA TNG P KO &pa T KAADTEPA SLVATA Y1 V& TIEPLYPAYOLV TNV NAEKTPOVIOKT| TTUKVOTNTA
ne.

H mAnBuopokn avdivon tov  @uokev tpoxiokev  (Natural Population Analysis)
dnpovpynBnke ko xpnowgonowBnke and tov Wheinhold kot toug ouvepydteg touv [1,2] ko
anoteAel éva evildpeco o€ pia aAAnAovyia HETAOKNUOTIOH®V, TTIOL {EKIVAEL OO €va cUVOAO Baong
OTOHIK®V TPOXLAK®V, T OTIOla HETAOYNUATI(OVTOL O€ S1AQOPN EVIOTIOHEVA GUVOAX BAonG, OTMG TX
QLOKA aTopKd Tpoytakd (Natural Atomic Orbitals) T onoia pe ) oepa TovVG peTacKNUATI(OVTOL
o€ PLOKA vPplopeva Tpoxaka (Natural Hybrid Orbitals), oe @uowkd tpoyxlaka deopov (Natural
Bond Orbitals) kot teAik& o€ QuoKd nui-eviomiopéva popraka tpoxtakd (NLMOs). Ta teAevtaia
HTIOPOUV VO HETOOYXNHATIOTOVUV O QUOIKK Hn-eviomopeva tpoylaka (Natural Orbitals) 1 oe
KOVOVIKG poplakd tpoxiaka (Molecular Orbitals). Iapokatem Sivetar oxnpoatiké n mopeia twv
HETAOYNHATIOHQV.

AQOs - NAQOs - NHOs — NBOs - NLMOs — NOs 1} Mos

OAa auTtd Ta EVIOMIOPEVX PUOTKK GUVOAX gival AP KOl 0pBOKAVOVIKG KOl TIEPLYPAPOLY HIE

HEYAAN akpifela kK&Be 1610TNTA TNG KLHATOGLVAPTNONG .

49



1.6.2. Avadvon Staxwmpiopod g evépyerag (Energy Decomposition Analysis,

EDA)

H péBodog g avdAvong dtaxwplopol g evépyelag (energy decomposition analysis, EDA) mov
avartuxBnke anod tov Morokuma [3] ko toug Ziegler kot Rauk [4] amoteAel pia mavioyvpn peBodo
TIOV YEQUPWVEL TO KEVO HETAED TNG OTOLKEIWS0VG KAPAVIOUNXAVIKIG KOl TNG EVVOLOAOYIKA OITATG
gpunveiag g eUONG ToL XNHUIKOL deapoL. Xupgwva pe v EDA 1 evépyeia aAAnAenidpaong AEin,
HeTaL GVO poplakav Bpovopdteov A kot B evog poplov A-B Saxwpileton oe tpelg kKaAwg
OpL{OHEVOLG OPOLG TIOL HTTOPOVUV V& EPHNVELTOVV HE XMHIKOLG Opoug. Ot opot avtol eivat: (1) n
KAOOOIKI] EVEPYELX NAEKTPOOTATIK®OV OAANAETOPACEDV HETAED TV NAEKTPOVIAK®V TTUKVOTHT®V
TV A Kot B, AEas, (2) ol anawoelg avioAAayng petaéd tov A kor B mou ogeihovion oty
arayopevTikn apyn Pauli, AEp.i Kot (3) Kot 1) evépyela Tov KepSiletan amo T HELEN TV TpoXLaK®OV
TV A Kot B, AEq.

Lopowva pe mv EDA o oxnuatiopog evog popiov A-B mouv meprypdoetol amo  Tnv
Kupatoouvaptnon Pas Ko €xel evépyeldt Eap ®G OMOTEAECHN TV OAANAETOPACE®Y PETAED T®V
Bpavopatev A’ kot B 0Tig NAEKTPOVIOKEG KAl YEWUETPIKEG BEPEAIOSELG TOUG KATAOTATELS YWa" Kol
Wz’ pe evépyeleg Ea’ kan Eg° oupBaivel oe Stapopa otadia. Lto np@dto otddio ta Bpavopata A° kau
B’ vpiotavtal mapapopemon TV YEOHETPLOV 100PPOTIAG TOUE KAL Ol KUHATOGUVAPTHTELS Wa° Kat
e’ OMOKTOVIAG TI( YEWHETPIEG TOL €Youv OTO pOplo A-B kat mepypd@ovial omd TG
KUHOTOOUVOPTNOE Ya KOl Yp pE evépyeleg Ea kau Eg. H evépyeix mov amonteitanr yuo Tig
TIOPAHOPPAOTELG HVTEG OVOHALETAL TIPOTIPACKEVAOTIKY EVEPYeELX (preparation energy) AEprep,

AEpe, = Ea - EA’ + Eg.- Eg°

H EDA eotialeton otnv avaAvon g AEiy, oL SiveTal amo T S1a@opa HETAED TOV EVEPYELQV

TOL popiov A-B kot twv mponapackevaoBevinv Bpavopdtwv Ea kot Eg,
AEin = Eag - Ea - Eg

H evépyela Sidonaong deopov, De, eivor (€€’ oplopol €xel apvnTIKO TPOCT|HO) TO GOpOICHA TV
AEin ko AE prep,

-De = AEin + AEprep
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210 TPOTO OTAS10 GYNUATIOHOV TOL SEGHOV T THPAPOPPWHEVA pOoplaKd Bpavopata A ko B
HE «TTAYWHEVEG» TTUKVOTNTEG POPTIOL MANCIALOLY TO €va TO GAAO pEXPL TIG BETElg oL €YOLV OTO
oxnuotifopevo deopd. H xoatdotaon oauty amoteAsl 1o TPO-POPIO TIOL TEPLYPAPETHL QMO TNV
KUHOTOOLVAPTNOT Wals Kot €xel evépyela Eap’. H aAAnAemiSpoaon PeTal)d TV «TOyOUEVOV»
TIVKVOTNT®V QOPTioL Tewv A Kol B otn yewpetpia 10oppomiag tov popiov AB Sivel TV KAXOOIKT|
aAnAenidpaon Coulomb AEeia:, TOL OTI TEPIOGOTEPEG TIEPUTTMOOELG EIVAL EAKTIKT,

Z,Zg pA(rl)pB(rZ)

r

AE,; = Z Z

acA BEB of

+fdrVB(r)pA(r)+f drVA(r]pB(r)+f f dr,dr,

210 8evtepo otado g EDA, 11 KUPHOTOGLVAPTNON Yalls KVTICLHHETPIKOTIOLEITAL YIX VO SMOEL
Ho eviiapeon katdotaon PP pe evépyela E°. H Stapopd evépyeiag Eas’ - E° ovopddleton dnoon
avtaAAayng (Pauli), AEpaui

Y0 = NA{ Yays }
AEpai = Eas’ - E°

Y10 Tpito otddio N P° YaAap@Ovel yix va Sl TV TEAKN KaTAoTtaon Pas TOL €XEL eVEPYELX
Eap. H gAdttoon g evépyelag mov oLpPaivel TAUTOMOLEITAL WG T) OHOLOTIOALIKT) GUVELCQOP& OTO
XNHKO Seapd. Ovopadeton evépyela TPOXIOKNG aAAnAenidpaong, AEow

AEo = Eag - Exs’
To &Bpo1opa TV AFEeisiat, AEpaui KOL AE o, Sivel v evépyela aAAnAemnidpaong AEiy,
AFEiy = AEesiar + AEpaui + AE o,
H AE.» eival mavtote eAKTIKN, N AEpaui €lvonl MGvta anwoTikh Kol N AEesa. €ival ouviBwg

EAKTIKN.

1.6.3. Avaivon katatunong tov goptiov (Charge Decomposition Analysis, CDA)

H péBodog ¢ avaAvong katatpnong eoptiov, CDA eivor g pébodog mANBuoHIaKIG
avaAvong mov Paocileton ot Bewpia poprakav tpoxlakav. H pébodog autn avamtdxdnke [5]
€YOVTOG G OTOXO TNV av&ALOT TOL XTHIKOD S€GHOV TIOL oXNHATI(ETaN PETAED €VOG SOTN KAl €VOG
8éktn nAektpoviov. H CDA pnopei va BewpnBel wg pla moootikn €ékgpaon tov poviéhov Dewar-

Chatt-Duncanson (DCD) [6] ocOp@ova e T0 omoio 0 deopdg petaAAov - ligand eivon ouvepyloTiKOG
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TIOL KUPIWG TPOKVTITEL QMO €VA GUVEVAOHO HETAPOPAG NAEKTPOVIKIG TUKVOTNTAG amd to ligand
TIPOG TO HETAHAAO KOl TO avarmodo SnAadr| emava@opd NAEKTPOVIKIG TTUKVOTNTAG OO TO HETAAAO
npog 1o ligand. Me &AAa Aoy Aapfdveton vnmdym ot o€ €va deopd petdArov - ligand, M-L to
HéTaAAo kot To ligand Spouv wg 0&0 kon Baon katd Lewis avtiotoya. H CDA egappoobnke
KUPLWG 0TI HEAET TV CUUTIAOK®V EVOCEDV TWV HETARATIKOV PETAAA®Y dedopévou omt eivan M
noAvmAnBéatepn Katnyopia evaoewv mov Sabétovv Seopong §0TN-6¢ktn e (Geopol cuvappoyng,
M-L). Z0powva pe ) Baokn Bedpnon mg CDA, 1 KUHXTOGLUVAPTNON HIKG GUHUTAOKNG €VMOTG
L,TM-X ex@p&leton ¢ YPAPHIKOG OUVSVAOHOG TOV HOPLHKAOV TPOXIOK®OV TwV V0 Bpavopdtwv
kAe1og oto1Bddag (closed shell) L,TM kon X petadd twv omoiwv oxnpatifetor 6eopog §0Tn/d€Kt
e. H aAAnAenidpaon L,TM - X Bewpeiton 611 mpokLmtel and (a) aAAAemkdALym Katexopevoy MO
Tov X pe ta pn katexopeva MO tov L,TM (petagopa& NAEKTPOVIKNIG mukvotntag X — L,TM, d),
(B) aAMnAemikdAvym pn katexyopevov MO touv X pe kateyopeva MO tov L,TM (emavagopa
nAektpovikng mukvommrag X < TML,, b), (y) aAAnAemkdAvymn katexopevov MO tov X pe
katexopeva MO tov L,TM (anwotikog épog moAwong X < TML,, r) kot (8) aAAnAemk&Avym pn
Katexopevwv MO touv X pe pn katexyopeva MO tov L,TM (0pog npepiag, A). O 0pog A Bewpeiton
0Tl 88 OLVELOQPEPEL OTNV NAEKTPOVIOKT] SO TOU GUUTAOKOUL Kot €xel Bpebel dt pmopel va pag
dawaoel g €véeldn ya 1o av o deopog X- TML, avtiotoixel oe aAAnAenidpaon §6t/déktn e. 'Etot,
otav 1 TR v A anokAivel Katd oAy and to 0 t0Te 0 Seopdg X-TML, Bewpeiton 6Tl givon
OHO10TIOAIKOG 8€0OG IOV oynpatileton peTtagd Svo Bpavopatev avolktg otoladag (open shell).
AvrtifBeta, 0tav 1o A givan 0 1 Kovtd oto 0 t0te 0 deapdg X-TML, Bewpeital 0TL avTioToEl 08 i
aAnAenidpaon o&€oc-faoewng kata Lewis 1) pe aAA& Aoyl aAAnAentidpaon §6t/8éktn e. Epocov 1
HETOQOPA KOl 1| EMAVAQOPK NAEKTPOVIKNG TILKVOTNTAG LTIIOAoYileton yia kKOs MO ywplota eivon
Suvatod va vmoAoyloBel n ocuvelo@opd g o petagopds X — TML, kot g T enava@opag X «
TML, 0TV GUVOAIKT| HETAPOP& POPTIOL oL AapPavel xopa PeTad Twv vo Bpavopdtewy X Kol
TML,. H CDA pmopei va xpnoiponowndei oe ouvévaopo eite pe ) Bewpia HF, eite pe m pébodo

nmAnBuopakng avaivong NBO eite téAog kot pe vrtoAoylopovg DFT o1 omoiot yivovton pe tpoxlaka
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Kohn-Sham. Ot voAoyiopoi CDA Sev givan evaicOnrtol oe oxéon pe €id6og tov ouvorov Baong av

Ko €xel Bpedel 6yl peydAa ovvoAa Bdong mapovotdlel Kamowa eEdptnon.
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1.7. XPONO-EZAPTCMENOI YIIOAOT'IXMOI DFT (TD-DFT)

H péBodog g xpovo-eEapT@peVNG YPAHPHIKNG QMOKPLONG 0Toug LroAoylopovg DFT (Time-
dependent Linear Response Theory, LR-TDDFT) amoteAei mavioyvpo epyoieio, ywx Tov
UTTOAOYIOHO TV TNAEKTPOVIKAOV HETOMTOOE®DY (NAEKTPOVIKA QAOHOTA) KOU TOV  SUVOHIK®OV
TIOA®OHOTT®V KA1 DTIEPTIOAWCTHOTTOV TOV HOPI®V.

O VTOAOYIOHOG TV NAEKTPOVIKOV QUAOUATOV €ival apkeTd SUoKOAOG. To TPOBANHA TIPOKLTTEL
amod TO YEYOVOG OTL ylX TOV UMOAOYIOPO TNG TUKVOTNTAG Kol TNG €vEpyelag pe Ttoug ab initio
UTTOAOYLOHOUG EAOYIOTOTOLEITAL 1] EVEPYEIX WG TIPOG TNV TLUKVOTNTA. Oty Aoumdv ekTeAeitan €vag
TETO10G LTIOAOYIOHOG TNG EVEPYELNG KA TNG TIVKVOTNTOG HOG Sieyeppévng Katdotaong Ba mpémet va
UTTAPYEL KATL OTOLG ULTOAOYIOHOUG TIOL VO UMV EMITPENEL TNV HETAMTOOT TNG OlEYEPHEVNG
KOTAOTHOTG 0T Baoikn Katdotaon. Evag peaAMloTikOg KPavToxnHIKOG XEPLOHOG TV NAEKTPOVIK®V
HETOMTOOE®V OTA ATOPX KOl HOPLX KTOTEL TNV KATAAANAT €E100Y®YN TOV OTATIKOV KOl SUVOHIKOV
QOLVOHEV®V OTNV EVEPYELN OVIXAAQYNG. ALTO QMONTEL TNV EKTEAEOT] EKTETAHEV®V LTTIOAOYIOH®V
aAAnAentidpaong Stapopemoewv moAAamANG avaeopdg (multi-referenceCI, MR-CI) 1 vmoAoylopov
nANpoug §pavtog xwpou (CompleteActiveSpace, CAS) o guvdvacpod pe vroAoyiopovg PT2 (CAS-
PT2) wote va emtevyBel akpifela mg 16éng Twv 0.1 eV oTig evépyeleg i1€yepong.

Mo N pEAETN TV TAEKTPOVIKOV QOOUATOV TOV EVOOE®V OCLVAPHOYNG TWV OTOLXEI®V
HETAMTMOOT|G HTTOPOVE VO EPAPHLOTOVE TETOEPIG TOTIOLEG KPBAVTOXNHIK®OV LTTOAOYIOHAV:

(1) toug mapairaktikovg SCF, CI kan MCSCF.

(2) toug vtoAoyiopovg TD-DFT [1-3].

(3) toug vtoAoylopoVG cLlevypEVAV TTAELGdwvV CCSD, EOM-CCSD [4-8].

(4) toug vmoAoylopovg Swxtapaxav SevTepng TaENG amAng katdotaong (SingleState, SS), 1
noAAamA®V Kataotdoewv (Multistate, MS), onwg eivon ot péBodor SS-CASPT2 kon MS-
CASPT?2 [9-11].

OAgg o mapanave peBodol eival eVOOPATOHEVEG OTH TIEPLOCOTEPN OO Ta SLABECIHA TIHKETX

KBAVTOXNHIK®V VTTOAOYIGHOV.
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O e§lowoelg g TD-DFT eivon oy mpa&n ot e&lowoelg Casida. I'papovtag ) Suvapikn

MOAWOIHOTNTA 0T B&on KS mpokLntel | moupakdtw oxéon:

Al Blo)||X, :w{l 0]23
Blow| Alwl||lY,| 0 -1]Y,
e Aio«r,jbr(w):6m61j6ab(£ac_gia)+(la|fH+fi€(w)|jb) , Biao,jbr(w’:(lalfH+fiz(w)|jb)

iwa(tl—tzl 62Axc[p1‘,p¢]
épa(rl,tl)Spr(r t

felror,o)=fe
2772

| 8(t,—t,]
v adxBatikn mpooéyyion o mopnvag (kernel) g TDDFT eivon ave&dptntog Tou XpOvou Kat
WG €K TOUTOL 0 aplBpOg TV Aoewv TV e§lowoewv casida eivon ioog pe TG Slaotdoelg TV

HNTPAV.

XPNOHOTOIOVTHG EVO KAAGHK TNG aKPBo0G avIAAAXYT|G OTO GUVXPTNOIXKK 08nyel 0T ox€on:

Alo| Blo|||X;|_ [1 0])_('1
Blo| Alw)||Y,| 'l0 -1]Y,
G oo, el @1 =6 5 88,1 (€ =i+ 1f 1+ ]| b )=, 8, [ (b IF yba) +(ia £ bj)|

Biog, e @) =[1alf y +f % @)l jb] =, 8, [ (1b]f ;| ba+ial £ bj]

O ovvteAeog €X gival auTog oL puBpilel v akpPn aviaAiayn oto kernel g TD-DFT.

56



BIBAIOI'PA®IA

1 Cizek J.; Paldus, J. Int. J. Quantum. Chem.1971, 5, 359.

2 Dewar M. J. S.; Thiel, W. J. Am. Chem. Soc.1977, 99, 4899.

3 Thiel W. in Encyclopedia of Computational Chemistry, Schleyer P. V. R.;. Allinger, N. L.; Clark,
T.; Gasteiger, J.; Kollman, P. A.; Schaefer, H. F. III; Schreiner, P. R. (eds.), 1998, vol 3, p.1599,
Wiley, Chichester.

4 Dewar M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. P. J. Am. Chem. Soc., 1985107, 3902.

5 Holder A. J.; in Encyclopedia of Computational Chemistry, Schleyer P. V. R.;. Allinger, N. L.;
Clark, T.; Gasteiger, J.; Kollman, P. A.; Schaefer, H. F. III; Schreiner, P. R. (eds.),1998, vol 1,
p.8, Wiley, Chichester.

6 Stewart J.J. P, 1989. J. Comput. Chem., 10, 209.

7 Stewart J. J. P.; in Encyclopedia of Computational Chemistry, Schleyer P. V. R.;. Allinger, N. L.;
Clark, T.; Gasteiger, J.; Kollman, P. A.; Schaefer, H. F. III; Schreiner, P. R. (eds.),1998, vol 3,
p.2080, Wiley, Chichester.

8 Hehre W. J.; Yu, J. Book of Abstracts, 210" ACS National Meeting, Chicago, IL, 20/24 August,
1995.

9 Koch W.; Holthausen, M. C. AChemist’s Guide to Density Functional Theory; Wiley-VCH:
Weinheim, 2000.

10 Bartolotti L. J.; Flurchick, K. in Reviews in Computational Chemistry, Lipkowitz, K.B.; Boyd
D.B. (Eds.), 1996., vol. 7, VCH, New York.

11 Parr R. G.; Yang, W. Density-Functional Theory of Atoms and Molecules, Oxford University

Press, Oxford, 1989.

57



1.8. METAAAANOAPQMATIKOTHTA
Méypt TpOCOATA, T EVVOIX TNG APWHATIKOTNTRG EQUAPHOCTNKE KLUPIWG 0TO TESIO NG OPYAVIKTG
XNHEIOG e TO MAEOV XapaKTNPOTIKO Mapddelypa autd tov Bev{oAiov. AvtiBeta oty avopyavn
XNHEla, 1 éVvold NG XPOHATIKOTNTHG EXEL EQAPHOOTEL PEXPL IPOTIVOG KT KMOKAELOTIKOTNTO TNV
nepimtwon ¢ Popaliving, n onoia Bewpeitar w¢ 1o "avopyavo Pev(oAo" pe 10 pOplO v

amoteAeiton ano évav eExpeAn] SaKTOAL0 amd evarAaooopeva atopa B kot N.

Bopadivn

H apopotikotta amoteAel pia yevikny aAAd ToUTOXPOVA KOl Pl XOPLoTa KABOPIoPEV XTHIKT
évvola. [Na v évvola TG apOHATIKOTNTAG, N onoix €lonxOn 1o 1865-1866 amd tov A. Kekulé
[1,2], Sev €xel akopun mpotabel k&molog emakpPIPr|g OpLOpHOG. Q¢ CLVETEIX TNG EAAEWPNG EVOG YEVIKA
QMOSEKTOV OPIOHOV TNG KPOHATIKOTNTAG, 0 Opog avTog eakoAovBel va givon acagng. EmumAéov
OTHEIOVETAL OTL 1] XPOHATIKOTNTA SEV €lval pia PETPTOIUN TTOCOTNTA KA1 €T TIPEMEL VX KaBoploTel
Kotd oOpPoon. Méxpt onpepa, €KTOG OMO TNV KAQOOIKN] Vol TNG OPOHATIKOTNTAG TNV omoia
OULVOVTOV}E OTIG OPYAVIKEG EVAOOELG, €xel avagepBel otn SieBvn BiAoypagia evag aplBpog "tonwv"”
APWHATIKOTNTOG Ol OTIol01 v PEpPOVTaL G S1APOopa CLOTIHATA, OTIOG ETEPOKVKAIKEG EVQOOELG [3,4],
HETHAAOKUKAIKOUG SaKTLAIOLG OTOLG OMOIOVG N HETOHAAO-OPOHATIKOTNTA oTaBepomolel Sikpopoug

XxnAwkoLg daktuAioug [5], avopyava popia [6-9] kabBwg kat oéeidia twv otoyeinv petdmtwong [10].
1.8.1. Kpinpia apopatikotntag

AOyw TG onpaciog ¢ OPOUATIKOTNTAG OTn Xnpeia, €xouvv yivel moAAég mpoomdBbeleg
TIPOKEIPEVOL Va ekTipnBel kol va mapoyBel éva kaBoAkd amodektd pétpo yU autiv. Qotooo,
e&oTiag TV TOAAGV OPIOPQV TG, eV €xel aKOpa emTELYDEl KATO10G YEVIKG amOSEKTOC TOCOTIKOG

KaBopiopdg Mg H extipnon mg apopankomtag facifetor ouviBmg ota KAGCOIKK KPLTpla
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APWHATIKOTNTOG, TA OTOIX PTOPOLV va S1oa1peBolv o€ TECTEPIG KATNYOPIEG: EVEPYEIOKH, GOUIKG T
YEQUETPIKA, HAyVNTIK& Kol XnUKNng Spactikotntag [11,12]. Eniong pnopel va mpootebel kan pia
MEPTTN Kotnyopia mov Pacifeton o€ NAEKTPOVIOKA KPLTpLX Kol €mtuyxdvetor pe peBodoug
vToAOY1IG0OL NAeKTpoviakng Sopng (ab initio kon DFT) [13-16]. Tlapoxkate meptypd@ovtal ev

OULVTOHIX T KPITIPLA KUTA SIAYVAOOTG TG XPOUATIKOTNTAG:
Evepyelaka Kpitnpia apoUaTiKOTTag

Ta evepyeloka KpLtnplax Si1yvwong g ap@HATIKOTNTAG 0TNPIloVIaL 0TO YEYOVOG OTL Ol EVOTELG
e m-oLLYIOKO CVOTNHA €ival O oTaBEPEG amod Ta 10OEPT] TOVG SiXwG mT-oL{VYLKSO cLOTHA. Me
TX EVEPYELOKA KPLTIPLX GLYKpiveTal 1) emummAéov otabepdtnta g Sopng, eENTiog TOL KUKAIKOU
QTIEVTOTIIOHOV NG NAEKTPOVIAKT|G TIVKVOTNTOG, LE OPLOHEVA HOPLX AVAPOPAG TTOV OTIG TIEPLOCOTEPEG
TIEPITTAOOELS €lvan 0Aeiveg 1} ouCuyn moAvévia [12,17-19]. To cuvnBéotepa XprOHOMTOIOVHEVO ATIO
T EVEPYELOKA KPLTNPLX APOHATIKOTNTAG €lval 1| Ap@HOTIKN evépyelx atabepomnoinong (Aromatic
Stabilization Energy, ASE), 1 onoia umoAoyileTol oG TO EVEPYELOKO AMOTEAECHA HIOG PAVINOTIKNG
opodeopikng avtidpaong [20-22]. Ta evepyelakd dedopéva HmOpovV Vo GLUYKEVTP®OOUV TOCO Ao
neipapata, 600 Kot and Kfavroxnpikovg vmoloylopovs. H ASE enmpedeton moAL amo to €idog g
avtidpaong, kaBaog Kot amo to eminedo g epappolopevng Bewpiag. Emopévag, eivatl onpavtiko va
xpnolgonomnBoov  okpiffp evepyelakd SeSopéva  (amd  LYNANG TMOWOTNTHG  KPavToXnHIKOUG

LTTOAOYLOHOVG) KO VA €TIAEYEL ] KATAAANAN Sopn| “avagopdc”.
MayvnTika Kpitnpla apoUATIKOTITAG

Ta poyvnmikd Kprinpla SIAyVmong NG ap@HaTIKOTNTOG Baoilovial 0Ta OPOIOHOPOX HOYVITIKA
nedia mov e@appolovial eEMTEPIKA OTIG APWHATIKEG EVOOELG KAl TIOL €ivan KaBeta oTo eminedo Tov
popiov Tovg. Méxpt orjpepa €xouvv xpnotponomnBet Stdgopa payvnuka kpimmpa yo m Sidyvwon
NG APOHATIKOTNTAG TV popiwv [11,15,23-27]. H payvnTikn apopatikotnta pnopel va oplodel wg
N KoavVOTNTIa HaG €veong va datnpel éva pevpa oto SaktvAo. Ot evaoelg avtod Tov gidoug
ovopadovtal S1XTPOTIKEG, €vVe avTiBETa, Ol AVTI-APOHATIKEG EVOOELG OVOHA{OVTOL TOPATPOTIKES.

Awdpopeg péBodol pmopovv va ypnotpomnonBovv yia va Samotwbel av pla évoon propel va
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Satnpel pedpa 01O SOKTOA0. IOTOPIKA, N XAPAKTNPLOTIKI] XNHIKT HETATOTMIOT TOL TIPWTOVIOL OTX
edopoata '"H NMR, N avicoTpomia SIqpayvnTIKNG €MSEKTIKOTNTAG Ax™ KOL I HOYVITIKT] avOyioon
(magnetic hexaltation) A eivol T MO ONUAVTIKA HOYVNTIKK KPLTIPLX Y& TOV TIPOCGSIOPIOHO TNG
APOHOTIKOTNTHG. Tor TPWTOVIOHN TIOV GLVEEOVTAL HE TOUG APWHATIKODG OSAKTULAIOLG LEioTAVTOL
XOPOKTNPIOTIK HETATOMON O€ XXUNAOTEPEC TIHEG TeSiov o€ OYEOT HE TG QVIIOTOI(EG TWV
oAe@vav. Evtovtolg, otav ta mpetovia €ival Tave 1 HECH 0TOV ApOHATIKO SAKTOALO0, OTIWG TLX.
OTNV TIEPIMTWOT TV ECHTEPIKOV TIPWTOVIOV TOV OVVOLAEVI®V, TOPATNPEITAL PETATOMION TIPOG
vymAdTepeg TipéG mediov oto eaopa 'H NMR. T TI¢ avTI-OpOPATIKEG EVOOELG Ol HETKTOTIOELS GTO
edopa 'H NMR eival avtieteg oe Ox£€0Tn HE EKEIVEC TV OPWOHATIKOV evwoewy. TIpoceata, o
Mitchell mpdteve T pétpnon e apopaTikdTnTag pe faon tm gacpatookornia NMR [28]. Qg mpog
TG SIHOYVNTIKEG €MBEEKTIKOTNTEG, SVO TAPAyovTeg €ivarl onpavtikoi ywx 1 Sidyvwon g
APWHATIKOTNTOG TWV EVOCERDV, 1| HOYVNTIKY avicotportia [29-30] ko n payvntikn avoywon [31].
Apaopotikd popla Bpédnke va €xouv LYNMAEG AVICOTPOTIEG SIXHAYVNTIKIG EMOEKTIKOTNTAG A Y™, TIOV

oplotnke w¢:

omov Xz | Xxx o Xvy efvon ot TpEIC KUPIX CLVIOTOGEC TG SLAPAYVITIKTG EMSEKTIKOTTOC.
H payvnuxn aviywon A opifetor wg n Slx@opd PeTa&d NG HEONG HOPLOKNG HOYVNTIKIG

—m

emieKTIKOTNTAG X Kol NG €MSEKTIKOTNTOG TIOV LMOAOYICETOl amO LMOBETIKA OTOHIKG Kot

SeqIKG pooBnpata, CVPPWVA pE TV e&iowon:
A= )?m_ X(r:r;lc

H mapdpetpog autn ival apvnTik yix TI¢ OpOHATIKEG EVOOELS (S1opayVNTIKEG) Kal BTk yix
TIG AVTI-OPWHOTIKEG EVOOELG (TTOPAHAYVINTIKEG).
H évtaon tou pevpATOG IOV AVAMTOCOETAL OTOVG SAKTLUAIOVG €xel emiong xprolpomnonBel wg

KPP0 apoHaTikOTNTaG [27,32]. Le éva mpoOc@ato dpBpo yia TNV ap@HATIKOTNTA OTO TIEPLOSIKO
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Chemical Reviews, ot Gomes kot Mallion [27] avépepav TNV ap@UATIKOTNTA O EVA HOVIEAO TOL
PELHATOG TIOL Slappéet Toug SaKTVAIOLG. H 16€a NG HOVTIEAOTIOINONG TV HAYVNTIKAV 1810THTOV KAl
TOV XNHIKOV OTHATOV TOV GPOUATIKOV EVOOEDV TIOL ELQAVI(OLY peEOHA 0TO SAKTUAIO €ival pix
TOAD QULOIKT] "piIKpoypa@ia" TV 18e®V TG KAKCOIKNG QULOIKNG TOL SlaTuEONKAV omd TOV
Kirchhoff.

Ol ApOHATIKEG EVOOELG HE T-0LCVYIHKO CUOTNHA LTTOOTNPI(OLY €va PeEVHA OTO SAKTOAO, TO
OTIOI0 OXOKEL POYVITIKT] OMOMPOoTHoia oTa dtopa mov Bpiokovial eEWTEPIKE TOL SAKTULAIOL, EVQ

avtifeta poyvnTIKn Tpootacia ota dtopa Tov Bpiockovial péoa oTo SaKTOAI0. O GUVTEAECTNG

. , o , , , , , B
HoyvnTiKng mpootaciog, ¢  ovoyetilel 10 eEwTepK& eapPOLOPUEVO HayvnTIKO medio, &t pe To

EMOYOHEVO E0WTEPLIKA OTO HOPLO HayvnTIKO medio — M ghpewva pe mn akoAovbn eéicwon:

5 ——
—

B (Rj=—5(R)B

ext

To emayOpevo payvnTuko Tedio o€ éva onpeio R PMOPEL V& LITOAOYIOTEL GO TNV TIUKVOTNTA
TOUL PEVHATOG 1) oMol EQappOleTan e faomn To VOHO TV Biot-Savart:
—— = Hy ¢ jIFIX[F—R|
ind (R)_ HI |

O ouvteAeotg mpootaciag pmopel va LTOAOYLIOTEL OO TNV TIUKVOTNTA TOU PEVHATOC, T Onoia
TIPOKAAEITON OO TO EEWTEPIKO PAYVITIKO TTESIO Bext -

Mo mpOoeAT, €VOG VEOG KOl EVPEWMG XPNOILOTOOVHEVOG OTHEPA SEIKTNG OXPOHATIKOTNTOG
givar 0 delktng ynuikng petatomong avesdptntov moprva (NICS), mov mpotdOnke omd TOV
Schleyer kot toug ouvepydteg Tov [19,33]. O Seiktng avTdg opileTan WG N APVNTIKT| TIUT HOYVNTIKTG
TPOOTHOING TIOL TIPOKVTTEL OO LTIOAOYIOHO TNG XPWHATIKOTNTAG OTO KEVIPO TOL SaKTLAIOL 1 o€
KAmowx AAa evlagépovia onpeia tov cvotpatog. Ot apvnuikeg Tipég NICS avtiototyovv otnv
apopotkomta (Y. -11,5 ppm ywx 10 Bev{oAio), eved Ol BETIKEG TIHEG CLVOEOVTOL HE TNV OVTL-
apepoTKOTNTA (T.X. +28,8 ppm yiax 10 KukAoBoutadievio). Oco MO apVNTIKEG €ival Ol TIHEG TOL

NICS, t6co mo apopatikol givor ot daktoAlol. Ia tov vmoAoyiopo tov NICS vnapyovv TOAAEG

61



pébodor (m.y. IGLO, GIAO k.d. ), ot omoieg eivar duvatd va mepthapfdvouy vmoAoyiopovg NICS
010 K&VTpo Twv daktudiev [33], NICS(0) kabog emiong oe amdotaon 1 A ndve and avtoig,
NICS(1) 1 kon 2 A [34], NICS(2) k 0. k. To ouvoAikd NICS o€ éva ovykekpipévo onpeio pmopet va
avaAvBel og THPATPOTIIKEG KAl SIATPOTIIKEG CUVIOTWOEG, Ol OTIOIEG TIPOKVIITOLV KUPIWG OO 0 KOl 7T
Mos [35] kon va ektiunBei 1 ovvelopopd twv MOs oto NICS [25,36]. Ot tipég NICS pmopovv

EMOTG VA AMEIKOVIOTOVV YPUPIKK aToVv Tprodidiotato xwpo [37,38].

Kpimpia apopatikotntag pe faon tm xnuikn §pactikotnta

Ta xpumplax apePATIKOTNTAG Tov  Boaoilovion oTn  XNHUIKT  SPAOTIKOTNTA TOL  HOPiov
AVOQEPOVTIOL OTO YEYOVOG OTL Ol OPWHOTIKEG EVAOOELS TIG TEPLOOOTEPEG (POPEG TEIVOLV VX
aVTISPAOOLY € TETOLO TPOTIO MOTE V& Slatnpeital To m-NAeKTpoviakd cvotnpa. Etol mpotipody v
NAEKTPOVIOQIAT LIIOKATAOTHOT AVTL TV avTidpaoenv mpoodnkng. To mpofAnNpa pe Ta KpLtrpl
XNHIKNG SpaoTKOTNTAG TNG XPOHATIKOTNTAG ivatl 0Tl e§apTmvtal and ) Stupopd g eAeLBepng
evepyelng PeTady g BepeMdSOVG KATAOTAOTG TOL HOpiov Kot TNG HETAPATIKIG KATHOTAOEWG TNG
avtidpaong. Amé avtiv Vv dmoym, 1 ap@HATIKOTNTA Jev eivar eOkoAo va petpnBel yloti Sev
eaptaton povo amo T BepeNlddn KATAOTOON KOl €MIMAE0V PTopel va mokiAel avdAoya pe v

€MAOYT| TOL avTidpacTnpiov.
HAKTPOVIKX KPITHPLA APOUATIKOTITAG

Ta NAEKTPOVIKA KPlTiplar S1yvewong TG apepatikotntag Pacifovial otnv NAEKTPOVIOKN
TIUKVOTNTX Pp(I) TOU CPWHATIKOU GUOTHHOTOG. H xprion twv nAeKTpoviaKaV Kpumpiov yux
S1Ayvwon NG apOHATIKOTNTAG ival AlyOTEPO KON amo T bIoAowma Kpttrpla. Ta Kuplotepa amno
autd eivor 10 evepyelokd yxaopa HOMO-LUMO, n omdAuTn Kol N OXETIKN] OKANpOTnta, TO
NAEKTPOOTATIKO OULVOHIKO, T TOAXOIHOTNTIA, T OVOALOT TNG OULUVAPTNONG TNAEKTPOVIAKOD
evtomopov (Electron Localization Function, ELF) o deiktng aneviomopov (Delocalization Index,
DI) kot o 6eiktng LOL (Localized Orbital Locator) [15,16,39]. Emiong, ywx t Sidyvwon g
OPWHATIKOTNTOG XPTOLHOTOLEITHL I AVAALOT] LOKQV TpoxlakaV deapov (NBO) [40,41] kaBag Kot

évag Selktng mov AapBdavel LTIOYN TIG TOTIKEG 1O1OTNTEG TNG NAEKTPOVIAKIG TTUKVOTNTOG O€ OPLOHEVX
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onueia Twv eaperav daktuAinv [42] ko ompileton ot Bewpia AIM (Atoms in Molecules) tov

Bader [43-45].

H opopkn okAnpotta n opileton wg n Stagopd petadd g wotipung tov LUMO kot tov

HOMO:
N = ELumo- Enomo

Kol omoteAel pétpo G otabepdtnrag pe Paon TV apxn HEYOTNG OKANPOTNTOG 1 Omoix
SatunwBnke amo tov Pearson [46]. Eivon mpogavég, 6t n “oxetikniy okAnpotnta” An, mov givol M
Staopd peta&d Tov M-0L{LYIAKOV CLOTHHATOG KOl EVOG CLUOTHHOTOG AVAMOPAG TIOL EMAEYETAL
OOHE®VA pE TN PHEBOSO 100EPIOHOV, aOTEAEL Evar a&1OMOTO PETPO PO HATIKOTI TG,

To poplakd NAEKTPOOTATIKO SUVAHIKO €xel emiong MPoTabel WG HETPO APOHATIKOTNTOG YIX M1
Oe1pd TOAVKUKAIK®V Op®HATIKOV bEpoyovavBpdkwv and toug Suresh kot Gadre [47].

H ovvdptnon nAektpoviakov evromiopov (ELF) mov opieton g e&ng:

-—1
1+(D/D,J

r5/3

) 1 1lv 2 2/3
omov D = §Z|V¢’i(r)|2 _7| p(r) o 372
i

8 p(r)

Dp =

S\W'o

Bpébnke OTL eival éva KOAO HETPO APWHATIKOTNTHG Y TN OEPA TWV TEVIK-LTTOKATECTNHEVQOV
KUKAO-TIEVTASIEVOAIKOV ouaTnpaTey [48]. TéAog, o Seiktng amevromaopov 6(A,B) o omoiog e&dyeton
ano ) Bewpla AIM npotdOnke wg GAAOG évag TBavAg NAEKTPOVIKOG SEIKTNG TNG APWHATIKOTNTOG
[16,49-54].

Télog, o Oeiktng LOL eivonr por akOpO GLVGAPTNOT] EVIOTMGHOL T®V TEPLOXOV LYNAOD

NAEKTPOVIOKOD €VTOMIGHOV, 1| omoix ipotdOnke amnd toug Schmider kot Becke [55] kou diveton amnd

™ oxéon:
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3 D,r]|
1212V elrl

7]

omov Dy(r) elvan n idix ocuvaptnomn mov opiet ko v ELF.

Zuvoyitlovtag, ylo ) Slayvewon NG apOHATIKOTNTHG €lval amapaitnto v xpnotponoinfovv
S1apopot Seikteg, deSopEVOL OTL KAVEVHG OmO TOLG TIpoTaBEévTEG SeikTeg Sev €xel €va GpECO Kot
O0PEG AMOTEAETHA Y1’ LTV, AUTO APOPA KLPIWG TOLG SEIKTEG, 01 0Toi01 LTTIOAOYI(OLV SIXPOPETIKEG
1010TNTEG TOL CLOTAHATOG AVAPOPAG. LQOTOC0, OGOV AVAPOPH T PHETOAAMKA XPOHATIKE CLOTHHATA

OLVIOTATOL 0 CLVOLACHOG TV HAYVNTIKOV KO NAEKTPOVIOK®OV KPLTNPiwy.
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1.9. H DFT XE METAAAIKA CLUSTERS KAI ENQXEIYX TOY Cu, Ag xat Au

Im ouvvéxewx Ba avagepBolpe oe Sdpopeg peBodoug (ovvaptnolaka) DFT mouv éxouv
XxpnotpomnoinBel katd kapovg ot PipAoypagia yiax ) peAén Stpdpwv clusters Kol EVOOE®V TOL
Cu, touv Ag kot tov Au. O Roldon [30] xpnopomnoinoe tig peBodovg LDA kon PWI1 yia tn peAén
VOVOOWHATISI®V XaAkoD Kot apyVpou pe 38 émg 146 dropa, Kabdg Kot vavoompaTidiov xpuool pe
38 €wg 225 atopa. Ta S cuvapTNOOKAE XpNOHOTOMBNKAY Kal Yyl T HEAETT] OLOETEP®V KAl
aviovTIK®V clusters xaAkoD pe poplako tomo Cug [31]. O Goell [32] peAétnoe v aAAnAenidpaon
HOPLOKOU 0ELYOVOL HE OTOHIKO XOAKO, XPTOHOTIOIOVING TOGO0 LEPISIKA CLVAPTNOOKE, OTIWE TO
B3LYP, 600 kot peBodoug ocvoyétiong vymAov emmédov, énwg n CCSD(T) ko n CASPT2. O
Cramer [33] LTTOAOYI0€E TIG OXETIKEG EVEPYELEG TNG KTANG KOl TPUTANG KATAOTAONG Y& €V GUVOAO
EMTA HOPIwV TOL XOAKOU, HE yevikO poplakd tomo LCuO, (L = Ligand). INa ™ peAémn oaut
xpnotponomBnkav sidpopeg pébodor DFT, onwg n BLYP, n B3LYP, n mPW1PW, n M06-L, n M06-
2X, kabBag kot péBodol ovoyétiong vynAot emmédov, omwg n CASPT2. O okomodg g HEAETNG
QUTIG NTAV V& YIVEL 1 GUYKPLOT] TV OTTOTEAEGHATOV TIOL TIApEXOVTAL amd TIG Siapopeg peBdSoug.
H SpaoctkdmTta TV €VOOE®V TOL XOAKOD e yeviko poplakd tomo LCuO, (L = Ligand) éxet
peAetnBel ko amd dAAeg epevvnTikég opades. 'Etol, peAetOnke n emidpaon BeloonBepkov ligand
oe éva Siketipidio touv povooBevoig xaAkov [34], pe xpnon twv pebddwv BLYP ko B3LYP, pe
OKOTIO VO XOPOKTNPLOTOVV Ol YEMHETPIKEG KL EVEPYELNKEG AEMTOPEPELEG TNG EVWOTG, KXOMG Kot v
e&nynbel N MEPAPATIKE TOPATNPOVHEVT 10OPPOTHA HETAED TNG €VOOTG QLTS Kol Tov St-(p-080)
Sipepovg. O Gherman [35] xpnoponoinoe ) péBodo B3LYP ywax ) peAémn g o§uydvwong, Kabag
KOl GAA@V 1810TTOV EVOOE®V TOU XOAKOD He yevikO poplakd tomo LCuO, (L = Ligand),
XPNOHOMOIOVTOG SIKETYISIKG Kot avihido-pvo ligands. Emiong, peAetifnke n pBopiwon tétolov
TOTIOL EVOOEWV TOL XXAKOL [36], pe xprion emniong Tov ovvaptnolakoLv B3LYP. TéAog, peAetnke n
mBavn enidpaon Sapdpwv GAAwv Bonbntikav ligands otig evooelg avtég tov xaAkov [37], pe

XpT|on emiong tov ovvaptnolakov B3LYP.
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AvtioToyeg peAéteg €xouv mpaypatonondel Kot o SUTVPNVIKEG EVOOELG TOL XAAKOV, HE YEVIKO
poptakd tomo (Cul.),0,. XapakTnploTiKd TopASEyHO O€ UTIV TNV KATyopior amoteAel 1| HeAéTn
tov Sander [38] mov MaPEYEL Eva AEMTOHEPT] XAPAKTIPLOHO TV HNYAVIGH®OV TIOV OXETI(OVTAL [IE TNV
apwHoTIKN VEPoELAIwoT, 1 omoia emTuyyaveto pe ) Ponbela évwong g popeng (Cul).0; pe
mopniva g-n*:n’.

O Osako [39] xpnowpomnoinoe m pébodo BI8 yiax va amodeiéel 6T1 10 §paoTiKO eVOIAUECO TIOL
SnpovpyeiTal KAT TNV €VEPYOTIOINOT HOPLXKOD 0ELYOVOL amo XAAKO, gival To LEpolnepo&eidio Tov
xaAkov CuOOH. H péBodog B3LYP ypnolpomomn)Onke ywx tm peAETN G OMOLSAOTNTAG TOU
vépoinepo&erdikod evdiapéoov CuOOH otV KATOAVTIKT| HETATPOTH| 1-ap1vo-KUKAOTIPOMavo-
KapBo&uAikol 0&éog oe aBuAévio, pe T PonBelx vepoéeldiov tov vépoydvou [40]. TéAog, TO
vépoinepo&eldiko eviidpeco CuOOH, oe akeTovikO SidAvpa, pmopel va avtidpdoel pe éva poplo
S1aA0TN Kot va STHIoLPYNOEL €V GUVOPHOOTHEVO LOPOEL-LTIEPOEL-TIPOTIAVIKO BpaLOpA, TO 0moio
€lval 1KaVO va TIPOKOAEOEL QPOUATIKT] LEPOELAIwON 0 apwpaTIKoOUG daktuAiovg [41]. O
HNXAVIOHOG oVTOG peAeTBnKe pe xprion ¢ pebodov mPWPW [42].

O Crawford [43] €kave pia evélagpépovoa peAETn tou cluster AgrsSis(P(O)PhOMe)io(PPhs)is,
10 omoio eival évag nuaywyog. Ot vmoAoyiopoi tov Baciomkav ot pébodo BP86. Evéiapépov
TAPoLO1&el N HEAETN NG emidpaong mpomneviov oe clusters xpvooL Kol pelKTd clusters apyvpov-
XpLooL e Xprion Twv peBodwv PWI1 ko PBE [44,45], KaB®G Kot 1) HEAETN TV 1810THTOV HIKPOV
clusters xpvoov, Ta omoia mai{ovv oHAVTIKO pOAO otV €TepoyevN) KatdAvon [46,47]. O Johansson
[48] peAémoe T petatpom SOSIGOTATOV OAVIOVTIKGV clusters Ypuood oOTa avtioToo
TPLOSIAOTHTA 100EPT], XPNOoNoOI®VTaGg Sidgopeg peBodovg DFT, onwg n mTPSS, n vfpidikn
mTPSS, n GGA, n BLYP, n B3LYP n LSDA kot n X3LYP. Ot p£6odor BP86, TPSS kat TD-DFT
Xprolonomdnkav yor mn peAET TOL avioviikoL cluster Aus [49], evd n péBodog PWI1
XPT|O1LOTIONONKE YA TOV LTTOAOYIOHO TWV BEATIOTOV YEGUETPIOV Twv clusters Au kot Aus [50]. O
Torres [51] peAétnoe v anoppoenaomn o&uyovou amo clusters xpvoov ¢ popeng Au,O," (n = 4-8)

kot MAu,O," (n = 3-7, M = Ti, Fe) xpnowonowwvtag t péBodo PBE. Avtiotoya, peAetOnke n

pOPN 0T HOPLXKOL 0§LYOVOL Kal Hovo&eldiov Tov dvBpaka oe clusters xpuooL TG HOPOTG Auft (n=
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1,9 xou 13, m = 0,1 xou 3) [52-54], ypnowonowwvrag t péBodo B3LYP. O Cheong [55]
xpnowponoinoe Tt péBoSo B3LYP yix va HEAETHOEL TOLG HNYXAVIOHOUG TOL  OHOYEVOLG
KUKAOTOOUEPIOHOD TV 1,5-0AeVUVOV 0€ TPLEVIX HE KATAADTN XpLuoo, v ol Soriano kot Marco-
Contelles [56] peAéoav TOLG HNXOVIOHOUG KUKAOIGOUEPIOHOD EVIVOV KOl TPOTIAPYVAIK®OV
E0TEPWV HE KOTAADTEG XPLOO Kol AgUKOXpLOO. TEAOG, eVOIRQEPOV TAPOLOIALEL 1) HEAETN TV
evaoenv AuCO, Au,CO, KaBdg Kol Twv avioviov Kol KaTIOvVIov toug [57]. Ta ) peAét aut
xpnotponomBnkav Sikpopeg pébodor DFT, omwg n B3LYP, n BP86, n PW91, n LSDA kot n M06-L.

Amo 0Aa ta mapandve Aoumov BAEmovpe 6Tl vapyouvv ot PiBAloypa@ia TEpa TOAAEG HEAETEG
ndvew o€ clusters kot evooelg tov Cu, Ag kot Au, ot omoieg Baoilovion oe peBodovg DFT.
AvtioToyeg pHeAETEG, OTIWE KVTEG TTOL AVAEEPOVTAL TIAPATIAV®, EXOLV Yivel yla clusters Kol eVOOELg
OA@V TV LIIOAOIMGOV HETARATIKGOV HETAAAGY, pe Xprion ¢ DFT. Autd evioyvel to yeyovog OTL N

DFT 6&ivel mépa oA KaAK armOTEAEGHATA O€ GLOTHHATA TTOL TIEPLEXOLV HETABATIKA HETAAAX
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2.1. MEAETH THX XTAAIAKHX YIIOKATAXTAXHY TOY BENZOAIKOY

ITYPHNA ME ATOMA METAAAQN TOY NOMIXMATOKOIIEIOY

2.1.1. EIZAI'QI'H

H petdAAwon twv opyavikov evooemy eival pia omod Tig o kowvég pefddoug yia tn odvleon
OpYQVOLETOAMK®V  evaoewv. H Swdikaocia petaAdwong avtiotoixel oe  pio  avtidpaon
UTTOKXTAOTAOTG OTNV OMoIX €va 0§IVO ATOHO LOPOYOVOL TNG OPYAVIKNG EVAOOTG XVTIKATXOTAONKE
amo €va PETAAAO Y10 VO TIPOKVPEL TEAIKA 1 OpYavOHETOHAANKN évaon [1]. H mo woxvpr) pebodog
HETAAAwONG Paoiletal oty aviaAAayn vdpoyovou-petdAiov. H péBodog avtr| eivor moAd xprioipn
OTN HEAETN TNG OXETIKNG 0&LTNTHG TwV TOAD aoBevav O0&vwv vEpoyovavBpaKmv Kol oTnv
QMOTIPWTOVIMOT KOl LETEMELTA EVEPYOTIOINOT TV S1APOP®V apeVimV, 0w To fevioAo.

Meta&h tov pefddnv peTdAA®ONG Tov peAeTONKav, W01iTeEPO EVOIXQEPOV TIAPOLOIALEL T
HETOAAwON pe AlBo. Xtnv mepimtwon opyavopetaAAikwv evooewv ABiov, ot omoieg eivan iowg ot
Mo TOAD peAetnpéveg 61eBvag, AapBdvoupe TOAD SpaoTIKA OpyavoAldiKa avTidpacTiplo He
EQAPLOYEC 0NV opyavikn ovvBetikn ynueia [1-4]. EEopetikng peydAng onpaoiag eivor n Ailbioon
apeviov pe peBodovg omwg n yvwot Directed ortho Metalation (DoM) [2]. Metd v
npwtonoplakr] HéEBodo touv Gilman [5], €youv avamtuyxBel Siapopeg peBodoroyieg ovVBeong
apuAoAiBio evaoewv [6-14], 6nwg n avtaAiayr aloydvov-Aibiov [11,15], n anevBeiag AtBiwon [16-
21] kon n apeon omompwtovioon [17,21-23]. Tlpénet va onpewwbel ott n Abiwon tewv pn
UTTIOKOTECTNHEVOV apeviov elvarl pla egonpetika apyn Siadikacia. Méow LMOAOYIOHQV HE Xprion
LTTIOAOYIOTIKQOV TPOTOKOAA®V NG DFT amodeikvieton 0T n avtidpaon agaipeong evog mpotmviov
armo To @oVLAOAIBL0 eivonl Atydtepo evéoBeppn oe oxéon pe to BevioAo[24]. O kaAbTepOg TPOTOG
Yyl mn S1d0XIKN AVTIKATAOTHOT OA®V TV aTOp®V vdpoyovou amo AiBo oto PBev{oAo, eivar n
opBo-MBiwon and v onoia og avtiBeon pe ™ pETA-ABiwOT TPOKVTTEL 1] ELVOTKT] NAEKTPOOTATIKY
TPUTAT| 10vTIKT] otaBepornoinon tov kapPavidvtog [25]. Ot vmoloyiopoi DFT pag deixvouv emiong
0Tl N petatponr] Tov @ovuAoABiov oe efaAiBofevidiio ewvon e§wBeppn oe kabBe Prpa ko o
OXNHOTIOHOG TOL TIPOIOVTOG HTopel va Tpoépyetal amo SldoxIK] OMOHAKPUVOT] TPWTOVIV

74



akoAovBovpevn amd déopevon katwoviwv LiT [25]. EmmAéov, o1 Baran et al. [26] avépepav
petatpornn tov eaxAwpofevioriov oe e€aAibofevioMo pe amoddoon mave amo 60%. Tavtdxpovn
AVTIKATAOTOOT, OA®V TV otOpwv vdpoyovou Tov [ev{oAiov pmopei emiong va emtevyBel
XPT|O1HOTIOIOVTAG WG XPYIKK avTidpaotipia e§axAwpofevioAo kon t-BuLi [27].

H petdAA\won pe dAAa aAKoMPETaAAD, OTIOG KAA0 1) vATpio, gival emiong yvwoTtr, Onwg yla
napadetypa n avtidpoaon PBevioAiov pe oBvAo-vatpio C,HsNa pe mapaywyn npoioviov abaviov
C,Hs kot goavurovatpiov CsHsNa. AAa pétarda €xouy emiong xpnolponoindei, onwg 1o Mg oto
Bpwpiovxo @ovuAopayvnolo [28], eved n vépapyvpimon Tov KUKAOTEVTASIEVIKOD SaKTUAIOL €xel
QIMOTEAECEL TO BEPA apKETAOV pHeAETOV [29-32].

Ta pétada vopopatokoneiov (Cu, Ag ko Au) mov Bpiokovratl oty 11" opdda tov Ieprodikon
[Tivaka, givon emiong yvwotd yo ) peTdAAwon tov BevloAiov. O @oarvuroyxaAkog CsHsCu eivon n
TIPWTI OPYAVOUETAAAIKT] €vaom XaAKOL Kol 1 abvBeon g avaeépbnke and tov Reich to 1923,
omov AapfBdaveton wg mpoidv avtidpaong pe amodoon 60%, and PP®HIOVKO PAIVLAOHKYVIO0 Kol
1w6100x0 XaAKO oe aBépa [33]. Amo toTe €xouv avagepbel Stapopeg dAAeg pébodot yia n ovvBeon
touv CeHsCu [34-39]. Me xprion ¢ eacpatookomiag *C NMR, ot Bertz et al. [40] €5e1i&av o011 0
CeHsCu elvan éva pelypa 10oppomiag HeTa&D TOU AVTIOTOLK0L “TETPAPEPOVS” Kol “TplHepOVG” o€
StaAvt DMSO. H napouosia Tov @otvoAoXaAKOD 0TV aéPLa Aot oL AXHPAVETAL PE EKPOPNOT|
AéwWep/roviopon amd Sig(S1evioviopeBuro)xarko(Il) €xel emiong emPefoiwbel kdvovtag xpnon
Sadoyikng eaopatopetpiag palag (MS/MS) [41]. Emiong, o @oatvuAoxaAkog kot ta clusters tou
eivan evpéwg Sladedopéva MG avTISPAOTAPIA KAl KATAADTEG TNV opyaviki ovvBeon [42]. Ano 1o
1923 ko petd, €youv yivel MOAAEG avemrtuyeig mpoomabeleg obvOeong Kol AmOpOvVeONG Tou
eowvvoroapyvpov. CeHsAg [43-46] péxpt mov o1 Beverwijk et al. [47] teAikd métuyav va cuvBéaouy,
VO QMOHOVAOGCOLY KOl TEAIKA VX XOpaKTNPioouV Tov @aivuAoopyvupo oav pia amd TG o oTabepég
UM @BOPLOPEVEC O-8EGHIKEG OPYAVOHETUHANKEG EVOTELG XPYDPOL TIOL TTAV YVKOOTH W¢ TOTE. TéAOG, 0
@owvuAoxpvoog CeHsAu éxetl emiong ouvteBel ko padi pe to avriotolyo opoAoyd oL pE &pyvpo
CeHsAg, ta aviovia toug [AuCeHs] kot [AgCesHs]™ €xouv peAemBel anmd toug Tang et al. [48]

XPT|OHOTIOIOVTAG  QWTONAEKTPOVIKY]  @acpatookoria PES (Photoelectron Spectroscopy) o€
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oLVSLAOPO pe voAoyiopolg DFT. Xe petayevéotepn epyaocia ot Tang et al. [49], ypnolponoi@vtag
T1G 816G TEXVIKEG Kol PEBOSOLG, PHEAETNOAV TOCO TN SOUT|, OG0 KAl TOV UNYXAVIOHO OXNHATIOHOD TV
[CeHsCun] (m = 1-3). [Tapdpolar peAET OXETIKA He T SOpT, 0G0 KO TOV PNYAVIOHO OYNHATIGHOV
TOV AVTIOTO®V EVAOEDV apyvpou Kol xpuool [CeHsM,]" (M = Ag or Au, m = 1-3), éywve pe
Xpr|on LMoAoylop®V TPwToKOAAwV DFT oto eninedo g Bewpiag B3LYP//6-311G(d,p)/Lanl2dz
[50].

O1 vnokateatnpévol anod pétaAAa Bev{oAikol SakTOAOL Kot €181KG ekeivol pe AiBlo, eKTOG amo
OYLP& AVTISPUOTHPIX — KATHAVTEG OTNV OPYAVIKI] oLVOEDT), €xouv 181aitepo evil@épov TO00 0N
Baown €pevva 600 KAl 0T BE®PNTIKT HEAETN TOLG, KUPIWG Yl TOV TIPOaS10PIGHS TV SOHOV TOUG,
TOV OXETIKOV OTABEPOTNTWV TWV 100HEPQOV TOVLG, KOO Kol yiax S14@opeg GAAEG eVOIXQEPOLOEC
1810 Teg TOLG. Ab initio kPavtikoxnuikoi vmoAoyiopol yix to e§aiibio Bev{dAo[51] €der&av ot N
otafepdtepn evepyelokd OOPN aVTIOTOXEL O€ €va €0MTEPIKO €EAPEAT] avOpOKIKO SAKTOA0
TIAPOKOL0 pE TOV PeviOMKO “TieplTplyuplopévo” amo €€ dropa ABiov. Ot SopEG Kol Ol OXETIKEC
EVEPYELEG TV 100HEPQOV TV S1AIB10-, Tp1AiBlo-, TeTpaiibio-, mevtaAiBio, kot e&aAibio-BevioAimy,
peAemOnkav pe vmoAoyiopovg DFT [52,53]. Baot(Opevol ota amoTEAEGHATA TV LTIOAOYIOHOV
ALTAOV, TTPOKVTTEL OTL Ol Brjpa IPOG Pripa avTISpAOELG VTTOKATAOTAOTG TOL LSPOYAVOL amd AiBlo oTo
@awvLAOAIB0, pe xprion Ttov @owvvAoABiov wg mnyn Abiov, eivon e§mBeppeg. O evépyeleg
amonpwTovi®ong 0Awv twv mbavav AbofevioAiov (CsLiHen, n = 0-6) Bpédnkav va eivon and
360,0 ¢w¢g 397,2 kcal mol™ oto eninedo Bewpiag BALYP/6-311+G(d,p) pe TIG TEPIOGOTEPEG TIIEG
EVEPYELOG VA €lval HIKPOTEPEG Ao TNV eAeLOepT evépyela amonpwtovimong tov BevloAiov (391,8
kcal mol™?) oto 1610 eminedo Bewpiag [54]. Xe pia mpooeatn epyacio twv Merino et al. [55],
enaveetdotnke 1N Suvapikn evépyela em@aveing tov Celis pe xprnon vmoloylopwv Born—
Oppenheimer Molecular Dynamics (BOMD) omov [Bpébnke éva véo pn-cvppetpikd global
minimum . H epeuvntikn opdda tov Merino et al. katéAnée 6Tt pokertan yix tpia Opadopata Cr*
1oYLP& ovvdedePEVH HETK YeLPKOVY ABiov.

Ta petaAopéva Bev(ONA aVaPEVETOL VO €XOLV EVEIOQEPOVTEG 1810TNTEG HE OTHAVTIKEG

epappoyéc. Katd ovvénela, n AMibiwon tov popiov tov Bevioiiov Ba odnynoel oe tepdotia avEnon

76



™m¢ Sevtepng vnepnoAwoipdmrag [56]. 'Etol, yua 1o eéahbiofeviohMo o Sedtepog Gpog
LTTEPTIOAWOTHOTN TG TIOV €lvan LIIEBOLVOG Y1 TNV TPITN APHOVIKT] YEVIA €xel eKTIUNBel OTL eivan TG
16éewg v 107 e* oot Ey°.

EmmnAéov, n mBavotta xpriong tov eéaiBioffev{oAiov pe Hoper] AOTEPL MG VAIKO amobnKevong
vdpoyovou epevvriOnke pe ) Porbelx voAoyloTIK®Y TPOTOKOAAWY NG DFT kabwg ko pe ab
initio vtoAoylopoVg poplakng Suvapikng [57]. Ot voAoyiopoi poéBAegav 6Tt to e€ahibofevioAio
B pmopovoe va gival €vag KaAOG LTOYTPLOG Y& V& XPNOIHEVLOEL WG LAIKO QrmoBnKevomng
LEPOYOVOUL, T oMol PTIOPEL VA AMOPPOPE ATMOTEAEGHATIKA LOPOYOVO O€ HOPLOKI] HOPPT] TOL OE
XaUNAT Beppokpaoia Kol va 10 eKpop& o€ Beppokpaoia Swpatiov.

Tuvexilovtag To evOlAQEPOV OTI| HEAET] TV ULMOKATEOTNHEV@V PevOMwV omd HETHAAX
vopopatokorneiov [58] téBnke o ot0)X0G¢ Vo epeuvnBoLY TIEPATEP® O1 NAEKTPOVIKEG, EVEPYELNKEG,
SEOHIKEG, HOyVITOTPOTIKEG KO PUOUATOOKOTIKEG 1810TNTEG PG OEIPAG EVOTEDY TOV YEVIKOV TUTIOV
Ce¢HesM, (M = Cu, Ag, Au, n = 1 — 6), ov TTPOKVITOLY ATO T SIKSOXIKI] AVTIKATAOTAOT] TV
atopwv LVEpoyovov Tov Pev{oAiov pe pétaAAa voplopatokomeiov. H mapamdve peAétn éywve

QITOKAELOTIKG HE LITOAOYIOTIKG TIPWTOKOAAX NG DFT.

2.1.2. YIIOAOI'IXTIKEX AEIITTOMEPEIEX

OAot ot vroAoyiopol éytvav xpnolponolwvtag to mpoypappa Gaussian09 [59]. Ot yewpetpieg
OA®V TV OTAOH®V onpeiwv (stationary points) é€xovv PeAtiotomomnfel mMANPWG, Xwpig
TIEPLOPLOHOVG GLHHETPING, XPNOHOTOIOVTIAG TO LPPOIKG cvvaptnolakd tov 1997 twv Perdew,
Burke kot Ernzerhof [60-65] omwg epappoletor oto mpoypappa Gaussian09 [59]. Avto to
ovvapTNOOKO xpnotpomnotel 25% aviaAiayr] kou 75% ovoyétion otdbpiong kot cupPoAiletanl wg
PBEQ. TN 11¢ BEATIOTOMONOELG YEWHETPLOV XpnolpomnowBnke to ovvolo Bdong Def2-QZVPP ya
OAx T atopa. E@edng 1o LMOAOYIOTIKO TIPWTOKOAAO TIOL XPNOIHOTIOWONKE OTOUG LITOAOYLOHOVG
DFT 0Ba éyel m ouvvtopoypagio PBE0/Def2-QZVPP. OAeg o1 otabepég Sopég €xouv avayvmplotel
WG evepyelakd eAdylota (minima) pe aplBpd gaviaotik®v ovxvottwv NImag = 0. Eivol kKoAd

TeKpUnplpévo ot ) DFT mapéyel éva "elkovikd XNHIKO EpYAOT|plo GUVTOVIOHOU» KOl gival oe Béon
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VO LTIOAOYIOEL OKOPO Kot 1810TNTeG MOV €ival SUOKOAO 1 adOVATO VA HETPNBOLV TEIPAPATIKA.
Emiong pmopel evkoAa va peAetioel Kol Toe OEPATH NG LITOAOYIOTIKNG XNHELKG TTOL APOPOVV TNV
XNHEL HETRAADV HETATTWOTG.

H mAnBuopaxn avaivon NBO (Natural Bond Orbital) ekteAéotnke pe xprion mg pebodov tov
Weinhold péow tov mpoypappatog NBO 6.0 [66-68].

Ot tavuotég payvntikng Bwpdkiong vrmoloyiomkav pe m péBodo GIAO (Gauge-Including
Atomic Orbitals) oto mAaiolo g DFT, onwg avty ekteAeiton pe Xpron g TAATEOpHOG
npoypappatwv Gaussian09 pe ovvaptolakd emiong 1o PBEO (ev ouvtopia GIAO-BPEO/Def2-
QZVPP). Ot mpég ynuikng petatomong aveaptrov mupriva NICS (Nucleus-Independent
Chemical Shift) vmoAoyiotnkav oto 610 eminedo Bewpiag pe  pébodo mov mepiéypayav o1
Schleyer et al. [71]. O ovvteAeo|g payvnTikng Bwpakiong vmoAoyiotnke pe t PorjBeix ToL
Bewpnrikoy atopov “@aviacpa” Bq to omoio tomobeteital 0TO KEVIPO TOL SAKTUAIOL KOl KOTK
HIKOG TOL K&BeTOL OV em@dvela Tov SaktuAiov d€ova zz ava 0.1 A oe andotaon éwg ta 5.0 A
mve kot -5.0 A ké&te and 1o eninedo Tov SakTuAiov. Ot SLATPOMIKEG EVOOELG EPPAVIIOLY APVITIKEG
Tipég NICS, 6mov NICS < 0 vmodnAdvel apopaTIKOTNTA. AVTIBET®G, Ol TAPATPOTIKES EVAOOELG,
epeavidouy Betikég Tipég NICS, dnmov NICS > 0 vmodnA@vel avTidpOUATIKOTN T,

Ta adopata amoppOENONG Kol EKTIOUTING TIPOCOHOIOBNKAV 0TV aépla @AOoN HE LTTOAOYIGHOVG
TD-DFT oto eninedo CAM-B3LYP / Def2-QZVPP, pe 1o Aiyotepo 50 singlet—singlet Sieyépaoelc.

TOoO0 01 TOMOAOYIKEG OG0 Kot o1 evepyelakég 16iotteg p(r) ota Kpiowa onpeia deapov (3,-1)
BCPs (bond critical points), vmoAoyiotnkav pe xprion ¢ pebddov QTAIM (Quantum Theory of
Atoms In Molecules) tov Bader [72,73]. Ot Sibidotateg ypagikég napaotaoel ELF (Electron
Localization Function), o mapayovtag Sign(Ax(r))p(r) kot ot tploSidoTateg YpaPIKEG MTUPAOTACELS
RDG (Reduced Density Gradient) Af@bnkav pe xprion tov npoypdppatog MultiwFN version 3.2
[74,75]. O 6pog A, tov mapdyovta Sign(Ax(r))p(r) pokLTTEL WG 1) SeVTEPT HEYXADTEPN 1810TIHT OO
TO HECO OPO TNG NAEKTPOVIAKIG TUKVOTNTAG TNG Hessian prtpag umoAoylopévn Héow® TG SUVOHIKTG
Tpox1d¢. TéAog, o1 vmoAoyiopoi AANDP (Adaptive natural density partitioning) mpaypatonowfnkoy

ertiong pe faon to Aoylopiko MultiwFN 3.2.
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2.1.3. ANAAYXZH AIIOTEAEEMATQN
AOUIKEG Kol SEOUIKEG 1610TNTEG LTOKATECTNUEVOV PBev{OAIK®V SakTuAiwv amo

HETAAAX VOULOUQTOKOTIEIOD

Ol yewUeTpiKEG OOHEG TWV  LMOKATEOTNHEVOV [ev(OMK®V SaKTUAIWY omd  PETOAAX
vopigpatokoreiov tov yevikoL tonov CeHenM, (M = Cu, Ag, Au, n = 1 — 6) feAtioTonom|fnkav oto
eninedo Bewpiag PBEO/Def2-QZVPP ko amewkovidovton ota Lynpota 2.1.1 - 2.1.3.. Ta Lyxnpota
2.1.1 - 2.1.3. anewkovi(ouv emiong eMAEYHEVEG SOHIKEG KOl SECHIKEG TIOAPALETPOVG TV EVOOEDV
avtav. [a va mapovpe pia faBltepn yvmOon OXETIKA HE T XapaKTNPLoTiKa deopwv C-M (M = Cu,
Ag, Au) T@V ULTOKOTEOTNHEV®V [eV(OANKQOV SaKTLUAlV omd HETAAAN VOHICHOTOKOTEIOL, Ol
BeATloTOMOINpEVEG YEWUETPiEG HOLl pE ETMAEYHEVEG OOMIKEG KOl OEOUIKEG TMOPAHETPOVLE YIX TX
QOWVVLAOOAKOAPETOAAO TOL yevikov Tomov CeHsM (M = Li, Na 11 K) kot yuix to [ev(oAio,
vnoAoyiotnkav oto 1810 eninedo Bewpiag ko mapovoidlovtatl oto LyNpa 2.1.4. AVaAUTIKEG SOHIKEG
TIOPAPETPOL TV LTIOKATECTNHEVOV PeVIOMK®OV SOKTUAI®V QMO HETHAAX VOULOHATOKOTIEIOL TIOL
HeAetnOnkav, Bpiokovtal ota oynpota 2.1.1 - 2.1.5.

OAeg o1 Sopeg v evaoemv Tov Turov CeHenM, (M = Cu, Ag, Au, n = 1 — 6) mov peAetOnkav,
datnpovy Vv eninedn yewpetpia T0VG, OMWG cvpfaivel pe to Pevidio. To 160 Ppebnke va
ovpPaivel kot ya Ti¢ epmtoelg Twv evaoewv CeHsM (M = Li, Na 1 K).O péoog 6pog v Tipev
HNkovg deopov R.(C-M) mov vmoloyiotnkav eivon 1,888, 2,066 ko 1,974 yiao M = Cu, Ag 1 Au
avtiototya. Eival onpavtikd va onpewwBel 011 10 pnkog deopol dvBpoka petahiov C-M twv
evaoenV CeHenMy (M = Cu, Ag, Au, n = 1 — 6) dev petafdAietal cnoOnta KAt TV LITOKXTAOTAOT).
Me aAAa Aoyla, 10 pNkog 8edpol R(C-M) elvan oxedov apetdpfAnto eite petadd twv Sla@opwv
L00[EPQV, €lTe LEAVOVTOG TOV OPLBHO TV PETAAAO—LTIOKATAOTHTAOV OTOV [Bev(oAikd SakTtOAlo. To
€0POG TIHWV TIOL ANEONKAV Y Tor PNKN 8e0HAV R(C-Cu), R(C-Ag) kot R(C-Au) eivon avtiotoa

1,886 — 1,889 A, 2,062 — 2,069 A xon 1,973 — 1,976 A.
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Tynpa 2.1.1. BeAUOTOMONPEVEG YEQUETPIKEG GOHEG KOl EMAEYHEVEG SOUIKEG TIOPAUETPOL TGV

EVOOE®Y TOL Yevikol TOmov CeHenM, (M = Cu, Ag, Au, n = 1 1] 2) vmoAoylopéveg oTo eminedo

Bewpiag PBEO/Def2-QZVPP (Ta atopa Cu, Ag kot Au omelkovi{oviol He KOKKIVEG, YKPl Kol

Kitpveg opaipeg avtiotoya).
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Yynpa 2.1.2. BeATIOTOMONUEVEG YEDUETPIKEG GOHEG KOl ETMAEYHEVEG SOUIKEG TIOPAUETPOL TGV
evaoeny tou yevikod tonov CeHsMs (M = Cu, Ag, Au) vrmoloylopéveg oto eminedo Bempiog
PBEO0/Def2-QZVPP (Ta dtopa Cu, Ag kot Au oamelkovi{ovial HeE KOKKIVEG, YKPL Kol Kitpiveg

opaipeg avtioTo o).
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Iynua 2.1.3. BeATIOTOMOUUEVEG VEDUETPIKEG SOHEC KOL EMAEYUEVEC SOUIKEG TIAPAUETPOL  TWV

evaoeny tou yevikod tonov CeHoMy (M = Cu, Ag, Au) vmoloylopéveg oto eminedo Bewpiog

PBEO0/Def2-QZVPP (Ta dtopa Cu, Ag kot Au amelkovi{ovial He KOKKIVEG, YKPl KOl KIiTplveg

oQuipeg avtioToa).
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Iynpa 2.1.4. BEATIOTOMONEVEG YEWUETPIKEG SOpEG Kol €MAEYHEVEG SOHIKEG TOPAHETPOL  TWV
evaoenV 1oL yevikov tomouv CeHMs (M = Cu, Ag, Au) vmoAoylopéveg oto eminedo Bewpiog
PBE0/Def2-QZVPP (Ta dtopa Cu, Ag kot Au amelkovi(ovial pe KOKKIVEG, YKPL KOl KITPLVEG

ogaipeg avtiotoa).

Synua 2.1.5. BEATIOTOMOUNPEVEG YEDUETPIKEG SOHEC KOL ETMAEYUEVEG SOUIKEG TIPAUETPOL  TWV
evaoeny Tou yevikoy tomov CeHsM (M = Li, Na, K) vmoAoyiopéveg oto eminedo Bewpiog

PBE0/Def2-QZVPP.

83



Katd  petdAAwon twv eapeAdv KapBoKUKAIKOV SOKTUAI@V TIPOKVTITOUY YEVIKA TIOAD HIKPEG
aAAYEG, SIATNPAOVTHG TNV 0TaBepOTNTA KAl TNV eMinedn yewpeTpia TG Sopng. Mia and tig aAAayEg
glvai OTL TAEL VA LELOTATAL T} LOOTNTA TOV PNK®V €GOV PeTadD TV avBpdkav R.(C-C) omig véeg
evoelg Tov yevikoy tonov CeHeM,. To €0pog autmv Tov TIHoOV givon and 1,388 éwg 1,402 A.
Atilel va onpelwnbel 6 1o pnkog Seopol R(C-C) yia Ta @atVOAOOAKOAILETAAAN TOL YEVIKOU TUTIOV
Ce¢HsM (M = Li, Na i K) Bpébnke va elvon emiong petagd tov mapopolov evpoug twv 1.387 - 1.406
A. Yuvenmg mapatpovpe 6Tt N petdAhwon Tev BeviohMkmv Saktuliwv mpokalel cuppikvwon oe
KATo10vg eapong avBpaka — avBpaka, KaBdg o1 LITOAOITOL EMUNKOVOVTHL EAQYLIOTA, EXOVTOG TIAVTX
¢ onpeio avagopdg tov Seopd R(C-C) tou Bevlodiov (R(C-C) = 1,397 A). O1 mo d&peoa
enmnpeacpévol deopoi avBpaka — avBpaka eival ekeivol ov TPOOKEWVTAL 0TO SeopO GvBpaKka -
HETAAAOVL. ZULVETMG, O1 TIO AMOPAKPLOHEVOL Seapol GavBpaKka — GvBpaKK Artd TOV LTTOKATECTIEVO
avBpaka tov véou deapov C-M emnpedlovion Atyotepo. Xe kK&Be mepintwon ot deopot 1-2 kot 1-6
EMUNKOVOVTAL TEPIOCOTEPO QMO TOL LMOAOUTOLG. AYOTEPT EMUNKLVOT €H@avidovy ot deopoi
avBpaka — avBpaka 2-3 kot 5-6, eved o1 deapoi 3-4 kot 4-5 o1 omoiol gival 01 MO AMOPAKPLOHEVOL
ano Tov Seopo GvOpoaKa — PHETAAAOL TNG LTTOKATAOTHONG, EAGXIOTA GLUPPIKVAOVOVIAL OTIG EVOOELG
Ce¢HesMy (M = Cu, Ag, Au, n = 1 — 6). Zxetkd pe ta @aivoAoaAkoApétarlia g poperg CsHsM
(M = Li, Na n K), n dopn mapapével avennpeéaoTn.

AvTég o1 SopkéG aAAayég LTTOSEIKVOOLY pia emtimedn MOAWOT OTNV NAEKTPOVIOKT] TTUKVOTNTX
TOV EAPEADV KAPPOKVKAIKGOV SaKTLAIOV pe TN SutoAkny pomr va KatevBovetal and 1o HETAAAO
010 QTopo GvBpaka. Avtr 1 méAwon emnpeadel emiong TG ywvieg deopov avBpaka- advBpaka-
avBpaka ol omoieg Bpebnkav va Kupaivovtal petadd 117,5 — 121,3°, Sia@épovTag amod Ty TN Tov
120° mov Bpédnke yx 10 CsHg (Dgn). EmmA€ov, pia pikpr amoKAIOT amo TV TIHTN GVAQOPAG TWV
120° mapatnpndnke ya TG ywvieg avlpoka - avBpaka - pétaAlo kol avBpaka - avBpaka -
vépoyovo. Ot TiEg TG SUTOAIKNG poTig BpéBnKav va eival LPNAOTEPEG Y1 TOLG AAKOXAIWHEVOLG OE

OX€0T] HE TOUG LTTOKATESTNHEVOLS BEV(OAIKOVUG SAKTUAIOLG OO PETAAAN VOULGHATOKOTIEIOL.
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Yynpa 2.1.6. Teopetpikég Sopég (Unkn Secpov oe A), QLOTKO OTOHIKO QOPTIO (1€ KOKKIVO) Kot

Wiberg Bond Orders (pe pmAe) twv evaoemv CeHenCu, (n =1 - 6) vmoAoylopéva oto eminedo

Bewpiag PBEO/Def2-QZVPP.
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Iynua 2.1.7. Tewpetpikég dopég (unkn deopod oe A), (QLOTKO OTOHIKO EOPTIO (1€ KOKKIVO) KOl

Wiberg Bond Orders (pe pmAe) tov evaoewv CsHenAgn (n =1 - 6) vmoAoylopéva oto eminedo

Bewpiag PBEO/Def2-QZVPP.
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Syfpa 2.1.8. Teopetplkés Sopéq (prkn Seapobd oe A), UOIKO KTOPIKG QopTio (HE KOKKLVO) Kal
Wiberg Bond Orders (pe pmAe) twv evaocewv CeHenAu, (n =1 - 6) vmoAoylopéva oto eminedo

Bewpiag PBE0/Def2-QZVPP.
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Iynua 2.1.9. Teopetpikég Sopég (Unkn decpov o€ A), (QUOTKO ATOHIKO QOpPTiO (e KOKKIVO) Kol
Wiberg Bond Orders (pe pmAe) towv evoocenv C¢HsM (M = Li, Na 1} K) vrmoloyiopéva oto emninedo

Bewpiag PBEO/Def2-QZVPP.

Ol mipég evépyelag Sidomaong O6eopod Dy, SUMOMKNAG pPOMNG M, (QULOIKNG TAEKTPOVIOKNG
Sapdpewong, nec (natural electron configurations) emAeypévav dopnv CsHsM mov vmoAoyiotnkav

oto emninedo Bewpiog PBEO/Def2-QZ VPP Sivovtan atov ITivaka 2.1.

IMivakag 2.1. Twég evépyelag Siaomaong deopov Dy (kcal/mol) yia €TepoAVTIKI KOl OHOAVTIKT
diaomoon (TIpéEg oe mapévBeon) Tov deapov avBpaka-peTdAAov, dStmoAikng porng i (oe Debye) kot
(UOTKNG NAEKTPOVIOKNG Spop@mong nec (natural electron configurations) twv evooewv CsHsM

(M = Li, Na, K, Cu, Ag, Au, H) mov vmohoyiotnkav oto eninedo Bewpiag PBEO/Def2-QZVPP.

'Evoon Dy 1} nec(M) nec(C)

CeHsLi -162 (-53) 6.667 250102p20t 2s192p3 4t
CeHsNa -141 (-39) 7.441 3s%203p2 ! 2s1142p33!
CeHsK -119 (-38) 9.413 45%124p* ! 2sM172p>3
CeHsCu -216 (-57) 2.634 45°9330%%04p* 251962p328
Ce¢HsAg -204 (-47) 2.477 5526044788500t 2519°2p#
Ce¢HsAu -256 (-64) 0.470 6s"%85d°7°6p"*! 25102p313
CeHe' -402 (-107) 0.000 1s%7® 2572p%

T v evwon CeHs o1 TIpEG avageépovton oTov deapd C-H.

[Mapatmpavtag tov ITivaka 2.1 BAénovpe 0T N SutoAkr| porr) avédvetal and To Pndév yux 1o
BevioMo oe 9,4 D yix 10 C¢HsK akoAovBavtag v oeipd CsHs < CeHsAu < CgHsAg < C¢HsCu <
CeHsLi < CgHsNa < CgHsK. Xuvenag, n petdAAwon tov Bev{oAiov pe éva aAKaAPETOAAO TIPOKOAEL
HEYaADTEPT TIOAWOT] O OX€ON HE TN ULMOKOTAOTAON HE HETHAAO VOPICOHOTOKOTIEIOL. AULTO
LOSNA®VEL OTL Y1 TIG evaoelg Tov Tumov CeHsM (M = Li, Na 1 K), o deopog dvBpaka — petdAAov
EXEL LYNAOTEPO MAEKTPOOTOTIKO XXPAKTPA CUYKPITIKA HE TIG KVTIOTOKEG EVAOOELS HE HETOAAX
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VOULGHOTOKOTIEIOV. ZOHQPVA [E Ta amoTeAEopaTa Tov Bpédnkav amnd toug Bachrach et al. [24], pe
xprjon vnoAoylopwv DFT oto eninedo Bewpiog B3LYP/6-311+G(d,p) ol vmoAoyiopoi deiyvouy o011
n XxapnAdtepng evépyelag Sopn tov CeHsLi avtiotoyel o€ éva 0-S1KapPaviov yeQUP®UEVO HE €va
Kooy Li*, peylotonoloviag €tol Ti¢ NAEKTPOOTATIKEG AAANAETSpdoelg, KaBmg To peyoxALTEPNC
EVEPYELOG KO TIIO ooTaBEG 100pEPEG €ivan 1) SopT) oL TEPIAAPPAVEL TO OXNUATIOUS €VOG 0-Oea OV
C-Li peta&d touv ovuAiov Kot Tov atdpov Li.

I ouvéxela, peAemOnke 1N @bon TV deopwv  GvBpoako—petdAAov, C-M, oTOULG
UTTOKOTESTNHEVOLG BeV(OAIKOUG SOKTUAIOLG OO HETAAAG voplokatokoriov. TIpog to mapov, Kapia
OLOTNHOTIKY BepnTUiKn peAETn dev €xel mpaypatononBel ya v katdotaon tov deopov C-M,
QKOHN Kot 0TIG TOAD YyVwoTéG €60 kol kopd CeHsCu ko CeHsAg.

H peAét tv evepyelak®v, NAEKTPOVIAK®V Kol SECHUIK®OV TAPAPETPOV TV eVOAOEDOV CsHenM,
TIOL TIPOKVTTOLV Ao LTIOAOYLGHOVG avaAvong NBO oto emninedo Bewpiog PBEO/Def2-QZ VPP (BA.
Ixnpa 2.1.6 - 2.1.9 ko Ilivoka 2.1) amokoAvmter 01t o Secopog GvBpaka—petdAiov eivat
1OXLPOTEPOG VIO UTIOKOTECTNHEVA Pev(OMa amd HETOAAA VOUIOHOTOKOTIEIOL O€ OYEom HE Ta
OAKOALHETOAAD. Omnwg elval avopevOpEVO, TOOO T €TEPOAVTIKI] OC0 Kal 1| OHOAVTIKN EVEPYEIX
diaomaong deapov avBpako—vdpoyovou oto Bev(oAikd SakTOA0, eival apKeTd LYNAOTEPN HE TNV
avtioTolyn evépyelx S1omaong Tov SeCHOD AVOPOKO—PETOAAO OTA LTIOKATECTNHEVA [ev(OAa.
AOYy® TG HEYOADTEPNG TIOAMONG TIOU EHPAVICETON OTA OAKOAIHETOHAAD, TOX GTOHO HETAAAOL Kol
avBpoaka Tov cLHPETEXOLY 0TI dAANAemSpaoelg C-M otig evaoelg CeHsM (M = Li, Na 1 K), €xouv
KOTA TIOAD LPNAOTEPA BETIKA KOl OXPVNTIKA QUOIKA OTOUIKK QOPTIOr O€ OXEON HE TIG AVTIOTOLKEG
TIHEG TIOL AapBAvovTal Yo TIG eVvOelg Tov YevikoL turov CeHsM (M = Cu, Ag 1 Au) (BA. Zxnpa
2.1.6.-2.1.9.). Xvvenwg, o O6eopog GvOpoaKo—pETAAAOL ep@avifel AlyOTEPO TNAEKTPOCTATIKO
XOPOKTpa 0TIG evwaoelg Tov Turmov CeHsM (M = Cu, Ag 11 Au) o€ 0X€0T| JE TIG EVAOTELG TOL TUTIOV
CéHsM (M = Li, Na 1 K). Or ipegg WBO (Wiberg Bond Orders) yia toug deopovg avBpoako—
petaAlo WBO(C-M) yx 1ig evwoelg CgHsM (M = Li, Na 1] K), (BA. Zxnpa 2.1.9), eivon moAd pikpég
vnodnAwvovtag Tnv Lrapén MOAL aoBevmV OHOI0TIOAIKGV OAANAETIIOpAoE®Y. ATIO TNV GAAN TTAELPA,

ot Tipeég WBO(C-M) mov vmoAoyiotnkav yia Tig evaoelg Tov yevikoL tomov CeHsM (M = Cu, Ag 1
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Au) (BA. Zynpa 2.1.6 - 2.1.8) eivan eivan moADd vymAdTeEpEg Kot o Kovtd oto 1. Autd eivon Ko
évéelén touv LYNAOTEPOL OHOIOTIOAIKOD XOPOKTHPA TV XAANAEMISpAOEDY AvOpaKa—HETAAAOL BTV
TO HETOAAO €lvanl PETARAAO VOHIOHOTOKOTEIOL O OXéom av auTO €ival aAKoApEéTaAA0. Eivon
ONUAVTIKO va onpelwbel ot n iuy WBO(C-Au) yix to CsHsAu elvan eAa@pag peyahdTepn aKOpa
KOl omo TV TR tov deopol  avBpaka—vdpoyovou oto [Bev(OAlo, Seixvoviag T yvwoTn
OLUTIEPLPOPA TOL XPLOOV TIOL HOLALEL pe auTRV Tov LOpoydvov [76-83]. Katak mapékkAion, n
SutoAikn porp Twv CeHsM ocvoyetiletan 18waitepa pe v vrmoAoyiopévn i WBO(C-M) kot )
ovoyétion avtn (R? > 0.94) aneikovileton oto Tynpa 2.1.10.

H (Debye)

] 2 4 [ 8 10
10 -100
@ = -10.4 WBO(M-C) + 10.5
8 R =094 -120
8 -140
- S
- ! @ '-—S' =160 Y
2.6 E
3 7
a s 5]
= = 200
34 E .
, -220
2 -240
1 280 | @ Dy= 146 p- 2536
Ri=0.98
0 LS -280
0 0.2 0.4 0.6 08 1 12
WBO(M-C) (b)
(a)
WBO(M-C)
] 02 04 06 0.8 1 12
-100
Dy =-147.2 WBO(M-C}) - 1025
-120 . R*=0.88
-140 ®
= -1860 @
[
E 180
m
- -200 ]
& -220
-240
-260 .
-280

(c)
Iynpa 2.1.10. Tpappikn ovoxétion tov (a) g pe WBO(C-M), (b) Do(C-M) pe p kat (€) Do(C-M) pe

WBO(C-M).

Mrmopet va @avel {ekdBapa 011 660 vPNAOTEPN eival N SumoAkr| pomr| Twv evooewv CeHsM
1000 YapnAotepn eivon n ipny WBO (C-M). Me aAAa Adya, 600 vPnAdtepn ival n TOA®GOTN 1oL
TIPOKOAElTOL KAt TV HeTdAAwon Tov PevioAiov TOOO XOUNAOTEPOG €lval O OPOLOTOAIKOG
XapaKTNpag Tov Seopol avBpaka-petaAiov. ESopavtag to Pev{OoAlo, Topatnpovpe eS0PETIKN

YPOHHIKT] OGUOXETION TNG LTMOAOYIOHEVNG EVEPYELRG €TEPOAVTIKNG Sidomaong Do(C-M) pe 1
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oLVOAIKT| SutoAkny porr) (BA. Zynpa 2.1.10b). EmmAéov, n Do(C-M) mapouoi&del pio apKeTa KoAr|
YPOpHIKY cvoxétion pe ) WBO (C-M). Kot ot 600 auTéG YPAPHIKEG CLOXETIOELG KMEIKOVI(OLY 1K
TIONKT] OMOLOTIOAIKT] OAANAEmiSpaon HETAED TOL HETGAAOL Kol TOL SAKTLAIOL TOL @EIVLAIOL.
Emiong, ot evépyeleg Sidomaong Do(C-M) (TTivakag 2.1.) yiax v opoALTIKT] S1A0TIAOT TRV SETHOV
avOpaka-peTdAAOL §ivouv TIOAD HIKPEG GLOYETIOELG €lTE [E TN OLVOAKI SUTOAIKT) POTIN U, EITE HIE TIG
Tipuég WBO (C-M).

L& 6A0LG TOLG LTTOKATAOTNHEVOLG BeEVCOAIKOUG SAKTLAIOLG OO PETOAAX VOHICHATOKOTIEIOL, TO
HETKAAO UTIOKOTOOTATNG OTOKTAEL BETIKO (QUOKO OTOHIKO QOPTio, €Ve Ta QPECH OLVSESEpEVA
atopa GvBpoKa pE Ta HETOAAN MTOKTOVY TO LYNAOTEPO APVNTIKO QUOIKO OTOHIKO QOPTIO O€ OXEOT
HE T LTOAOUTA GTOPA GvBpoKa TV KAPBOKLKAIK®V SakTuAimy. Ot kKapBokukAikol SakTtOAlol
QITOKTOUV OXETIKA LYNAO apvNTIKO QLOKO @OpTio oL Kupaivetal anod -1,581 éwg -2,608, -1,539
€ng -2,340 ko -1,350 €wg -1,575 |e| 0TOLG LMOKATAOTNHEVOLG OMO XOAKO, GPYLPO KOl XPLOO
BevloMkolg SakTtuAiovg avtioTolya. ALTH | KXTAVOUT] TTUKVOTNTOG QOPTIOL TIOL aLEAVETAL HE TNV
abénomn g PETAAADONG CUHPBAAAEL OTIG NAEKTPOOTATIKEG XAANAeMSpATELg TOL deapov AvBpaka-
HETGAAOL. ATIO TV GAAN TAgLpd, ol peydAeg Tipég g WBO(C-M) eival evoelKTIKEG ylx TOV
OHOL0TIOAIKO XapOKTNPa TV Seop®v C-M v eveoewv Tov yevikol turmov CeHsM (M = Cu, Ag 1
Au) Kol ¢ ek ToVTOL 01 aAAnAemdpaoelg ouvdeong C-M dienmovton amd Vv aAAnAenidpaon TV
NAEKTPOOTATIKAOV KOl OHOLOTIOAIKOV aAANAemidpdoewy. AVTa Ta evuprpata tovilouv OTL, N VoM
TV deapnv C-M oT11g evwaoelg tov yevikoL Turmov CeHsM (M = Cu, Ag 1) Au) Bpioketat peta&d tov
V0 akpwv, SnNAadn pHeTadL TOL opolomoAkoy deopoy C-H oav outov tov PevioAiov, katl Tng
NAeKTpooTaTIKNG 0AANAETiSpacng otov deopog C-M tawv evoewv Tov yevikol tomov C¢HsM (M
= Cu, Ag 1 Au). EmmAéov, ol QuOIkEG S1apopPwaoelg NAeKTpoviwy, nec., Seiyvouv OTL T ATOPX
HETAAAOL XAVOLV NAEKTPOVIOKI] TILKVOTNTA OMO T OTOpK& Tpoxlokd, AOs, (n-1)d, n omoia
HETOQEPETAL KUPIWG OTa NS kKol o€ TMOAD HKpOteEpo Pabpd ota np AOs twv HETOANO-
vnokataotat®v Cu, Ag 11 Au. Ot TIHEG QLOIKNG SIXHOPPMONG NAEKTPOVI®V nec TV oTOH®V
avBpaka oL SecpevOVTAL GHECH HE TO ATOHX HETXAAWV Seiyvouv OTL | TUKVOTNTA NAEKTPOVIKV

HETOQEPETAL OO AHPOTEPX T 25 Kal 2p AOs, eV LTTAPXEL P10 QPEANTEN XVENOT] TNG TTUKVOTNTOG
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nAektpoviov ota 3s kat 3p AOs. 'ETol, 10 nec twv atop®y oV CUHHETEXOLY OTIG AAANAETISpAOELg
C-M pog Seiyvel 611 n MUKVOTNTA NAEKTPOVIRV petagépeTal and ta 2s kKot 2p AOs tov atopov C

TPog Kupiwg ta ns AOS TV ATOHOV HETGAAOU.

Evog avTmpoo®MeLTIKOG aPlOPOG OYETIKOV SECHIKMV HOPLXKAOV TPOXIXKQOV, MOS, TV EVOOE®DV
oL yevikod TUmov CgHenM, Katadelkviel TG 10XUPEG OHOLOTMOAMKEG OAANAETISPAOELG TIOL
XapoKTnNpilovy 1oV deopo GvBpako—peTdAAov. Xto Zynpa 2.1.11 amewkovidovial ot TplodldoTaTeg
EMEAVEIEG TOV OXETKQOV Oeopik®wv MOs oOmov otnpiletal 0 10X TV  OHOLOTOAMK®V
aAMnAemépdoewv C-M yu tov @ovoro-xarko CsHsCu, eKIpoo®nehoviag ouyxpovws ToV Xpuoo

KOl TOV APYUPO OTIG AVTIOTOLKEG EVAOTELG TIOV OXNHATIOVY MG LTTIOKATAOTATEG TOL BevoAiov.

« & % .
[ L]
' e

& k L =

LUMO, -2.005 eV HOMO, -6.404 e H-6, -8.303 eV H-T,-8.303 eV

it @ )3t

H-8, -8.282 eV H-9, -10.169 eV H-10,-10.717 eV H-13, -12.251 eV

Tynpa 2.1.11. Tpwdidotateg em@avele¢ v deopikwv MOs mov eivar vrévbuva yia Tig
OHO10TIOAIKEG aAAnAemibpaoeic Tov deopod C-M ¢ évaong CeHsCu (o1 ipég pe italics givon ot

TIHEG EVEPYELNG TPOXLOKOV o€ eV)

Mrmopet va @avel EekdBapa 0Tt o1 opo10moAIKEG aAAnAembpdoelg C-M mpoKOTTOLY amod TOV o€
@aomn ovvévaopo twv (n-1)d AOs Tov petdArov [60] (pe e&aipeon Tov HOMO énov ta ns AOs tov
HETAAAOL oLppETEXOLY emiong oTov Oeopod) pe ta 2p AOs touv avBpaka. Ta TpoYlaK& oLTG
evromi{ovtal Kupiwg oto atopo ipso-C 1 otnv nepintwon HOMO-9 6 pnopovoav akopn Kot vo
QITEVTOTIIOTOVV G€ OAOKANPO TO SAKTOAI0 TOL BpavOpATOg AVLAIOL oxnpati{ovtag éva mT-TOToV
MO. Qotoc0, mpénel va TovioTtel 0T, T Seopikd MOs mov mailouv pOAO OTIG OHOLOTIOAIKEG
alMnAemépdoelg C-M, moAdvovial Kupiwg €ite mpog 1o PETOHAAO eite mpog ta dropa C ToL
@OVOAIKOD Bpadopatog. ZOpEova HeE TV avdAvoT) oOVOEOTG T@V HOPLOK®OV TPOXLAK®Y, Ol Seapiol

C-M mpokONtouy amd eSaIpeTIKA TOA®UEVEG OHOIOMOAKEG aAAnAembpdoelc. H opolomoAikn
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aMnAenidpaon C-M oT1ig evaoelg Tov Tumov CeHenM, avtavakAatot emiong oto avtiotolyo NBO
0(C-Cu) onwg g@aiveton oto Zynpa 2.1.12 yia v évwon CeHsCu. Avaroya Seopika NBOs
Bpednkav oe 0Aeg Tig vOAOEG evaaelg TG HopPNG CeHe.nMi, VR SV LTIAPXOLY TETOLX TPOXLAKA

vy 1ig epuntwoelg twv CeHsM (M = Li, Na or K).

10

Iynpa 2.1.12. Tpiodidotatn aneikovion tov o(C-M) NBO ya v évaon CeHsCu

INa va piéovpe meplocdTEPO WG 0T VEPEADST OO Tov dedpolv C-M TV EVOOE®V TOL
yevikov tonov CeHsM (M = Cu, Ag, Au) xpnotponowmnke eniong n pebodoroyia Quantum Theory
of Atoms In Molecules (QTAIM) tov Bader [72,73] ekteA@vtag voAoylopovg AIM. Etov ITivaka
2.2 VTIAPYOLV ETNAEYHEVEG TOTOAOYIKEG KOl EVEPYELAKEG 1010TNTEG TOL p(T) TTOL LIIAOYileTan oo (3,
-1) deopiko xpiowo onpeio, BCP (Bond Critical Point), tov deopod C-M yix TI§ EVOOELG TOU

yevikov tomov CeHsM (M = Li, Na, K, Cu, Ag 1 Au) kot tov Bev{OA0v, eved Ol ypap Kol XapTeg

nepypappatog g Laplacian mukvotnTag nAeKTpovievy, V2 pecp QVIITPOCKOTEVTIKOV EVOGEDY TOU

tomov CsHsM kot tov Bev{oAiov ameikovidovtot oxXnUatiké oto Lynpa 2.1.13.
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Iyfpa 2.1.13. Tpappkot x&pteg mepypdppatog mg V2 pece yia CeHs (a), CsHsLi (b) and CsHsCu

() (ta pmAe ko moptokaAt onpeta deiyvouvv T BCPs ko RCPs avtiotoya).
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ITivakag 2.2. TooAOYIKEG KOl EVEPYELXKEG 1810TNTEG TOL p(r) TOL LIoAoyilovtatl oto (3, -1)
deapko kpiowo onpeio ,BCP (Bond Critical Point), tov deopod C-M yx T EVOOELG TOL

yevikod tomov CeHsM kot touv PBevioAiov. Ot povadeg pétpnong ywx kdabe mepimtwon

Bpiokovtan oTig avtioToyeg mapevBéoels: pece (€A®), and V2 prcp (€A™), Gaer, Viacr kot Hpep

(in kJ/mol per atomic unit volume) kon Hgce/pece (in kJ/mol per electron). H mapapetpog

T6ENG €000 Hpcp/prcp AVTUIPOCMOTEVEL TOVG OHO10TOAIKOVG Seapovg (Hece < 0)

‘Evaon Pscp \4 2 PBCP Gace Vecr [Vicel/Gece Hgcp Ggce/prer Hgcp/prcr
CeHs 0.291 -1.148 0.044 -0.375 8.523 -0.331 0.151 -1.137
CeHsLi 0.048 0.211 0.054 -0.055 1.019 -0.001 1.125 -0.021
CesHsNa 0.037 0.158 0.038 -0.037 0.974 0.001 1.027 0.027
CsHsK 0.034 0.091 0.024 -0.026 1.083 -0.002 0.706 -0.059
CeHsCu 0.129 0.194 0.113 -0.177 1.566 -0.064 0.876 -0.496
CeHsAg 0.115 0.166 0.090 -0.139 1.544 -0.049 0.783 -0.426
CeHsAu 0.159 0.022 0.102 -0.198 1.941 -0.096 0.642 -0.604

Topopwva pe ) Bewpia tov Bader [72,73] n mapovoia evog Kpiowpov npeiov Aeopov, BCP
( Bond Critical Point) peta&d 600 atopwv Ociyvel oxnuatiopd Seopov. Ot TIHEG OPLOPEV®V
napapétpwv ae BCPs ypnolponolodvtal, TPOKEIHEVOL VO QTIOCAQPNVIOTEL ] QUOT TOL G600V IOV

oxnuoati¢eton peta&d 600 atdpwy. Etol, edv n mukvotta nAeKTpoviav pece o€ éva BCP petadd vo

atop@v, eivon peydAn (> 0.2 a.u.) kon n Laplacian Tipr) Tov V2 peep TOU eivan peydAn kat apvnTik,
T0TE 0 {e0POG OV oYNpaTiCeTon Bewpeitan OpHOOTMOAIKAG. QOTOCO, OTAV TA HETAAAX HETAMTMOONG

€IVl TIPOVTA, 0 XOPOKTNPAG S1AXLOTG TNG KATAVOUNG TV NAekTpoviwv [84] odnyel o Betikég

TipéEG V2 ppep KAl PIKPEG TIHEG prce. QG €K TOUTOL, 0 Bader mpotewve [85] 6T mpémel va Sivetan
101xiTepn MPOCGOXT] KATA TN XPNOT TV TIH®V TV U0 QUTOV TAPAHETPMOV YA VA TEEPLYPAYEL TOV
QEVTOTIOHEVO SETHO, OTaV HETAPATIKA HETHAAD CUHHETEXOLY OTNV GAANAEMISpAOT). ZUVENAG, £VAG
aplOpog S1QOPETIK®OV TAPAHETPRV €xouv mpotabel y va mepypagei n ovvéeon peta&h SVO
atop®Vv 010 mMAaiolo ¢ Bewpiog AIM. Ot Cremer et al. [86] mpotevay 61 évag Seopog petagd 600
atopwv Ba pmopovoe va BewpnBel G OPOIOTOMKOG €Xv T} TIUN TNG OUVOAIKIG EVEPYELAKNG

TIUKVOTN TG 0To avtiototyo BCP, Hecp elvat apvnuikr). EmmnAéov, ot Espinosa et al. [87] pe faon v
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TN TOL AGYOUL |Vicp|/Grcp, OOV Vicp €lval To SUVANIKO VEPYELNKTG TTUKVOTNTAG Kl Gpcp €lval |
KIVNTIKN evépyela mukvotntag o€ éva BCP, ta&ivopnoav 1ig aAAnAemudpaoelg oOvEeong o Tpelg
katnyopieg: (i) kaBapd kAelotod KeAD@OLG OAANAemSpaoelg (T.X. 10VTIKOUG Seapolg, Seapovg
v8poyodvou kat van der Waals oAAnAemdpdoeig) mov yapaktnpileton and |Vace|/Gece < 1 (V2 paep >

0 xou Hper > 0), (i) kaBap& ovolKtod KeAD@OLG (OHOIOMOAIKWV) OAANAETISPATELS TIOV
xapoktmpileton and |Vece//Geer > 2 (V2 prep < 0 and Hgep < 0) kou (iii) evSiapeoot deopol pe 1 < |

Vicp|/Geep < 2 (i.e. VZprep > 0 and Hper < 0). TéAog, o1 Macchi et al. [84] avagépouv 6Tt évag

OHO10TIOMKOG S0 POG IOV TIEPIAAHPAVEL ATOHX HETAAAOL HETAMTWONG TIOPOLOIALEL HIKPEG TIHEG

V2 pecp KO pace, GUVONKT] EVEPYELOKT TUKVOTNTA, Hice <0 Kot AOY0 Grcp/prce HIKPOTEPO om0 1.

MeAetwvtag tov ITivaka 2.2 mpokUTTEL OTL 0 OHOIOTIOAIKOG XapakTipag Tov deopod C-H oto

Bevioho avukatomtpileton EexdBapa otig avtiotokeg Tipég AIM (peer > 2, VZpcp < 0, |
Vicr|/Grer >>2, Hpcpr < 0, Gaep/prcr < 1 Kot Hpcp/prce << 1). AKOpO TAPATNPOVTAG TO Zxnpa 2.1.13.
empeforcdveron n vrapén BCPs peta&d tou @ovuAiov Kot Tou PHETAAAOL TIOL CULVOEETAL PE TO
atopo a&vBpoka. To xpiowpo onpeio touv SaktvAiov (RCP) mouv [pébnke o010 KEVIPO TOL
KOPBOKLKAIKOU SaKTUAIOL StaxTnpeital eMioNG GTOLE LIIOKATESTNHEVOLG BeVIOAMKOVEG SaKTLAIOVG,.

H nopovoia tov BCPs petadd touv peTdAAOL KOl TOL aTOHOL GvBpaka Tov @avLAiov eival
EVOEIKTIKT] TOL OYNUOTIOHOV TOL deapov C-M. QoT1d00, 01 TIHEG TOV Prcp TIOL LITOAOYIOTNKAV Yl
10 C-M BCP petaropévav Bev(oAiov givar TOAD pikpOTepn amd v avtiotolyn Tipn pece C-H

BCP mov vmoAoyiotnke ywx 1o Bevi{oAho. Ot PIKPEG TIHEG Prcp E€IVOL XOPOKTNPLOTIKEG €ite o€
KAELoTOL KEADQOUG gite oe 8OTN-6ékTn aAAnAemdpdoelg [84]. EmmAgov, ot Tipég Twv V2 pecp YA
10 C-M BCP, ota petarAopéva Bevioha eivan 0Aeg Betikeg oe avtiBeon pe ekeiveg tov BevioAiov
yia 1o omoio eivan apvntikég. Kavovika, ot BeTikég Tipég V2 ppep Seixvouy 6Tt Sev vmdpyel Kapio
Sea KN 0AANAeTiSpaoT], 0AAG, OTIWG avAPEPONKE TTOPATIAV®, KUTO eV 10XVEL TIAVTA, 101XiTEPA Y1X
ol PETOM PETOMTOOENG. TTap’ dAa autd, pe Paon TG TipéG V2 ppcep Sev eival oagég av n
aAAnAentidpaon C-M €xel vPNAG KAEGTOL KEAVPOULG (1OVTIKO) 1 SOTN-0€KTN XapaKtnpa. AT tnv
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GAAN TAgLpd, oe OAeg TG epMTWOElS (ekTOg amd 1o CeHsNa) 1oxvel 6t 1 < |Viaep|/Grep < 2 Kol
oLpQwva pe toug Espinosa et al. [87], n aAAnAenidpaon C-M avapévetal va eivat HeTa&D 10VTIKIG
Kol opo1omoAIknGg. Movo oto CeHsNa o deopog C-M epoaviel Tipn yux tov Aoyo | Vice|/Gecs|
XaunAOTepn amo 1, mov avtioTtolxel o€ pia KaBopr aAAnAemidpaomn KAEGTOL KEADQOULG (10VTIKN T
van der Waals) | VBCP. X1 ouvéyela, o1 TIHEG TOOO NG EVEPYEIRKNG TTUKVOTNTAG Hpcp 000 KA1 TOU
AOyov Hpcp/prcp €ival o€ OAEG TIG TIEPUTTAOOCELG APVITIKEG AVIAVOKADVTOG TOV HEPIKO OHOLOTIOAIKO
xapoktpa twv deopnv C-M. E&aipeon eivar kon méAt 1o CeHsNa, 6mov kot ot 600 avtég
TIAPAPETPOL elvan BeTikég vTodekvoovTag pia aAAnAenidpaon kAelotod keAb@ovg C-Na. TéAog, o
AOyo¢ Ggcp/prce €ivon peyoAdTtepdg amd 1 povo yux ta CeHsLi kon CgHsNa deiyvovtag pa
aAnAenidpaon C-M KA€10TOL KEADQPOULC, VM O OAEG TIG AAAEG TIEPITTACELG VAL PHIKPOTEPOG OO
1 ko o ouvdLaopO pe TIg GAAeg tapapétpoug AIM Seiyvel pia aAAnAemidpaon C-M 661 - 6ékn
(ekT0G QLOKG TG KabBapa& opolomoAkng aAAnAemidpoaong C-H pe tov AOyo Gecp/pece VO

LTTOAOYICETO KOVTR OTO UNGEV).

MayvnToTpomiKEG ISI0TNTEG TWV EVAOTE®YV TOV yevikol Tomov CsHe..M,, (M = Cu,

Ag,Au,n=1-6)

1 ouvéyela Ba SiepevvnBel n enidpaon TV HETAAAWONG OTIG IO10TNTEG HAYVITIKTG ATTOKPLOTG
(magnetotropic) TV LMOKATECTNHEV®V BEVCOAK®V SAKTUAIWV amo PHETOAAN VOopLopaToKoTieiov. Ot
HOYVNTIKEG 1010TNTEG NTTOKPLONG TV EVOOE®V TOL YeVIKOL TUTIoL CeHenM, (M = Cu, Ag, Au,n =1
- 6), peAemOnkav pe Bdon to payvnuko kprmplo apwpotikottag NICS (Nucleus-Independent
Chemical Shift ), mov mpotdBnke and touvg Schleyer et al. [71] Ta mpo@il cdpwong NICS,, twv
evooewv CeHenMn (M = Cu, Ag, Au, n = 1 - 6) divovtar oto Zynua 2.1.14. Ztov [livaka 2.3
Stvovton ot Tipég NICS,, ov vmoloyioTnkav 6To kévrpo Tov daxtuAiov, NICS,, (0) kat 1.0 A néve

amo To KEVIPO Tov dakTuAiov, NICS,, (1).
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L — CEH5CU
— D-Cqu_Cl.lz
— m-CgH, Cuy
J— D-CBH4CU2
—1,2,3-CgH4Cus
1 ,2,4—CﬁHSCU3
—1,3,5-CgH4Cus
—1,2,3,4-CgH,Cuy
a5 — 1,2,3,5-CgHzCuy
1,2,4,5-CgH,Cuy
__ CgHCug

CﬁCLla

NICS,;

oA e v 2 4 SRA
— CgHsAg
— 0-CgHyAg;
— m-CgHsAgy
— p-CgHaAgy
—1,23-CgHaAgs
—12,4-CgHaAgs
—1,3,5-CgH3Agy
—1,2,3.4-CqHpAg,
—1,2,3,5-CgHaAgy
—1,2,4,5-CgHoAq,
CeHAgs
—Cghgg

S5 -4 3 -2 1 0 1 2 3 4 5 RA
T T T T T T T T T A
— 0-CgHsAu;
— m-CgHyAu,
— p-CgHyAu,
—1 ,2,3-CﬁH3AU3
——1,2,4-CeHahus
—1,3,5-CgHaAu,
—1,2.34-CgHoAuy
—1,2,3,5-CgHoAug
—1,2,45-CgHoAu,
— CgHAug

- Cghug

Yynpa 2.1.14. TIpogiA capwong NICS,, tov evooewmv tov yevikov tomov CeHenMn (M = Cu, Ag,

Ay, n =1 - 6) voAoyiopéva oto emninedo Bewpiag GIAO/PBEO/Def2-QZVPP.
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IMivakag 2.3. Tipég NICS,, (o€ ppm) TOL LTTOAOYIGTNKAY 0TO KEVIPO ToL SaktuAiov, NICS,,(0),
xor 1,0 A méve and 1o kévipo tou Saktuiiov, NICS,, (1), Y& TOUG LOKATECTNHEVOLG QMO
XOAKO, dpyvpo Kot xpuod PBevioAkoig daktuAiovg & yia to popio tov Bevioriov CgHg, oty

anAnl Baoikn Toug Kotdotaon HeE LMOAOylopoUg oto eminedo Bewpiag GIAO/PBEO/Def2-

QZVPP.
‘Evwon NICS,(0) NICS,(1) ‘Evaoon NICS,(0) NICS,(1) ‘Evaon NICS,(0) NICS,(1)
CsHsCu -16.0 -28.9 CeHsAg -16.5 -28.7 CesHsAu -15.7 -28.2

O-C6H4CL12 -19.0 -27.0 O-CGHAAgz -21.1 -26.4 0-C6H4AU2 -16.9 -26.0
m-CsH4Cu, -15.7 -27.3 m-CsHiAg> -16.5 -26.9 m-CsH4Au, -14.8 -26.1
p-CsH4Cuz -15.8 -27.5 p-CeHiAg, -16.9 -27.2 p-CeHiAu -15.2 -26.4
1,2,3-C¢H5Cus -22.3 -24.9 1,2,3-CsH3Ags -25.6 -24.1 1,2,3-C¢H3Aus -17.7 -24.2
1,2,4-CeHsCus -18.7 -25.6 1,2,4-CeHzAgs -21.3 -25.2 1,2,4-CeHsAus -16.2 -24.5
1,3,5-CeH3Cus -14.9 -25.6 1,3,5-CsHsAg3 -16.1 -25.1 1,3,5-CeH3Aus -13.9 -24.3

1,2,3,4-C¢H,Cus  -26.1 -24.2 1,2,3,4-CsHoAgq -30.5 -23.6 1,2,3,4-CsHoAuy -19.3 -23.5

1,2,3,5-CsH,Cuy -21.6 -23.8 1,2,3,5-CsH2Ag4 -25.7 -23.6 1,2,3,5-CsH.Aus -17.2 -23.2

1,2,4,5-CsH,Cuy4 -21.2 -23.8 1,2,4,5-CsHoAgy -25.5 -23.7 1,2,4,5-C¢HxAuy -17.5 -23.2
CeHCus -30.0 -24.5 CeHAgs -36.2 -24.8 CeHAUs -21.0 -23.4

CsCus -39.1 -27.4 CeAgs -46.9 -28.8 CsAus -23.5 -23.4
CeHs -16.4 -30.4

Ano tov IMTivaka 2.3 @aiveton 611 N S1ATPOTMKOTNTA (APOHUATIKOTNTA) TOWV LTOKATECTIHEVQOV
BevioMK®V SoKTUAIWV amo péTaAAX Voplopatokomeion eivan YapnAdtepn amod t S1TpomKOT T
Tov PevioAiov mBavoTaTH AOYy® TNG TAPAHOPO®ONG TNG OMEVIOMIOUEVIG TAEKTPOVIOKIG
TIUKVOTNTOG TIOV TIPOKOAEITAL OO TOUG PETAAAO-LTIOKATAOTATEG. ATIO P10 POIVOLEVOAOYIKT] Grtoym
Ol HETXAANIKOL LTIOKATACTATEG HELWVOLV TOV NAEKTPOVIOKO QMEVTOMIOUSO HECK TOL EVIOMGHOV TNG
NAEKTPOVIOKIG TTUKVOTN TG 0T ATOUA ipso-C TV KApBOKLUKAIK®V SaKTLUALGV, KaBloTOVTHg £€TO1 TX
QIEVTOTIOHEVA 1T NAEKTPOVIX TO “apyd” omd OTL 0TO apHATIKO BevioAo. H apopaTikdtta Tev
EVOOEMVY TOL YevikoL Tumov CeHenM, (M = Cu, Ag, Au, n = 1 - 6), Onwg aut ekPpdletal and tov
Seiktn apwpatikomTag NICS,,(1) perovetot eAa@pa Kotd PNKOG NG OEPAC TV LIIOKATACTHEVQOV
amo YOoAKO, dpyvpo Kot Xpuod Bev(oAikav SoktuAiwv. EmmAéov, o SelKTNG ap@pATIKOTNTOG
NICS,(1) pewwveton pe Vv aOENOT TG LMOKATAOTAONG (EKTOG TV Tévia- Kol €&a-
LTTOKOTAOTNHEVOV BeV(OMKOV SOKTUAIwV amd pétaAla voplopatokomneiov). Eival onpavtikd va
onpelwOel OTL, €KTOG TV TEVTA- KAl €§0- LIOKATAOTNHEVOV BeEVIOAMKOV SaKTLUAIWV amod pETaAAX

vopgpatokoreiov, o deiktng apopatikdotntag NICS,,(1) divel e§onpetik| ypOUHIK] CUOYETION HE
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TO OPVNTIKO (QULOTKO QOPTIO TIOV EVTOTI(ETAL OTOV OPWHATIKO KAPPOKLKAIKO SakTOAl0, Qcr. Ot

ovoyetioelg tov NICS,,(1) oe oxéon pe 10 Qcr @aivovtal oto Lynua. 2.1.15.

Qow O [
=24 22 <20 -8 16 =14 22 -2.0 BT A8 14 1.5 14 13
- -220 » § =22.0 [ v -22.0
NICS(1) = -T.967Qp; - 41.593 NICS,(1)= -10.12 Qs - 44.192 NICS (1) = 38,0305 - T8.813
R*= 0969 -23.0 AE 042 230 - Rf= 0932 10
240 : o

24.0 . 240
o 350 2 250 # g Y #
") = s 250 5
b 260 w0 2 a
= TR . 280
¥ 270 = a1y = % =

-28.0 280 27.0

-20.0 260 -28.0

Cu Ag Au .

4 300

-30.0 - - IRl

Tynpa 2.1.15. pappikn cvoyxétion tov NICS,,(1) pe 10 Qcr TV EVOOERDVY TOL YeVIKOL TOMoL CeHs.

"My (M =Cu, Ag, Au,n=1-4).

H onokAon tov mévia- kot €6a- LMOKATAOTNHEVWV Bev(OMK®OV SOKTUAIWV amd pETOAAX
VOULIGHOTOKOTIEIOL amO TIG YPOHMIKEG OLOXETIOEG Ba pmopovoe mBavov va oeideton oe €va
EMMAEOV TIEPLPEPEIOKO SAKTOALO TTIOL TIPOKVIITEL KO TOV O-OTEVIOTIOHO €VIOE TNG GLOTOLXING TV
TIEPLPEPELONKAOV HETAAAO LTIOKATAOTATAOV VOHIoHXTOKOTEIOL. To yeyovog OTL T TIPOPiA 0&pwong
NICS,, twv mévia- kKol €&x- LMOKATOOTNHEVWV [evioMK®V SoKTuAlwV omd  pHETHAAX
Voo atoKoTeiov ep@avi(ovy eAdy10To 0TO pHoplakO Toug emimedo (BAéne tig tipég NICS,,(0))
gmonuaivel emiong v OMApPEn O-AMEVIOMOHOD Yl TO €mMMAEOV peDUA  SOKTULAIOL. XtV
TIPAYHOTIKOTNTA TO €MMAEOV PEVHA OOKTUAIOL AOY® TV TEPLPEPEIRKAOV LTIOKATACTIHEVROV
HETOAMK®OV SaKTUAIOV aVTIKXTOMTPI(ETON OTN XWPIKT) OPYAV®OOT] TOL UNYAVIOHOD OUVOEOTG TV
VTTOKOTAOTNHEVOY BeVIOMKOV SOKTUAMWV amod HETHAAX VOUIOHATOKOTIEIOL TOL avayvepileton
evkoAa ota oyédia Topng ELF (Electron Localization Functions), kot tov LOL (Localized Orbital
Locator) mou amekovidovtat oxXnpatikd yia 1ig evooelg CéHMs (M = Cu, Ag, Au) oto Zynpa 2.1.16.
O avanapaotdoelg ELF kou LOL ot evooelig CeHMs (M = Cu, Ag, Au) €youv peAetBel
TIPOTYOLREVRG [58].

Emiong n peAétn ko o mpoadioplopog towv LOL, t@v nAektpoviev Seopol Kol TV HoVIipwV
Cevyov nAektpoviov enmainBevel [88,89] t @Oon TG NAEKTPOVIOKNG SOUNG TWV CLOTNHATWV

avtv. Ot mo apyég meploxég nAektpoviov (LOL> 0,5) Bpiokovton petadld twv ouviedepévav
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ATOP®V T OTIOLK AVTIOTOLYOVV O€ TUTIKT O€OUIKT KatdoTtaon 2c-2e (QaivovTtal pe KITptvo-KOKKIVO
Xpopa). Ta avoyto mpaoivo LOL (LOL =~ 0.5) xapaktnpilel Ta tayx0Tepa KIVOUHEVA NAEKTPOVIX
(amevTomopEVA NAEKTPOVIA) XAPAKTIPLOTIKO TOV SEGUOV TOAAATAGV KéVIpwy. Ta povrpn {evyn
eivan opatd wg Baby kokKiva Spemavia ota atopa. To LTOAOITIA XPAOHATA (AVOLXTO UTTAE, PTTAE KOl
BBy pmAe) mov avtiotoyovy o€ 0,0 <LOL <0,5, avTimpoonedouy MEPLOYEG TIOL KTOPEVYOVTAL OAO
KOl TIEPLOGOTEPO QMO T NAEKTPOVIA, OTIWEG O XDPOG HOKPLA QIO TTUPTVEG, KA1 O XMPOG HETAEH T®V
oTddwV TV aTOpwV. ASl0oNHEIOTN €lval T GMEVTOMIOPEVN TIUKVOTNTA NAEKTPOVI®V TAVKD oMo
TOUG TIANP®WG HETAAAO LTOKATAOTNHEVOUG SakTLAloug oTig evaoelg CeHMs (M = Cu, Ag, Au)
(avoyto pmAe xpwpa). Ot aobeveig petaAAOQIMKEG OAANAETIOPAOCEIS TIOL LTIGPXOLV GTOLG
LTTOKOTESTNHEVOLG  [Bev(oAlkoUg OakTuAioug ov  yevikov TOmov CeHMs avtavakAdtol oTig
amootacelg Cu -+ Cu, Ag -+ Ag kat Av - Au mov BpéBnkav otig meproyég ano 3,304 ¢wg 3,319,
3,387 £wg 3,511 ko 3,355 £w¢ 3,365 A avriotora (autég o1 amooTtdoelg eival pikpOTEPEG QMO TO
dBpolopa Twv aktivav van der Waals twv avtiotoiywv petdAAwv). Ot acBeveig aAAnAemudpaoelg
van der Waals @aivovton kaBapd ota tprodiaotata Staypappata RDG (Reduced Density Gradient)
Kol @aivovtol emiong oto Zynua. 2.1.16. Me Baon m ypappikn ovoxétion twv NICS,,(1)-Qcr
HTopoVpE va TPoPAEYOLHE OTL 1| GUKPOAN TOL TIEPLPEPELOKOD PEVHATOG SAKTLUAIOL GTO 7T-TOTIOV
peLHa SaKTUAIOL TIoL oYeTioVTaL HE TOV KAPPOKLKAIKO SakTOAL0 OTL eivan mepimov 2,1-2,8 ppm yx

T1¢ evwoelg CeHM;s ko 4,5 — 8,3 ppm yia 11¢ evaoelg CsMes.
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ELF RDG

ELF LOL

ELF LOL RDG
CEHAUE

Iynpa 2.1.16. Avanapaotaoelg topng ELF kot LOL oto eminedo tov SaKTLAIOL Yot EVROELSG TG

nopong CeHMs (M = Cu, Ag, Au) podi pe tprodiaotata Staypdappoata RDG, (isosurface 0,750)

TéAog, o1 oprakeg aAAayEg Twv Tipmv NICS (1) mov mapatnprfnkav yia ta l.0opePT| HTOpovoav
va yivouv avTiAnNmrtég pe olykplon twv avarapoaotdoewv ELF ko LOL, 6nwg to mapadelypa mov
QVAQPEPETAL 0TOVG OpBo-, PETA- KOL TIAPA- LTTOKATECTNHEVOUG BeV(OAKODG SaKTLAIOUG oMb PETOHAAX
voplopatokorieiov kot @aivetor oto Xynua 2.1.17. Mnopel va @oavel O0tT1 1 tomoloyia Twv

avanapaotdoewv ELF ko LOL tov Tplov 10opepov eivor mpakTika mapopola. Adilel va
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napatnpndel n acBeviig aAAnAenidpaon van der Waals petaéd twv vnokataotatov Cu oto o-

100[EPEC ,OTIMG PAIVETAL OTNV TPLOSIAOTHTN anelkdvion g RDG (Zxnpa. 2.1.17).

ELF LOL RDG
O'CEHdc Usg

ELF LOL RDG

ELF LOL RDG
p-CgHsCuy

Iynpa 2.1.17. Avanapaotdoeig topng ELF kot LOL 010 eminedo tou SAKTLUAIOL Yot EVOGCELG TOV
yevikov tomov CeH:sM, (M = Cu, Ag, Au) padi pe ta tprodidotata Saypappata ¢ RDG

(isosurface 0.750)

NAopBdavovtag vmoyn 6t 10 Bev{OAo amd AP®HATIKO YIVETAL QVTIOP®HATIKO OGTNV TPUTAN
Oleyeppévn kKatdotaon, OiepevvnBnke n emidpaon G HETAAA®ONG OTIC 1S10TNTEG HAYVNTIKIG
QTOKPIONG TV LIMOKATAOTNHEVOV BeVIOMK®V SOKTUAIWV amd HETAAAN VOULIOHOTOKOTEIOL OTNV
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TPUTA Sieyeppévn Katdotaon toug. Ta mpo@id odpwong NICS,, T@V EVOGE®V TOU YEVIKOD TUTIOL
Ce¢HenM, (M = Cu, Ag, Au, n = 1 - 6) otnVv TpumtAn Sieyeppévn kataotaon divetal oto Lynpa 2.1.18,

EVD TA TO PACKA XAPAKTNPLOTIKA TV KAPTOAwV oapwong NICS,, divovtal otov ITivaka 2.4.

-5 -3 -1 1 3 5R(A)

' ' ' | — CgHsCu

- O'CBH4CU2

- m-CGH40U2

— p-CgH4Cusy

—1 ,2,3-CEHSC|J3
1.2.4—CEHSGU3

— .3.5-06H30U3

—1,2,3,4-CgH,Cuy

—1.2,3,5-C¢gHaCuy

—1,2,45-CeH,Cuy

— CgHCus

_ CECUB

&0

— CGH5AQ

— 0-CgHsAga

— mM-CgH4Ags

— P-CgHaAgs
1,2,3-CgHaAgs

_1,2,4-CBH3¢\93

—_ ,3,5'C5H3A93

—1.2.3.4-CgHoAgy

—1,2,35-CgHpAg,

—1,2,4 5-CgHaAgy

— CgHAgs

— Cghds

-5 -3 -1 1 3 5
1 : : R (A)

— CgHsAU

-_ O'CBH4A|J2

— m-CgHaAUy

—_— D-C6H4AU2

—1,2,3-CgHAug

—1 .2.4-CsH3AU3

—1,3,5CgHAuy
1,2,3.4-CgHoAu,

—1.2,35-CgHaAug

—1.2,4,5-CgHaAuy

— CgHAus

— Cghug

Tynpa 2.1.18. TIpo@\ capwong NICS,, Twv evooenmv Tou yevikoy tonov CeHenM, (M = Cu, Ag,
Au, n = 1 - 6) omv TpUTAN OleyeppEVT] TOLG KOTAOTAOT, LIOAOYIOHEVA OTO eminedo Bewping

GIAO/PBE0/Def2-QZVPP.
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IMivakag 2.4. Ot ipég NICS,, (og ppm) TOU LITOAOYIOTNKAV OTO KEVIPO TOU SAKTLAIOU,
NICS.(0) kou oe 1A méve amo 1o emineSo Tov Soktvdiov NICS,(1) TO0O Y& TOULG
UTTOKOTOO TN EVOLE ATIO XOAKO. Gpyvupo Kal Xpuoo Bev(oAIKoUG SHKTUAIOLG, OG0 Kol Yo TO HOPLo
tov Pevlohiov CgHs, omnv TputAn OSleyeppéviy TOUG KATAOTHOT OTO emimedo Bewpiag

GIAO/PBE0/Def2-QZVPP

‘Eveon NICS,.(0) NICS,.(1) ‘Evoon NICS,.(0) NICS,.(1) ‘Evoon NICS,(0)  NICS,(1)
CeHsCu -18.3 -31.7 CeHsAg -26.6 -32.7 CeHsAu -9.0 -18.0
0-CeH4Cuz -15.6 -30.7 0-CeHiA g -16.9 -30.5 0-CsHsAu, -12.5 -29.1
m-CeH4Cus -18.7 -28.9 m-CsHiAg, -20.9 -28.2 m-CsHiAu, 2.8 -13.3
p-CeH4Cu, -11.0 -19.9 p-CeHiA g -13.8 -20.0 p-CeHsAw, -7.4 -15.6
1,2,3-C¢H3Cus -17.0 -29.2 1,2,3-CsH3Ag; -20.1 -28.5 1,2,3-CeHzAus -13.9 -26.8
1,2,4-CeHsCus -16.6 -29.8 1,2,4-CeHzAgs -18.7 -29.9 1,2,4-CeHsAus -11.0 -26.8
1,3,5-CeH3Cus -16.4 -27.8 1,3,5-CsHsAg3 -17.6 -26.8 1,3,5-CsHzAus -6.5 -19.4
1,2,3,4-CeH,Cus -17.6 -27.7 1,2,3,4-CeH.Ag4 -21.5 -27.1 1,2,3,4-CeH.Auy -14.1 -25.1
1,2,3,5-CéH.Cus  -18.3 28.7  123,5-CiHAg,  -23.2 290  1,2,3,5-CHAuy ~ -13.2 -25.3
1,2,4,5-C¢H,Cuy -47.8 -42.6 1,2,4,5-CsH.Ag4 -29.9 -32.8 1,2,4,5-CsH,Au, -34.1 -34.8
CsHCUs -31.4 -30.0 CGHAgs -24.3 -25.8 CsHAUs -13.6 -22.7
CsCus -47.3 -38.5 CsAgs -36.8 -30.6 CsAus -36.3 -33.7

CeHe 185.1 141.0

O1 BeAtiotomomnpéveg yempetpieg Tov T KATOOTAOEDV TOV EVOGE®V TOL YeVIKOU TUTTIOL CeH.
M, (M = Cu, Ag, Au; n = 1 - 6) paivovron ot Zynpoata 2.1.28 - 2.1.30. Ot Sopikég petaffoAég mov
TPOKOXAOUVTOL KAT& TN SEyePON OE OXEOT HE TA QAOUOTH EKMOUTNG TV LTOKATHOTNHEV®V
BevioMK®OV SOKTUAI®Y OO PHETHAAX VOUIOHATOKOTIEIOL ovaXAVOVTAL TAPOKAT®. L20TO00, Ba Tpémel
VO TOVIOTEL 0TO OMUEIO ALTO OTL 1] TIO XAPAKTNPLOTIKI SOHIKT] GAAQYT] IOV LEIOTATAL OTIG TPUTAEG
SleyeppEéVEG KATAOTAOELG €ival 1 evioyuon TV HETAAAOQIMK®OV oAANAemdpdoemy Omote eivan
Sduvatd va o8nyolv oTo OYNUOTIOPG Secpv M-M, o1 omoiol GUHHETEXOLYV OTO OYXNHATIOHO
HETOAMK®V SoKTUAwV. Ta ekTip@peva pnkn deapov Cu-Cu, Ag-Ag kot Au-Au Bpédnkav va givat
amd 2,326 éw¢ 2,511 A, 2,652 éwg 2,906 A xon 2,612 - 2,818 A avtiotoiya, ot omoieg Bpiokovton oe
oxebov TANpN avrotoio pe ta pnkn deopov v Satopikwv Cu-Cu, Ag-Ag kot Au-Au mov
vmoloyiotnkav va eivon 2,273, 2,561 kon 2,511 A avtiotorya. Ot petodho@ihikég aAAnAemSpaoelg
TEPIAXUBAVOLY OYNUOTIONO poplaK®V TpoXlok®y o(M-M) mouv oynuotidovrol amd v oe @don
EMKGAVYT TOV OTOHIKOV TPOXIOKOV d,> TV HETAAAO LTIOKATACTOTOV VOULOHKTOKOTEIOL (Zxfpa

2.1.19). A&loonpeinteg SopIKEG dAAAYEG TIOPATIPOVVTAL OTIG TPUTAEG S1EYEPHEVEG KATAOTAOELS TWV
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Ce¢HsAg, CeHsAu, 1,3,5-C¢HsAgs kan 1,3,5-C¢HzAus o6mov €vag omd Ttoug HETHAAMKOVG
vnokatdotateg Bpioketan €€w amd 1o eminedo Tov KApPoKLKAIKOU SaktuAiov (Xy. 2.1.20). To ido
oyvel kat yo to p-CeHaCu, ko p-CsHaAgo pe ta d00 dtopa pet@AAov va vioBetovv v trans
SIXHOPEWOT| G OXEOT HE TO €MIMESO TOL KAPPOKLKAIKOU SOKTOAO (Ywvieg KAPYNG 0€ 0X€OT HE TO

enimedo Tov KapBokKLKAIKOU SakTuAiov ioeg pe 21,7 kot 25,2°, avtiotoya).

5 24 4 fof

HOMO-13 HOMO-18 HOMO-18 HOMO-20

G-C(,HJCU_':_ 1 ,2,3-(:.'[’,H 3Ag3 1 2,3,4'(:(,"] 3qu 1 =2~4~5'C6H 3.‘5\114

Yynua 2.1.19. TploSidoTateg AMEIKOVIOEIS TOV HOPLOK®V TPOXIOK®V d(M-M) TV EVOOEDV TOL
yevikov tormov CeHenMy (M = Cu, Ag, Au; n = 1 - 6) mov vrmootnpilovy TIG HETXAAOPIAIKEC

aAANAeMSpAOELG OTNV TPUTAT S1EYEPHEVT KATAOTAOT).

M ipooekTikn patia otov Iivaka 2.4 amokaAOnTel 0T, o€ avtiBeon pe TO APOHATIKO HOPLO
T0L BevioAiov, ot evwoelg Tou yevikol tonov CeHenM, (M = Cu, Ag, Au; n = 1 — 6) Statnpovv Ttov
APWHATIKO XOPAKTHPA OTNV TPUTAN SlEyepHEVN KatdoTaot. Auto Ba prmopodoe va ogeiletal 010
YEYOVOG OTL T TIUKVOTNTA OTV €VIOMICETOl KAT& KOPO AGY0 OTOLG HETAAAO-LTIOKATOOTATES
vopiopatokorieiov (Zynua 2.1.21) Kot ®¢ €K TOUTOL O OIEVIOMIOHOG T-NAEKTPOVIQV OTOV
KOPBOKLKAIKO SaKTOAI0 TIapapével oxeSOV QPETABANTOG 0TV TPUTAT Sieyeppevn Katdotaon. A&ilel
v onpeElwBel OTL OTIC TIEPIOCOTEPEG TIEPUTTAOOELG, OTNV TPUTAN SlEYEPHEVN KATAOTHON Ppédnke
VYPNAOTEPOG PWOHATIKOG XAPOKTNPOG OE OXEOT HE TNV KLPLA PaCIKN KATAoTaon. Autd mbavotata
va oQeiAeTal 0TV GLURPBOAT TOV COYXNUATIOHOD TETPAHEADV HETAAAIKOV SOKTUAIOV GTNV HOYVNTIKN

APWHATIKOTNTA.
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Synpa 2.1.20. T'eopetpikég dopég (unkn Sdeopod oe A) Tov evaoewv CeHsAg, CsHsAu, 1,3,5-
CeHsAgs, 1,3,5-CeHszAus, p-CeHsCu, kon p-CeHsAg: omnv  TputAr] Oieyeppévn  Katdotoon

vroAoyopéva oo emninedo Bewpiong PBEO/Def2-QZVPP.

OAa T voKaTaOTNHEVA aTtd XaAKO BevioAia, ekTog amd 1o p-CeHaCu,, otV TPUTAN Sieyeppévn
Katdotaon S1aBétouv LYMAGTEPO APWHATIKO XAPAKTIPA G€ OXECT] HE TNV KLUPLX fAOIKT KATAOTAOT).
Zuykpivovtag g Tpég NICS,(1) twv TpmAGV Kot BaOIKOV KOTHOTACE®V 1) avénon Tou
napatnpeiton avépxetar oe 1,6 €wg 18,4 ppm. Ot vymAdtepeg TpEG PpeBnkav yx TG evwOElg
1,2,4,5-C¢H,Cus (18,4 ppm) kot CeCus (11,1 ppm) avtiotoika. Kot otig 6vo evaooeg 1,2,4,5-
CeH>Cus ko CsCug vmtdpyouvv 800 TeTpapeAeiq petaAAikoi SaktOAlol o€ para-B€om mov evdexeTal va
OLHBAGAAOLY OTOV CPWHOTIKO XOPOKTNPO TOL KEVIPIKOU KAPBOKLKAKOU SoaktuAiov. ASilel va
onupewbel 6m yia 1g evaooelg 0-CeHaCuy, 1,2,3-CeH3Cus, 1,2,4-C¢H3Cus, 1,2,3,4-CeH.Cus ko
1,2,3,5-CsH,Cus mov meptAapfdvouv Hovo €va TETPapEAT] HETRAAMKO SaKTOAL0, N c0ENON TOV TIHAOV
NICS,,(1) eivon ané 3,7 - 5,0 ppm. £10 CcHCus epnmAékovial dVo teTpapeleicg petaAkol SaktdAlol
oe ortho-8éon ko n avénon g tpng NICS,(1) eivon 5,5 ppm. Eivon Aowmtov mpoavég 6t n
abEnon TOL CPWHOTIKOD YXPAKTAPA OTNV TPUTAN Oleyeppévn KATAOTAOT OQeiAeTon otV

OULVELCPOPA TV TETPAHEAQDV HETOANKQOV SAKTUAIDV 0TI HOYyVTIKT] OP®HATIKOTTA.
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Yynpa 2.1.21. TploSi&koTateg aneKovioelg Twv mMUKVoTHTwv omy (isospin surface = 0.005) otnv

1-6).

Cu, Ag,Au; n=

TPUTAT| S1EYEPHEVT KATAOTHOT] AVTIIPOCHOMEVTIKAV EVOOEDV CeHenMy (M
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H poyvntotpomikny OLUTEPLQOPK  TNG TPUTANG Oleyeppévg KOTAOTAONG TWV  GpPyvpo
LTTOKXTAOTNHEVWY BeviOAM®V elval TAPOHOLIN HE EKEIVI TOV HE XAAKO LTTOKATAOTNHEVWV Bev(OAinv.
H av&non tov tipav NICS,,(1) Bpébnke oty neployn twv 1.3 - 9.1 ppm, pe vPnAdTEPN TV TIUN
tou 1,2,4,5-CsH.Ags. Ta 1ig evaoelg 0-CeHiAgy, 1,2,3-CeHzAgs, 1,2,4-CeHzAgs, 1,2,3,4-CeHoAgs
kot 1,2,3,5-CeHAgs mov ep@avidovy éva TeTpapeAr] HETAAAIKO SakTOAl0, 1 abénon TV THOV
NICS,(1) eivon amd 3,5 éwg 5,4 ppm ONM®OG KOl OTNV TEPIMTTIOON TV OVIIOTOWV XOAKO
vnoKateoTpEVEY BevloAinv. H tpimAn Steyeppévn katdotaon twv m-CeHsAg, 1,3,5-CeH3Ags,
CeHAgs ko CegAgs €xouv oxedOV MOPOHOI0 APWHATIKO XAPOKTNPK HE EKEIVI TV avTIOTOLX®V
EVOOEMY 01N BaoKn Katdotaon pe apeAntéa avénon tev tipov NICS,,(1) and 1.0 éwg 1.8 ppm.

TéNOG, 1 TPUTAN OleyEPHEVT] KATAOTOOT] TOV VTTOKATXOTNHEVOV HE XpLo0 BeVIOMK®V SaKTLAIOV
TAPOLOIaCAV SINPOPETIKI] HOYVNTOTPOTIKY] GUHTIEPLPOPE. ETol, 0 ApoHATIKOG XAPAKTNPOG TV
CeHsAu, m-CeHsAu,, p-CsHiAu, kon 1,3,5-CeHzAu; pelovetor o€ oxéon HE TOV GPOUATIKO
XOAPOKTNP TNV oA Baolkng Toug Katdotaon (N peimon twv tipev NICS,, (1) siven -10,2, -12,8,
-10,8 ko -4,9 ppm avtioTtola). e QUTEG TIG TIEPUTTAOOCELG O EVIOMOHNOG HIOG HIKPNG TTOCOTNTOG
TIUKVOTNTOG OTIV  OTK  QTOpa  GvBpoaka Tov  KopBOKLUKAIKOL SakTuAiov Slatap&ooel v
QITEVTOTIOMEVI]  TIUKVOTNTX  7T-NAEKTPOVI®OV, ®C €K TOOTOL TPOKUMTEL HEIWOT NG
HOYVNTOTPOTKOTNTAG. ONWE Kol 0TV MEPIMTOOT, TOV LIOKATAOTNHEVOV OO XPLOO Kol GPyvpo
BevioMK®Vv SakTuAiwv, 1 peyaAdTEPN aBENOT TNG HAYVNTOTPOTIIKOTNTHG ELQAVICETAL OTNV TPUTAT
Sieyeppévn katdotaon tov 1,2,4,5-C¢H.Aus (11,6 ppm), eved yia ta 0-CeHaAu,, 1,2,4-CsHzAus,
1,2,3,4-C¢H,Aus ko 1,2,3,5-CgH,Aus mov meptAapdvouy éva TeTpapEAr] HETOAAMKO SaKTOALO T
avénon tov Tipov NICS,(1) Bpédnkav oty mepoyn 1,6 — 3,1 ppm. H tputAn Oieyeppévn
katdotaon tov CeHAus mov mepthapfavel évav teTpapeAn] HETOAMKO SOKTOAIO KATEXEL OXESOV
TIAPOHOI0 APWHOTIKO XOPOKTNPK HE €KeElv NG omAng Paoikng katdotaong (n peiwon Ttou
NICS,,(1) eivor apeAntéa, -0.7 ppm). A§l100THEIOTOG €ival 0 VYNAGTEPOG XPOHATIKOG XOPAKTIPOG
G TPUTANG Steyeppévng Kataotaong tov popiov CsAus (N avénon tov NICS,(1) eivan 10,3 ppm)
@OV T TIUKVOTNTA OTIV KOTOVEUETOL OHOIOHOPOX €M TV OTOH®V Au, KOl ¢ €K TOUTOL O

TIEPLOEPELNKOG e€apeANG SaKTOAIOG Aus OLUBAAAEL oV payvnToTPomKOTNTX ToU CeAug 0TV
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TPUTAN Katdotaon. A&iel va tovicovpe OTL N TpuTA Katdotaon twv CeAus mepthapfdvel €61
TETPAPEAEIGE HETAAAMKOUG SOKTUAIOLG AOY® TV XPLOOPIAAIKOV aAANAEMSpAoewY HETAED TWV

LTIOKOTAOTOTOV AU

DACUATOCKOTIKEG ISI0TNTEG TWV EVWOOEWV TOV yevikol Tomov CsHs .M, (M = Cu,

Ag,Au,n=1-6)

[Tpokepevov va Ponbnbel n pEAETN TOL EAOPATOOKOTIKOU XOPOKTNPOHOL KaBOG Kot M
peAdovtuikn ovvleon twv CeHsnM,y (M = Cu, Ag, Au, n = 1 - 6), voAoyifovtal Kol avaADovTol T
QACHAOTH AMOPPOPNOTIG TV EVOOE®V aUT®V (UV-Vis). EMmA€ov, TPOKEHEVOL VO QMOKTI|COVE P
mo &ekabapn €KOVA OXETIKA HE TG EQPAPHOYEG TMV EVAOEDV OVTOV OE OMTIKONAEKTPOVIKEG
ovokeveg, onwg oe OLEDs 1 Solar Cells peAetifnkav ot Sieyeppéveg KOTAOTACELS HECH TWV

QOCHATOV EKTIOHTING.
DaouaATa ATIOPPOPNONG

H npooopoiwon tov paopatev anoppognong pe mm pédodo TD-DFT twv CeHsCu, CeHsAg kot
CeHsAu, padi pe ekeivn tov BevioAiov éywve oto eminedo Bewpiag CAM-B3LYP / Def2-QZVPP
anelkovidovral oxnpatik® oto Xynua 2.1.26. Ot TploSlAcTOTEG QMEKOVIOEI TOV HOPLUKAOV
TPOXLOKQV TIOV EPTIAEKOVTAL OTIG XVTIOTOLXEG NAEKTPOVIKEG HETATITWOELG IOHPOLOIALOVTAL ETIIOTG OTO
Zynpa 2.1.26. Ta gaopata anoppo@nong twv ooy evacemv CsHenM, (M = Cu, Ag, Au, n =
1 - 6) anewkovilovton ot Lynpota 2.1.22 - 2.1.25.

[Mapampovtag 1o Xynpa 2.1.26 ko to Zynpota 2.1.22 - 2.1.25. omoKoAUTTEToL OTL N
HETGAAwoN Tov Pev{oAiov mpokaAel petaforég ota @dopata amoppoenons. Katd ovvenela, ta
QAOPATA OTIOPPOPNOTG TOV HETAAAO-DTIOKATACTNHEVAOV BeV(OAI®V ep@avilouy TiEploCOTEPES (WVEG
amoppOPNONG AMO OULTEG TIOL THPATNPOLVIAL OTO QAOHX omoppoenong tov [evioAiov. Ta
napadelypa o paopa anoppoenong tov CeHsCu epgavidel evvéa (wveg, eva ekeiveg tav CeHsAg
kot CeHsAu gpgavidouy €€1 {wveg anmoppognong. Avtifeta, 10 pdopa amoppdenong tov BevioAiov
givo TOAL o amAo ko ep@aviel povo dvo (wveg e Kopueég ota 173 nm kot 118 nm. H mpwn
datnpeital oTa QACHATA ATOPPOPNONG TOV HETAAAO-LDTIOKATAOTNHEVQOV BeV(OAimV evem 1) debTepn
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Iynpa 2.1.22. ®dopata anoppoPnong TV eVACE®V ToV YeVIKoL Tunov CeHenM, (M = Cu,n =1 —

5) 0NV aépLa KATAOTHOT), TIOAOYLoHEVR oTo eminedo Bewpiag CAM-B3LYP/Def2-QZVPP.
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KopueEn e&apavidetal. Metd v peTdAA®on, 600 emmAéov aAAayEg ep@avi{ovial OTo QACHATA
QmoppPOPNONG TWV HETAAAO-LTIOKATXOTNHEVWV Bev(oAinv. TIpokvntel dikomaon g (OVNG mov
ep@avideton ota 173 nm o€ piax opdda (wvev pe Kopueég oty neploxn 150-250 nm kabag emiong
KOl 1] ELOAVIOT| HlaG aoBevodg (Ovn KOVTH OTNV 0paTr| TEPLOX TOL PAcpatog. H mo éviovn (wvn
OTX  QAOPATA  amoppOPNONG TWV  HETAAAO-LNOKATAOTNHEVOYV [Bev{oAiwv elval  oplokd
HETATOMIOUEVT OE OXEOT HE TNV o évtovn {@VI 0TO0 PAOUX amoppoenomng Tov BevioAiov. Avti
(®VN TPOKLMTEL amO TIG NAEKTPOVIKEG HETOMTOOelg pHeTaEyL MOs mouv fpiokovial Kupiwg oTo
@aivoAo TUNHQA, ol omoieg Ba prmopodoav va Yopaktnplotolv ¢ intraligand, IL, petamtooelc.
E&aipeon amoteAei 1o CsHsAu omov avtr| n {dvn amoppo@nong napovatdlel évav khaooko LMCT
xapoktpa dedopévou 6 1660 o HOMO kot HOMO-2 pioKovTal 6TO TURRO TOV @XIVUAIOL, EVQD
10 LUMO+3 ko LUMO+4 Bpiokovtal 0to GTopo Tov peTaAAov (Exnpa 2.1.26). H vymAotepn
EVEPYEIOKA (OVN] amoppOPNOoNG OTA QACHATH QMOPPOPNONG TV HETAAAO-VTOKATHOTIHEV®V
Bev{oAiwv mov eppavideton oty meployn Twv 150-160 nm npokvdnTel anod Sieyépoelg petasd MOs
mov BplokeTon KUPIWG 0TO ATOHO TOL PETAAAOL Kal, WG €K TOVTOL B PTTIOPOVCE VA XXPAKTNPLOTEL
emonpwng wg metal centered, MC, petantooelg. Ot {Oveg amoppO@NONG HE KOPLPEG OTNV TIEPLOXT|
200 - 250 nm, kaBag Kot ekeiveg OV ePEAVI{OLY KOPLPEG KOVTK T} EVTOG TNG OPATIG TIEPLOXTG TOV
(QQOPATOG TIPOKVTITOLY QIO NAEKTPOVIKEG HETAMTAOOELS HETAED Twv MOs mov Bpiokovtol emi Tov
ATOPOV HETAAAOL KOl €TO1 £XOUV TIPOCEYYIOTIKA XApaKTNPloTel w¢ petantooelg MC. Ot aobeveig
XOUNANG eVEPYELG (OVEC AmOPPOPT|OTIG TNV OPATH] TIEPLOXT] TOL PACHATOG TIPOKVITOLY KLPIWE KT
petontwoelg HOMO - LUMO. A&icel va onpelnbel 6t vmdpyel P YPOHHIKI] CUOXETION Amax
ALTOV TOV HETOMTOOEWV HE TOV oLVTEAEDTH] NICS,(1) twv anA@v PaoKOV KOTAOTACE®Y T®V
LTTOKOTAOTNHEVWVY Bev(oAiwv and pétaAla vopiopatokomneiov (Exnua 2.1.27). Avto Ba pmopovoe
VO OQEIAETOL OTNV OLVEICPOPK TOL S1ATPOTIIKOV PEVHATOG SAKTUAIOL TV emTpent@V (Txy)

petafdoewv HOMO - LUMO.
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Yynpa 2.1.23. Oaopata anmoppoPNoNg TWV EVOOE®Y TOL YeVIKOD TOToV CeHenM, (M = Ag, n=1 -

5) oV aépla KATtdoTtaot, voAoylopéva oto eninedo Bewpiag CAM-B3LYP/Def2-QZVPP.
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Yynpa 2.1.24. Oaopata amoppoOPNoNg TWV EVOOENDY TOV YeVIKOD TOTTOV CeHenM, (M = Au,n =1 -

5) 0NV aépLa KATAoTaoT, VIIOAOYIopEVH oTo eminedo Bewpiag CAM-B3LY P/Def2-QZVPP.
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Iynpa 2.1.25. ddopata anoppoOEnong TV eVOOE®V Tou YevikoL Tunov CeHeM, (M = Cu, Ag, Au,

= 0, 3, 6) oV Képlx KATAOTOOT, LIOAoylopéva oto eninedo Bewpiag CAM-B3LYP/Def2-

QZVPP.
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Synpa 2.1.26. IIpocopoi®oelg Qaopdtov amoppoenong pe m pébodo TD-DFT twv CeHsCu,
CeHsAg, CsHsAu, ko CgHg 0mwg vmoAoyiotnkav oto emninedo Bewpiog CAM-B3LYP/Def2-QZVPP
TDDFT otnv aépla Kataotaorn, Hadl pe TI¢ TploS1doTaTEG OMEIKOVIOELG TOV HOPLAK®OV TPOXLOK®OV

TIOV EUTIAEKOVTOL OTIG AVTIOTOLXEG NAEKTPOVIKEG HETATITWOELG.
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Iynpa 2.1.27. Tpappikr GUCXETION TOV Amax TV peTamtooewy HOMO - LUMO mnov ep@avi{ouvy
QIOPPOYPT|OEL; CTNV OPATH TEPLOXT] TOL QAopatog pe TG TIHEG NICS,(1) omv omAn Baoikn
KOTAOTOOT] TV VTTOKATAOTNHEV®V BeV(OAM®V OO HETAAAX VOHICHXTOKOTEIOL. (@) VTTOKXTAOTNHEVY
BevioMa pe xoaAko, (b) vmokataotnpéva Bevioha pe apyvpo (€) vmokataoTnpéva Pevioha pe

XpLCGO
DACUATOOKOTIIN EKTIOUTING

O1 evooelg Tov yevikov tonov CeHenM, (M = Cu, Ag, Au, n = 1 — 6) avapévetor va epeavi{ovv
PWOPOPLOPO MBavVOTATA TNV TPUTAN Sieyeppévn Toug Kataotaot, Ti. H otaBepd pun padievepyng
anocfeong, ky and v TputAn Katdotaon Ti otn BepeMddn So ekgpaletal COPE®VA [E TO VOLO

evepyelakou ydopatog [90],

o

ka(T1— So) e xp{-BLE(T) - E(So)1}

omov N kn av&AveTanl 600 1 evepyelakn Saopa HETAEL TV KaTaotdoewv Ti Kal So HELOVETAL
EmnAéov, 1 pn-padievepyr] Sidomoaon eival tay0tepn Otav Ol SOHIKEG OTPePAMOELS, TIOL
eKQpadovTal pE TNV MOPAUETPO [, elvan peydAes. Mo éveoT GVOHEVETAL VA EIVOL AMOTEAEGHATIKN
YO €EQUPHOYT O€ OMTONAEKTPOVIKEG GLOKEVEG €AV T} 0TABEPA Ky €IVOL HIKPT], EVD AVTIOETOG 1| TIUN
¢ otabepdg aktivoPoAiag amoofeong k. eivon LYMAR. Q¢ €k TOOTOV, 01 AMOTEAECHATIKEG EVAOTELG
avapéveTal va epgavitoov vynAn Sagopa evépyelag [E(Ti) - E(So)] kot pHIKpEG TIHEG NG

TIAPAPETPOL fB.

Ztov Iivaka 2.5 divetan n Stagopd evépyelag [E(Th) - E(So)l, AEso-t1), | ZETO-Z€r0 HETAMTMOT,

Vo-o IOV LTIOAOYIOTNKE WG T S1aQOpa eVEPYELNG HETAEL TwV S10pBwpEVOV evepyeldV HNOEVIKOD
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onueiov TV Kataotdoewv Sp kot T; kou 1 evépyelx kaBetng ekmoumng, Eve. H teAevtaia
AapBdaveton wg n Sra@op& PETAED TNG GUVOAIKNG EVEPYELAG TNG EVAOOTG TNV KATAOTACT] Sp KAl TNV
Katdotaon So otn yewpetpia g Sieyeppévng katdotaong Ti. H Eve avtiotoiel ota péylota

ekmopnav [91] kon elvan o ouyvr] yix GUYKPLOT) HE TIEIPAHATIKEG HEYIOTH TOV TOLVIDV.

IMivakag 2.5. Evepyelokeég APAPETPOL TOV EVOOE®V TOL Yevikoy tomov CeHenM, (M = Cu, Ag,

Au,n=1-6)mov vrmoloyiotkav oto eninedo PBEO / Def2-QZVPP

'EVO)OT] AEso-t1 Vo-0 'EV(x)OT] AEso-t1 Vo-0 'EV(,OO'I] AE o1 Vo-0
CeHsCu 47.82 605 CeHsAg 47.11 621 CeHsAu 56.78 516
0-CsH4Cuz 17.27 1679 0-CeHiAg> 20.97 1402 0-CsHiAu, 31.46 923
m-MeH,Cu, 55.40 528 m-MeH4Ag, 52.98 551 m-MgHsAu, 66.60 438
p-CsHsCuz 59.20 494 p-CeHiAg: 57.72 507 p-CsHsAw 56.40 519
1,2,3-CsH3Cus 14.92 1945 1,2,3-CsHzAgs 17.36 1700 1,2,3-CsHzAus 28.47 1019
1,2,4-CeH3Cus 15.83 1840 1,2,4-CeH3Ag3 19.26 1533 1,2,4-CsHsAus 31.19 931
1,3,5-CsH3Cus 44.61 653 1,3,5-CeHzAgs 42.95 684 1,3,5-CeHzAus 55.04 533
1,2,3,4-CeH.Cuy 13.32 2183 1,2,3,4-CsHA g, 15.31 1939 1,2,3,4-CsHoAuy 26.12 1109
1,2,3,5-CéH.Cus 1378 2120 12,35-CiHAgs  16.09 1846  1,2,3,5-CoHrAu, 28.20 1029
1,2,4,5-CsH.Cus4 19.39 1507 1,2,4,5-CsHA g,y 16.96 1753 1,2,4,5-CsH2Auy 40.01 724
Ce¢HCus 8.58 3584 CeHAgs 15.51 1937 C¢HAus 2591 1118
CGCUG CeAgG CgAlls

MeAetwvtag tov ITivaka 2.5 mapatnpovpe 6t n AEsorn Pploketal péoa o€ €va OXETIKA VPV
Qaopa, oty meployn twv 8,5 - 66,6 kcal/mol. H peyaAdtepn petafoAn tov AEser) mapatnpeital
HETHEL TV SlQOpPWV 100PEP®V T KATA TNV aAAayr] Tou oplBHol TV oTOp®V HETAAAOL
vopiopatokorieiov. 'Etol, yx mapadetypa n évaon 0-CeHsCux epoavicel pia tipn AEson ion pe
povo 17,3 kcal/mol, eve to 10opepny m-CeHaCu, ko p-CeHaCu, epoavidouv tipég 55.4 ko 59.2
kcal/mol avtiotoia. To 1610 10xVel ko kata v aviikatdotaon Cu pe Ag 11 Au. Amo v GAAN
TAELPA, 01 LYUNAOGTEPEG TIHEG AE(so-T1) TIapaTtnpriOnKav yio Tig TEPITOOELG IOV PEPOLY HV0 HETHAAX
VOHIOHOTOKOTIEIOV Kol €101IKA Yyl T M- KOl p- 100pepr. AvTiBeta, ol €VQOOE TOL QEPOLV
TIEPLOCOTEPOLG ATIO TPELG HETRAAMKOVG LTIOKATACTATEG EHPAVI(OVV OXETIKK XOUNAEG TIpEG. TTap 'OAa
avtd, n vynAotepn AEser vmoAoyileton yio v évawon m-CgHsAu,, n omoia eivon ion pe 67
kcal/mol. H Tipny avtr| eivan vymAotepn ano v tipr AEse-ry 1oL Mo kowvov OLED dopant, fac-
tris(2-phenylpyridine)iridium, Ir(ppy)s, mov BpéBnke mepapoatikd va eivon ion pe 56.2 kcal/mol

(2.44eV) [92]. H xapnAdtepn Tipn AEso-ry bmoAoyiletat yix 1o CeHCus ko givat ioo mpog poig 8,6
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kcal/mol. H 0-0 petdntwon mapovolddel emiong pia HeyGAn StakOPavoT 0To €0pog and 494 €ng
3584 nm.

IMa ™ SOHIKN TAPAHOPO®OT TWV EVOCEDY TOL YeVIKoL TOnmov CeHenM, (M = Cu, Ag, Au,n =1
- 5) kata ) Siéyepon So— T mapatnpeiton P TOAD S1xQOPETIKT) CLPTEPLPOPA. BaoK& 01 evioelg
Ce¢HosM, (M = Cu, Ag, Au, n = 1 - 5) Ba propovoav va ta&ivopnBovv o€ tpelg katnyopieg pe faon
TIG SOHIKEG aAAyEG Katd T Sidipkela TG Siéyepong So— Ti: (i) evooelg pe pdvn Sopikn aAiayn v
empunkuvon twv deopav C-M, (ii) evooelg 6mov mapatnpeital 1000 EMUNKLVOT OO0 KOl €KTOG
emmédou Kapym tov deopwv C-M kau (iii) evadoelg omov éyovpe empnkouvon tov deopav C-M kat
OLVOSELOVTAL ATIO OYXNHUATIOHO Seapol M-M.

O1 BeAtiotonoinpéveg yewpetpieg tov T Kataotaoewv Tov evaoewv CeHsnM, (M = Cu, Ag,
Au; n = 1 - 5) anewovidovion ota Zxnuata Txnudara 2.1.28 - 2.1.30. MeAetOVIag Tor LYXNHAT
2.1.28 - 2.1.30 @aivetan 611 yix 10 CeHsCu dev mapatnpeitol kapia agloonpeiotn Sopikn aAiayn
Kath ™ Siéyepon amd So oe T; mépa and povo pia emprkvvon tov deopov C-Cu katd 0,063 A
KOTATAOOOVTAG TNV €VOOT] LT OTNV TPAOTH Katnyopia. e avtibeon, kata ) Siéyepon and S, o
T1 omv évwon CeHsAg vndpyel Stdonaon tov decpod C-Ag pe 1o dropo Ag va Bpioketal oxedov
TIAV® Ao TO KEVIPO TOL KApBOKLKAIKOD SakTuAiov (Zxnpa 2.1.20).

Télog, yia v évwon CsHsAu n Siéyepon and Sy oe T mpokadel empurkuvon (mepimov 0,146 A)
KOl Hlx €KTOg emmédou Kapym tov deapov C-Au (Zynua 2.1.30). Qg ek tovToUL, 01 evioelg CeHsAg
kot CgHsAu katatdooovial ot §e0TePT KATNyopia. TNV TP®TN KATnyopia eumintovy emiong ot

EV(:)O’E[C, II’l-CeH4CU2, m-MGH4Ag2 Ko 1,3,5-C6H3CU3.
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Iynua 2.1.28. BeAtiotononpéveg SopEC KAl EMAEYHEVEG SOUIKEG TIAPAUETPOL TWV EVOCEWV TOU
yevikoO tomov CeHenM, (M = Cu, n = 1 - 5) oy T, katdotaon vroAoylopéva oto eninedo Bewpiog

PBEO0/Def2-QZVPP.
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Yynpa 2.1.29. BeAtiotonoinpéveg SopEG KAl EMAEYHEVEG SOUIKEG TIAPAHETPOL TWV EVOCEWV TOU
yevikoL tonov CeHe.nMin (M = Ag, n = 1 - 5) otnv T kataotaon vmoAoylopéva oto eninedo Bewpiog

PBEO/Def2-QZVPP.
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Tynua 2.1.30. BeAtuotonoinpéveg SopéC KAl EMAEYHEVEG SOUIKEG TIAPAUETPOL TWV EVOOEWV TOU
yevikoO tomov CeHenM, (M = Ay, n = 1 - 5) omyv T, xatdotaon vroAoyiopéva oto eninedo Bewpiag

PBEO0/Def2-QZVPP.

H devtepn katnyopia mepthapfavel emiong tig evwoelg CeHsAg, CsHsAu, p-CsHsM, (M = Cu,
Ag 1 Au), m-CsHsAu, ko 1,3,5-CéHsM3; (M = Ag 11 Au). OAot o1 LITOAOITIOl LTTIOKATAGTHEVOL
Beviohxkol dakTOAOL OMO HETOAAX VOUICHOTOKOTEIOL EPTHMTOVY OTNV TpiTn Katnyopia 1 omnoix

elvan n peyaivtepn. INa mapadetypa, omv évoon 0-CsHsCu, n andotaon Cu-Cu yiveton ion pe
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2,326 A omv xatdotaon T: evéd oty katdotaon So eivon 3,310 A. Zagog, vmdpyer évag
oynuotiopog deopod Cu-Cu koatd t Siéyepon and So o€ Ty mov o@eiAetal otV €vioyvon Twv
XOAKOQIAIKGOV  oAAnAemidpaoewv. To 1610 @oavopevo mapoatnpeital ya éva peydAo aplBpo
VTTOKOTAOTHEVOV BeV(OANKGOV SAKTUAI®VY Qo PETOAAN VOULIOHATOKOTIEIOL OTIOV €vag, V0 1] AKOUN
Kol Tpelg deopoi M-M oynpartidovrol otn Sieyeppévn katdotaon Ti Adyw XaAko-, Gpyvpo- Kot
XPLOO-PIANIKQOV aAANAemdphoewyv. Oa Tipénel va onpelwbel 0T, Ta pnkn deopov C-C tov e€apeAong
KapBokukAKoL SakTtuAiov emnpealovial emiong Katd n Siéyepon and Sy oe Ti. 'Etol, ot deopoi C-
C peta&d twv atopwv ipso-C aAAnAemdpoiv amevbeiag pe ta dtopa peTtdAAov, KaB®OG Kol ekeivol
o1 Seapoi mov eivan Simha Tovg ouppikvvovTal Katd niepimov 0,05 ko 0,01 A, avtiotowa, evo ot

vrtoAotrtol eapoi C-C ennpedlovial OplaKA 1) O OPLOPEVEG TIEPIMTMOOELG SeV emmpedlovTal.
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2.2. MEAETH E®APMOI'HY YIIOKATAXTHMENQN BENZOAIKQN
AAKTYAIQN AIIO METAAAA NOMIZMATOKOIIEIOY QX YAIKA

AITOGHKEYXHX YAPOI'ONOY

2.2.1. EIZXAI'QI'H

O oyeblaopH0g TV VEOV LAIKGOV Yl amoBnkeuor vdpoyovou cuveyilel va amoTteAel onpavVTIKO
TOPEN TNG €PELVOG YO TNV AVAMTUEN TOV HEAAOVTIKOV EQAPHLOYQDV EVEPYELNG OTIO LEPOYOVO TIOL
TIPOKOTMTOLV O€ HEYAAO BabBpo amd TIg TEXVOAOYIKEG AMANTHOELG, EI0IKA Y €@appoyég kivnong [1-
9]. O mpwTap)IKOg aTOX0G Yot TNV "Owovopia tov Yopoyovou» [10-15] mov mpémel va vAomoinBel
givon 1 €€€0PeDT) AOPAADY, ATOTEAEGHATIK®V KOl ATMOSOTIKOV CLOTNHATOV SECHELOTG TOV KEPLOV
H,, mou Ba avTiKATaoTo0LY TIG TPEXOLOEG TeXVOAoyieg ov Pacifovtal otn cupmieon Tov H), wg
LYPO 1 WG AEPLO o€ eEAPETIKA XaAUNAEG Beppokpaaieg 1) vymAég méaelg [10]. Qg ek ToUTOVL, LIIAPYEL
OTHOVTIKO TIAYKOOHIO €VOl@EPOV OTNV 0G0 TO SLUVATO KOADTEPT TIPOCCEYYIOT] TV Opiwv TOL
United States, Department of Energy (DOE) mov eivat 6.5 wt% kot Bapog kat 45 g L™ katd oyko
amoBrikevon Ho amo 1o 2010, kot 9,0 wt%. kot 81 g L™ amd to 2015 yix epappoyég kivnong [16].

Ta VAKG amoBnkevong vdpoyovou Ba pmopovoav va StapeBovv oe §Vo Katnyopieg avdioya e
TO UNXOVIOHO TNG poenong vdpoyovov, dnAadr] oe LAKG TOL N TPOCPOPNOT o@eileTon o€
(QLO1OPOPNON KAl O€ VAIKA TIOL 1) TIPOCPOPNOT| OQEIAETON O€ XNHEIOPOENOT. TNV TIEPIMT®ON TNG
(QLOC1OPOPNONG, TO HOPLOKO LOPOYOVO eival aoBevmdg SeCHEVHEVO OTNV EMPAVEIX TOL LAIKOU HE
duvdpelg van der Waals 1| deopodg vépoydvou. Xty mepinmtwon g XnHewopoenong, popa Ho
S100TOVTOL 0€ aTopIKO LOPOYAVO, TO OTIOI0 0TI CUVEXELX ATIOPPOPATAL KATK TO HEYAAVTEPO HEPOG
TOL oXNHaTi{ovTag €ite 10XLVPOVE 1OVTIKOVG €iTe OHOIOTOAMKOVUG SeTHOVE e TOo VAIKO. Eva 18aviko
oboTpa amoBrnkevong Ba elval ekeivo OOV TO LOPOYOVO EVAOVETAL HOPLOKA OXAAX HE P10 EVEPYELX
SeapoL HETAED NG PLOIOPOPNONG KA TNG XNHEIOPOPNOTG.

Ta dtopa petafoatikev HETGAA®Y aAAnAemdpoly pe ta popia Ho ko oynuoatiovy oOPMAOKX

Swédpoyovov péow TG Aeydpevng arinAenidpaong Kubas [17, 18]. Avt| n oAAnAenidpaon
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TPOCQPEPEL I OTIAVIX ELKOIPIA Y10t TNV AVAMTUEN AVAOTPEPIH®V HECTWV amobrkevong vdpoyovou
He gpappoyn oe Beppokpaocia dwpatiov [19], kabBwg n evépyela ouvdéoewg tov popiov Hr oto
oboTpa Bewpnuikd ekTipaTon 0Tl givan ¢ tédéng twv 0.2-0.6 eV [20]. Eva kaAd péco yo tnv
amoBnkevon vdpoyovou péoa amd TG aAAnAemdpaoelg Kubas Ba mpémel va eival oLYKpLTIKG
XaunAoL poplakoL Bdpoug, va eivan @Onvo ko Ba mpémel va elval Kavo ylx Taxelor KIviTikn
OLUTIEPLPOPA TIPOCPOPNOTG - EKPOPNOTG T OTOIX TIPOCOHOIWVEL HIK QMOTEAETHATIKT] Stadikaoia
OULVOPHOYTG KOl AMOpHGKPLVOTG [6]. Ml evoAAOKTIKI] ADOT] i T XNHIKT amoBnkevorn vdpoydvou
TAPEXETAL A0 LAIKG amobnkevong vépoydvov wg vdpidio/mpwtdvio H oe ouvduaopo pe GAAa
otoyeia (my., B, C, N). 'Evag mAnpng KatdAoyog authg TG KATNYopiag TV LAIKQOV XNHIKTNG
amoBnkevong vdpoyovou Sivetar and tovg Demirci kow Miele [7]. H amoBnkevon vdpoydvou oe
HETOANMKG LOPISIx elvan emiong To emikevipo NG €pevvag. Na mapddeypa, to Sivdpo payvrolo
ouvovadel VYMAN Kavotnta amobnkevong H, katd 7,7% xotd Pépog pe Xprion Tov XapnAov
KOOTOLG a@BOvwg SaBéoipov payvnoiov [21-23]. Eta petaAAikd vopidix o1 aAAnAemidpdaoelg
VEPOYOVOL-HETAAAOL AVTIOTOLXOVV O€ €va 0 8eapd vdpidiov petdAiov, oTig omoieg o LEPOYOVO
polpadetal To 1s NAEKTPOVIO TOL pE €va amd Ta SBEéoipa NAEKTpOVIa aBévoug Tov peTdAAoL Kot
uropel va odnynoel oe téooepa Paokd €idn vépdiwv: MH, MH,, MHs, koo MH,4 [24]. 'Evoag
OLVOLAOHOC TEPAHUATIKNG Kol Be@PNTIKNG HEAETNG TV EVOOEDV NG popeng MH(H,), (M = La-
Gd; x = 1-4; y = 0-6) éxel mpooata avagepbei ano v Gagliardi kot v opdda g [24].
MétaAAo-vnokataotnpéva fevioMa kat 18iaitepa Ta AlBlwpéva Bev(OAila, eKTOg amd To T gival
TOAD 10YLUP& QAVTIOPAOTAPIN OTNV OpPYavIK] oLvBeon, eival Kol 1010iteEpoOL EVEIAPEPOVTOG OTN
Baown €peuva Kat apKeTE HEYAAOG OYKOG BEmPNTIKGV EPYXOI®V €xEl aplepwbel aTov Tpoadiopiopd
TOV SOHAOV TOUG, TNG OXETIKNG OTABEPOTNTHG TV 100HEPQOV TOUG, KABDG Kol Sidpopav GAAwV
1510t TV T0VE. TToAD pdceata o1 Giri et al. [25] Siepevvnoav pe ) BorBela g DFT kon ab initio
UVTTOAOYIGH®OV HOPLOKTG SUVOHIKTG TN SuvaTtdTnTa Xprolponoinong twv eEaAibio BevioAinv (Soung
QO0TEPIOV) WG LAIKQV amobnkevong vdpoyovou. Ot vmoAoylopoi mpoéPAsPav o0tt 10 €€aAibro
BevioMo Ba pmopovae va gival €évag KaAOG LIIOYT P0G Y& VO XPT|OIHEVTEL WG VAIKO amOBNKELOTG

V8POYOVOUL, TO OTOI0 HTIOPEL VA ATMOPPOPE AMOTEAETHATIKA LEPOYOVO OTI HOPLOKI] HOPQPT| TOL OE
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XapnAn Beppokpaoia Kot va 1o ekpo@d o€ Beppokpaocia dwpatiov. To Celis pmopet va Seapevoel
ano 6 éwg 12 poplx Hy o€ poplakn popen pe éva KoAd moocootd otabuikot PBapoug (9,6% kotd
Bapog yiax o Ho@CeLis) [6].

Ta pétoAra g opddag 11 (Cu, Ag kot Av) gival emiong yvooto 0Tt Spouv iG VITOKATHOTATEG
BevioAiov. O @avvAoxarkog, CeHsCu eivor n mpaTn OpYaVOHETOAAIKT] €VWOT] XOAKOU Kol n
obvBeon ToLv avagépnke amod tov Reich 10 1923 wg éva akatépyaato mPoiov mov Aapfavetal pe
arnodoon 60% amnd v avtidpaon PpwpiovxoL @atvuAopayvnoiov pe 1wdloLYX0 XaAKd o oBépa
[26]. Ano TtoT1E, Sidpopeg aAAeg péBodot yia ) ovvBeon tov CeHsCu €xouv avagepBel [27-32]. O
QOVUAOXOAKOG KOG Kol ta clusters Tou XpPNOIHOTIOIOOVTOL €VPEWG MG AVTISPAOTNPIX OTNV
opyavikn obvBeon [33]. Ao 1o 1923 apketég avemtuyeig mpoondbeieg éyvav yix v ovvBeon Kot
amopdévwon touv gavvAoapyvpov, CeHsAg [34-36] péxpt mov ot Beverwijk et al. [37] ouvBéoay,
AMOUOVOOV KOl XAPAKTIPLOAV TOV QOIVUAOAPYLPO MG Pia amo Tig o otabepég un @Boplwpéveg o-
SEOHUIKEG OPYAVOHETOHANKEG EVMOELS apyLPOL Yl ekeivy v emoxr. TéAog, o @oavuAoypuaodg,
CeHsAu éyel emiong ouvteBel omwg to dpyvpo opdAoyo tov, CeHsAg, kabmg emiong Kol Ta aviovia
toug [AuCeHs]” ko [AgCeHs]” €xouv peAemBel amd tovg Tang et al. [38] pe xpnon
paopatookomniag pwtonAektpoviov PES (photoelectron spectroscopy) kot vrmoloyiopwv DFT. Xe
petayevéotepn epyooia, ot Tang et al. [39], xpnoponowwviag Tig idieg texvikég kan peBodoug
pHeAEToav TN Sopr Kol ToV PUNXaviopo oxnpoatiopot twv [CeHsCun] (m = 1-3). H Sopn kot o
HNXAVIOHOG OXNHOTIOHOV TV evOoeny [CeHsMy,] (M = Ag 11 Au, m = 1-3), éxouv emiong peAetnOet
AeMTOPEPAOG  XpNOlHOTOIOVTAG LmoAoylopovg DFT oto eninebo g Bewpiag B3LYP/6-
311G(d,p)/Lanl2dz [40].

Zuvexi(ovtag To eVEIAQPEPOV HOG 0TI HEAETI TV VMTOKATHOTNHEVOV Bev(OAV amd pPETAAAX
vopopatokoneiov [41, 42] Siepevvnoape pe peBdS0LG LITOAOYIOHOD NAEKTPOVIOKTG SOUNG TNV
KOVOTN TG amoBNKELOTG LOPOYOVOL TWV EVOGERMY KUTMV KAl OLVETMG TNV SUVITIKT XPTOT| OLTAV

TOV HOPIOV (G VAIKA amoBrikevong udpoyovov.
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2.2.2. YIIOAOTI'IETIKA ITPQTOKOAAA

OAot o1 voAoyopol éytvav xpnotponolviag to mpodypappa Gaussian09 [43]. Ot yewpetpieg
OA®V TOV OTAOIHOV Onpeiwv €xouv PeATiotomomnBel MANPWG, XwPIG MEPLOPIGHOVE GLHHETPING,
XPNOHOMOIOVTAG TO LPPISIKO cuvaptnolako tov 1999 twv Perdew, Burke kon Ernzerhof [44-49]
nmov ovpPoAileton g PBEO 6mwg epoappdleton oto mpoypappa Gaussian09 [43]. Twx Tig
BeATIOTOMOMOEIG TNG YEDHETPIOG TV EVAOCEMV TOL HEAETOUVTOL XPNOlHOTOwOnke 10 OOVOAO
Baong Def2-QZVPP yix 6Aa T atopa. EQe&ng 1o LMOAOYIOTIKO IPOTOKKOAO TIOL £QUPHOOTNKE B
avapépetan ev ouvtopia g PBEQ / Def2-QZVPP. OAa ta oT&o1a onpeiar €00V avayvoploTel oG
evepYELKA eAdloTa (aplBpog Tav eaviaoTik®v ouxvotntewv NImag = 0). H mAnBuopioxn avaAvon
QLOKQOV TPOXLaKOV deapoy, NBO éywve xpnoponoioviag ) péBodo Weinhold omwg vAomoieiton
oto Aoylopikd NBO 6.0 [50-52]. Ot payvntikoi tavuotég mpootaciag (magnetic shielding tensor
elements) €xovv voAoyiotei pe ) pébodo GIAO (gauge-including atomic orbitals) ota mAaiowx g
DFT [53, 54] onwg egappdleton oto npoypappa Gaussian09 [43] pe xprion ToL GLUVAPTNGLAKOD
PBEO (ouvtopoypagia mpwtokdArov: GIAO-PBEO/Def2-QZVPP). Ot TOOAOYIKEG KOl EVEPYELOKEG
1810t teg Tou p(r) ot (3, -1) Seopukd kpiopa onpeia (BCPs) vmoloyiomkav pe ) fonbea [55,
56] g pebodov QTAIM (Quantum Theory of Atoms In Molecules) tov Bader. Ot 2D ELF
(Electron Localization Function) ameKovioelg pe TNV OULVAPTNOT TIPAYHATIKOD  XOPOU
Sign(A2(r))p(r) pe promolecular mpooéyylon, kaBahg kot ot 3-D anewkovioelg g RDG (Reduced
Density Gradient) Aappdavovtol xpnoiponoiovtag to npoypappa Multiwfn €kdoon 3.2. [57, 58]. O
0pog A, ot ovvaptnon Sign(Ax(r))p(r) Aapfdveton g n dedTepn peEyorALTEPN O10TIUN TNG HEONG
TIUKVOTN TG NAeKTpoviev g Hessian pntpag mov vmoAoyiletan péow g SuVAHIKNG mopeiag. Ot
vrmoAoylopoi AANDP (Adaptive natural density partitioning) [59], éywvav emiong pe xpron Tov

npoypappatog Multiwfn 3.2.
IkavotnTa amoOnkevong vépoyovov o€ aivvAo-yaiko, CsHsCu
Apywka Ba diepevvnBel n SuvatdtnTa anobnkevong Tov LOPoydvov ce PoVLAO-XoAKO, CeHsCu

HEAETOVTOG TIG cAANAeSpacelg xaAkoL - H, pe peBddovg vmoAoylopod nAeKTpoviakng Sopng. 1o
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Iynpa 2.2.1 ameikovidovial o1 BeAtiotonomnpéveg yewpetpieg oto eminedo Bewpiag PBEO/Def2-
QZVPP, padi pe emAeypéveg SOpIKEG MAPALETPOLS i T popia Tov tumov CsHsCu(Hy), (n = 1-3).
Atilel va onpewwbel 0T1 6Aeg o1 mpoondbeleg amobNKeLONG OTO KEVIPO TOL XAAKOL HE TEGOEPQ
poplx H, nrav avemruyeig, dedopévou 0TI 0TI¢ MPOKLTTOVOEG PEATIOTOMOINHEVEG YEWUETPIEG TO

TETaPTO Poplo Hr tav mévra poakpid amd 1o aAKo.

Yynpa 2.2.1. BEATIOTOMOHEVEG YEQUETPIKEG SOHEG KAl EMAEYHEVEG SOUIKEG TIAPAUETPOL TV ()
CsHsCu(n*-H>), (b) CsHsCu(n*-H.). kot (¢) CeHsCu(n*-H,)s, vmohoyiopéva oto eminedo Oewpiag
PBEO0/Def2-QZVPP (o1 apiBpoi otig mapevBéoelg avtiotoyolv oTiG SOHIKEG TAPAHETPOLG TOL

apykoL popiov CsHsCu).

v évowon CeHsCu(H,) to ligand H. cuvappoleton oe atopo Cu pEC® PG TAELPIKIG
ouvappoyng (ouvappoyn 1°) LIBETOVTAG évav TEAELN KATAKOPLPO TIPOCAVATOALIGHO GE GYXECT) LIE TO
eninedo 1oL KapPokukAKOL daktuAiov. H amdotaon petadd ToL KEVIPIKOL ATOHOL XOXAKOU Kal TO
kévipo Papoug Tov Seapov H-H, Cu-cd(H-H) eivan 1,635 A. Tevikag, n Sopkn axepondtna Ko
emMMESOTNTA TOL KAPBOKLKAIKOU SakTuAiov Satnpovvial oto cvotnua CsHsCu(n*-Hz). H mo
onuavTiKn Sopikr aAAayn mov evtomideton oto THNHa CeHsCu katd v aAAnAenidpaon tov pe Ho
elvon n emprkvvon tov deapod C-Cu katd mepimov 0,016 A. Mnopei eniong va gavei 611 0 Seopog
H-H tov cuvappocpévou popiov Hy oto ovpmioko CeHsCu(n>-H,) empnkovetat katd 0.044 A.

H SopBwpévn evépyela aAAnienidpaong BSSE, IE, yw v aAnAenidpaon CeHsCu-(n°-Ha)
vrnohoyi¢eton 6t eivon ion pe 13,8 kcal/mol oto eminedo PBEO0/def2-QZVPP. Oa mpénel va
onpewwdel eda 011, oLPPWVA pEe Toug aTtoxoug US DOE yia epappoyeg amobnkevong vdpoyovou, n
evépyela deapevong (1 evépyela cAAnAemidpaong) avd poplo Ho, 1 omoia PeEPIKEG POPEG avOPEPETOL
EMIONG WG EVEPYEIX OTMOPAKPUVOTG 1] 1008UVOHA EVEPYELX QMOPPOPNONG, TIPEMEL VA €lvanl 0TV
neployn amo 0,7 eV — 0,2 eV (4 16,1 - 4,6 kcal/mol) [60]. TIpogavag, n avapevopevn IE yux to
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ovpmioko CeHsCu-+(n*-H,) Bpioketal evidg Twv otoxwv tov US DOE. Katd v mpoo&ptnon evog
Sevtepov popiov H, oto ovpmioko CeHsCu(n’-H,), mapoatnpeiton mMepaitépw EMPRKLVOT TOL
deapov C-Cu pe 0.046 A Kol 1) OUVOAIKT] €MPNAKLVOT O OX€OT| HE TO UNKog tov deapov C-Cu
Bpédnkav oto CeHsCu va avépyeton koatd 0,062 A. H emprkuvon tov §6o H-H Seopdv oto
ovpndoko CeHsCu(n?-Hz), eivon 0,045 A kan givon oyedov 1 iSua pe exetvn mov Samotodnke yx to
oopmioko CeHsCu(n*H:). Ta popix Ho mov ouvvappolovionr oto ovpnmioko CeHsCu(n?-Ha):
Bpébnkav va elval MO HOKPI& omd TO HETOAAIKO KEvipo pe TG amootdoelg Cu-cd(H-H) va
vnoAoyilovtar {oeg pe 1,722 A. TTap '0Aa autd, o1 SOpPIKEG TIAPGUETPOL TOL KAPPOKLKAIKOD
SOKTLAIOL TIPAPEVOLV TIPOKTIKG avermpéaoteg. To avpmhoko CeHsCu(n?-Ha), vioBetel pa eminedn
TPYWVIKT Stdta&n tov Vo H pe 1o povoAiko pépog. H SopBwpévn evépyela IE katd BSSE ywx
™V ouvappoyn tov §evtepov popiov Hy 0To peETOAAIKO KEVTIPO XaAKOL vmoAoyiletan va gival 7,9
kcal/mol, n omoia eivan kot AL evtog twv otoxwv US DOE. H cuvappoyn evog tpitou popiov H,
0€ ATOWPO XOAKOU €xel WG amoTtéAecpa pia Pevdo tetpaedpikn Sdta&n twv ligands yvpw amod to
HETOAAIKO KEVTpo. 210 oVpmAoko CeHsCu(n’-H,)s o deopdg C-Cu kot ot anootdoelg Cu-cd(H-H)
eival peyaATEPR 0€ OLUYKPLON HE eKeiva o Bp€BnKav ylor T GOUTAOKN TTOL PEPOLY €va 1] SVo
popwx Hy 'Etot, 0 8eopog C-Cu oto ovpmhoko CeHsCu(r’-Hz)s vmoAoyileton ot eivon 1.940 A, kan
emunkoveton kot 0,073 A oe oyéon pe tov Seopd mov PBpioketon oto CeHsCu, kabmg ot
anootdoelg Cu-cd(H-H) vroloyilovion va givon méve and 1,8A . Qotdoo, Ba mpénel va onpeiwdet
0Tl 01 SOPIKEG TAPAUETPOL TOL KAPPOKLKAIKOU SOKTUAIOL givol oxedov opeTaBANTEG KAT& TNV
TPOCAPTNON TV TPV Hopiwv H, pe 10 peETOAAIKO KEVIpo YoAkov. TéAog, 1 evépyelx
aAANAemiSpaong tov tpitov popiov H, pe 10 odpmioko CeHsCu(n’-H,), vmoAoyileton va givan 5,6
kcal/mol, kot yior pia akopn @opd evtog twv otoxwv US DOE. uvoAika, n péon IE avda popo Ho
oto CeHsCu(n’-H,); avépyetor oe 9,1 kcal/mol. A&woonueiot eivor 1 mapatnpodpevn
otaBeponoinomn tov CeHsCu KATtw anod atpdo@aipa vépoyovou.

Ot Oswpnruikég otabpikég Kavotteg amobnkevong yux ta  ovpmhoka  CeHsCu(n*Hy),
CeHsCu(n*-Hz), kon CeHsCu(n>-H,)s givan 1,4, 2,8 ko 4,1% katd Bapog avtiotoya mov Bpiokovial

K&Ttw ano tov atoxo tov US DOE ywx 1o 2015 o onoiog givon 5,5% k.. [61]. Ao v &GAAN mAevpd,
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Ol OYKOPETPIKEG IKavotnTeg amobnkevong twv CeHsCu(n?-Ha), CeHsCu(n>-H,). kot CeHsCu(n’-Ha)s,
He Bdon toug LMOAOYIOHOVG HoplXKOL Gykov, Bpiokovtat va eivanl 24, 41 ko 50 g/L, avtiotoya.
Kot AL, avtoti ot apiBpoi eivol KATe amd 1o oTOX0 OYKOHETPIKNIG Xwpnukotntag Tov US DOE ya
10 2015, mov eivan 70 g/L. [61]. Qg €Kk TOVTOL, 0TI CLVEXEIX OKOAOLBEL PEAETN TNG TKAVOTNTOG
amoBnkevong Hx amd ta dAAa vmokateotnpéva Bev(OAlx amd HETOAAX VOUIOHOTOKOTIEIOL TIOU
QEPOLV TIEPLOGOTEPA ATIO €VA KATOHA TOL HETGAAOL. Adyw ToL 0TO)XoL US DOE yio bAIKG YapnAov
KOOTOUG, 1] HEAETN EMKEVIPWONKE HOVO OTA GUOTIHATA IOV PEPOLY ATOHN XOAKOD Y10 TIPOQXVELG
AOyoug. Avapeoa og OAEG TIG TIEPUTTMOOCELS LTIOKATAGTAOTNG BEVIOMKOV SAKTLUAIOV amO XOAKO, €xel
Samotwbel 0T1 0 KaAOTEPOG €V SLVAEL LTTOYN P0G TTOL ailel va eeTaOTEL WG LAIKO amoBnkevong

H,, eivat to popio 1,3,5-CusCeHs.
Ikavotnta amoBnkevong vépoyovou tov 1,3,5-CuzCsH;

O1 BeAtioTomonpéveg Sopég padi pe emAeypéveg Sopikeg mapdpetpot Tov popiov 1,3,5-CusCeHs
oTadloKa “QopTwHEVO” pe 3, 6 Kol €w¢ 9 poplax H, vmoAoyiopéva oto eninedo PBEO/def2-QZ VPP
eaivovtol 0to Zyrjpa 2.2.2. OAeg o1 poonabeleg amobrkevong pe meplocdtepa and 9 popla H, oto
popto tov 1,3,5-CusCeHs tav avemtuyeig, dedopévou ot ta emmAgov popia H, ntav mévta pokpid
aTO T HETOAAKA KEVIPX TOL XXAKOU.
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Tynua 2.2.2. BeAtiotonomnpéveg dopég padi pe emAeypéveg Sopkég mapapetpotl tov (a) 1,3,5-
CeH3Cu(n*-H2)Cu(n*-H2)Cu(n’-H,), (b) 1,3,5-CsHsCu(n*-H).Cu(n*H>),Cu(n*H,), ko (c) 1,3,5-
CeH3Cu(n*-Hz);Cu(n*-Hz)sCu(n>-Hz)s vmoAoyiopéva oto eninedo PBE0/def2-QZVPP (ot apiBpoi

oTnV opéveon avagépovtal oTig SOUIKES TapApETpOLS Tov popiov 1,3,5-CeHsCus).
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ZUYKEKPLHEVA, T HEAETT TOL EXNHATOG 2.2.2 amoKAAUTTEL OTL T popia H, mov ocuvéovton e o
HETOANKG KEVTPA TOL XAAKOD T®V TEPMTOOE®V T0L 1,3,5-CusCeHs pe mapdpolo tpdno onwg autod
mov Bpébnke otig meputtooelg ov CeHsCu SnAadn pe éva tpomo n? vioBetdviag pio KGBetn,
emimedn TPYOVIKN] KOl TETPUESPIKN] YEWHETpla YOpw amd To HETAANKA Kévipa twv 1,3,5-
CeH3Cu(n*-H2)Cu(n*Hz)Cu(n’>-H,),  1,3,5-CeHsCu(n*H).Cu(n*H,),Cu(n>-Hz).  kar  1,3,5-
CeH3Cu(n*-Hz);Cu(n*-Hz)sCu(n>-H,)s avtiotoya. Ot vrohoyiopéveg amootdoelg Cu-cd(H-H) eivon
ENAPPAOG HEYOADTEPEG OE OUYKPLOT HE €Kelveg ToOL Pplokovial OTH QAVTIOTOKX OOHTAOKX
CeHsCu(n*Hz), CsHsCu(n*-Hz): kot CeHsCu(n’-H,);. Xe avtifeon, katd v TPoOoGpTnon Twv
popiwv H, ot deopoi C-Cu ota ovpmioka 1,3,5-CeHsCu(n?-Hz)Cu(n*-H2)Cu(n’-H,), 1,3,5-
CeH3Cu(n*-Hz)Cu(n*H>),Cu(n>-H,). ko 1,3,5-CeH3Cu(n*Hz)sCu(n*-Hz)sCu(n>-Hz)s givar eAa@pg
AlYOTEPO EMUNKLOHEVOL GE GUYKPLOT) HE TNV €MUNKLVOT Tov deapov C-Cu mov mapoatnprBnke yux
T avadoya ovpmAoka tov TOmov CeHsCu(n*H), (n =1-3). Tédog, N SOHIKN aKepXOTNTA Kal
emmedOdTNTA TOL KAPPOKLKAIKOU SaKTLUAIOL Slxtnpeital pe oplakEG OAAAYEG TV SOHIKOV
MapapeTpav me. O evépyeleg aAAnAenidpaong avé poplo H, (n BSSE mepthapfaveton) eivon 12,7,
6,6 ko 4,8 kcal/mol yia 1o 1,3,5-CusCsH; mov @épet 3, 6 ko 9 popia H, avtiotoya kon piokovrat
EVTOG TOL €0pOLG TTOL TEONKE WG 0To)X0 ToLv US DOE. Ot oTaBpIKEG IKAVOTNTEG HMOBNKELOTG TV
ovpmAokwv  1,3,5-CeHsCu(n*-H2)Cu(n*-H2)Cu(n*-Hz), 1,3,5-CeHsCu(n*-Hz),Cu(n*-Hz),Cu(n*-H>),
kat 1,3,5-CeHsCu(n?-Hz):Cu(n’-H,):Cu(n’-H,)s givan 2,2, 4,3 kot 6,3% Katd BApog avTioToya, Ve
Ol KVTIOTOLXEG OYKOUETPIKEG IKAVOTNTEG amobnkevong eivan 67, 110 kon 98 g/L. TIpo@avmg, ot TIEG
Y& TNV €VEpYeElx OOVEEOMG, N OTABUIK] KOBMG Kol 1) OYKOHETPIKN XWPNTIKOTNTK TIOL €XOLV
vroloyotel yiax 1o 1,3,5-CusCeHs(n*-Ha)s €ivan mave amd toug otdyoug mov éxovv tebei amd to US

DOE.
AouTég mAPAUETPOL 0TAOEPOTOINONG TV VEWV GCUUTAOK®WV UE DSPOYOVO

Aapfavovtag vmoym T Xpron TV LIOKATAOTNHEVEV BeV(OAIKOV SOKTLAI®V omd pHETOAAX
VOHIOHOTOKOTIEIOL ™G MBavOLG LTOYNELOLG LAIK®V Yl amoBrkevorn H. okepmkape ot Ba frav

okompo va pehetnBel oe B&Bog N aAAnAenidpaon toug pe popia Ho. Ta okovopikovg Kupimg
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Abdyoug e&etaaBnKav povo Ta €idn oL EEPOLY HETAAAIKO KEVTIPO XAAKOU KOl Yl AGYOug GUYKPLOT|G
g€etqobnkav T mopakatew cvpmAoka: 1,3,5-CeHsCu(n*-Hz)Cu(n’-H,)Cu(n*-Hs), 1,3,5-CeHsCu(n’-
H>),Cu(n>-Hz).Cu(n’-H,), ko 1,3,5-CeHsCu(n’-H,);Cu(n®-Ha);Cu(n*-Hz)s. Ot ektipdopeveg taéeig
deopwv Wiberg Bond Orders (WBOs) yw v aAAnAeniSpaon CeHsCu-+(n*-Hz) ota oOpmAoka
CeHsCu(n*-Hz), CeHsCu(n*H>), kar CeHsCu(n*-Ha)s eivon 0,284, 0.,21 ko 0,318 avtiotoiya mov
emdeikvoouy aobeveig opoomolkég aAiniemdpdoeig Cu-+(n*-Hz). Me v mpoonkn evog
devtepou popiov Hy 610 CeHsCu(n*-Hz) 1 WBO avéavetal, eve mpoabétovtag éva tpito popo Hy
oto CeHsCu(n*-Hz), n WBO peiovetat eAa@pa.

Ta tprodidotata Saypappata twv MOs ya 1ig aAnAemdpaoelg CeHsCu'+(n*-Hz) eaivovtat
oto Zxnua 2.2.3. £to ovpnioko CeHsCu(n*-Ha) ta §vo deapikd MOs mov mpoKOITTouY omd oV oe-
@don ovvéuvaopo touv 3d,? AO tov yaAkod pe t0 o deopik6 MO tov H, meprypd@ouvv Tig
opo10moAIkEG aAANAemSpdoeig Touv ooV CeHsCur+(°-H,). Ao v GAAN TAELPA, 1 OHOLOTIOAIKN
“ouviotooa” g ahnAenidpaong CeHsCu-+(n*-H,) 1000 oto CeHsCu(n*Hz), 600 oto CeHsCu(n’-
H>)s, ogeihetar o tpia deopikd MOs 1oU TIPOKVTITOLY ATO TOV OE-QAaT) oLVSLAGHO TwV 3d,> Kol

3d,%,* AOs tov Cu pe ta 0 MOs TV 6LVOPHOOHEVGDY popinv Ha.

D0 ¢

CﬁHsCu(ﬂ -HZ}

S: 30 8

H-16
Cﬁ"s(‘uin 'HI}Z

Qg 20

H-16

Cﬁ SCU(H 'HZ}S
Tynpa 2.2.3. Tpobidotata Swaypdppata twv MOs yia tig aAnAemdpaoeig CeHsCu-+(n*-Hs) ota

ovpmAoka tov tomov CeHsCu(n*-Hz), (n =1-3).
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Y ouvéxelx peetOnkav ot mbavég vmepovliayiakég aAAniemdpaoeig CeHsCu-+(n*-Ha) yia
ta ovpmAoka CeHsCu(n*-Hz), (n =1-3). H evépyewa otabepomnoinong, AE(2) mov oxetiletal pe g
mBavég aAAnAemdpaocelg petagopdg @optiov (CT) petadd twv TpoXIOK®OV O60TN-0€KTNn ToL
vroAoyiotnkav and tg devtepng TAENG SATAPAKTIKEG EKTIUNOELG TG prTpag Fock otnv avdivon
NBO ovpgava pe v e€iowon AE(2) = qFi?/e-g, emtpénel Tov eviomopd unepoLlaylaKOV
aAMnAemépdoewv. H e&lowon avty a&loloyel 1o péyebog g aAAnAenidpaong §0tn-8¢ktn 0G0V
aop& T Xwpikn emkdivyn NBO, xpnowponowwvtag ta off-diagonal otoyeia tng pntpag Fock Fj
Kol T Sa@opa evépyelag petady twv NBOs, € - €, oTaBpiopévo pe vy mAnpotta tov 60t NBO,
gi. Ol o XapOKTNPLOTIKEG LIIEPOLUAYIOKEG aAANAemSpdoelg SOTN-8EKTN OV OxeTiCovTal HE TNV
ouvdeon twv Cu(n*H) ota cdpmhoka CeHsCu(n?-Hz), (n =1-3) Sivovial oXNUOTIK& 0To TR
2.2.4, padi pe Tig avtioTolyeg TIHEG NG evépyelag atabBepomoinong, AE(2).

Tpelg onpavtkég vepovliaylakég aAAnAemdpaoeig cupPaivouvy ato cdpmhoko CeHsCu(n’-H,)
Exnupa 2.2.4). H mpot aAlnAenidpaon S0TN-8EKTN OLVEMAYETAL HETAPOPK @OPTIOL ATO €V
deapiko NBO o-tomov mov Bpioketon oto popro Ho mpog éva aviideopikd LP* NBO (LP onpaivet
Hovrpeg (ebyog), To omoio eival Kupiwg éva p AO xaAkov. Autn | aAAnAentidpaon otabepomnolei to
ovotpa Kata mepimov 15 kcal/mol. H debtepn aAAnAenidpaon §0TN-6€KTN OLVEMAYETAL HETAPOPK
@optiov amo éva LP NBO d tonov mov Bpioketar otov XaAko mpog éva avtideopiké BD* NBO (BD
onpaivel deoiko) o* tOmov oto poplo Hx atabepomnoidviag to cvotnpa katd nepinov 13 kcal/mol.
TéAog, N Tpitn LIEPOLANYIOKT] GAANAETIOPAOT] CLUVENAYETOL HETAPOPK POPTioL amd deopikd NBO
0 TUTIOL GTO GLVAPHOCHEVO poplo H, mpog éva avuideopikdé BD * NBO mnov evtomnideton otov Seopo
avBpaka-peTdAAov, N omoia otaBeporolel T0 CLOTNHA KAT& Teplocotepo amod 32 kcal/mol. H
OULVOAIKT| €Vépyelx oTaBepomoinong AOYyw TV TPLOV LMEPCLIAYINKAV OGAANAEMEPAOE®Y OTX
ovpmAoka g popeng CeHsCu(n?-H,) givan 60,3 kcal/mol. Qg ek tovToU, N Guvappoyr Tov H, 6To
HETHAAIKO KévTpo Cu oto popro CeHsCu(n*-Hz) Ba pmopovoe va Bewpndel ¢ aAAnAemidpaot tomou
«Kubas». H aAAnAenidpaon avtn meptdapfavel v anodoon §00 NAEKTpovi®v amd 10 0 SeTUIKO
MO tov popiov H; oe kevo 3d AO tov petdAAov cuvodevopevn amd avtibetng @opdg anddoon

nAektpoviwv amno éva mAnpng d AO tov petdAAov mpog 1o o* avudeopikd MO touv popiov H, [17,
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18, 62]. Qotéoo, Ba mpémel va onuelwdei 0Tt oy évwon CeHsCu(n*H.) vmapyel mpooopd
nAektpoviov and to o deopikd MO tov H, oe kevd 4p AO tov Kevipikol atopov Cu, a@oL To
oLvoAo Twv 3d AOs Tov eival TTAIPT, EVGO LTTAPYEL eMiong avTiBetng @opdg anddoon amod ta 3d AOs
TOU XOAKOU 010 0 * avtideopikd MO H,. EmmAéov, pe yxpron g peBodov AANDP (Adaptive
Natural Density Partitioning)[26] amokaAOeOnke 1 Vmapén evog deopov 3c-2e ywr Vv

aAnAentidpaon CeHsCu-+(n*-H,) (Zxipa 2.2.5).

e Q\ o 0 . . \o Y
e ‘.,.‘.—b\. e ‘&t—l—ao 0{ L. ® —hn.q H
e L o »> e ® ]
!

SN i ¢ %Y 129kcal/mol ¢ “ 321 keal/mol «
BD(H,) >3 kea/moly pxcy)  LP(Cu) BD*(H,) BD(H,) BD*(C-Cu)
(@)
. .f' ‘. € ”.L \‘ ) \ & B % ~
e -b — b¢ . “ - . . 4
Y » — —_— e
S ‘ L ‘w. > ‘« >
9.9 kcal/mol 20.7 kcal/mol 34.1 keal/mol
LP(Cu) D*(Hz) LP*(Cu *(Hl) BD(H ) cal/mo LP*(Cu)
S .u . h ." Q “» ." . L\' .\ @,
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—a .L — - ‘

‘ e %, . —» e
e ‘ ov R oo ‘ , e
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15.3 kcal/mol 6.3 keal/mol
BD(H,) LP*(Cu) ) BD(H,) BD*(C-Cu)

(=

[~

- %“:"*Lé":\;‘-%c&e::; asgﬂ-'»@:----zs

[*

37.9 kcal/mol . 23.9 keal/mol
BD(H,) LP*(Cu) BD(H,;) LP*(Cu)

BD(H,) 362kealmol ypixcy)y  Bp(H,) 19.5 kealmol LP"(Cu) BD(H,) 6.4 kcal/mol LP*(Cu)

. “i» "

LP*(Cu) 158 keal/mol gy(p,) LP(Cu) 64 keal/mol Bpy#(H,)
(c)

Tynpa 2.2.4. Emieypéveg vnepovlayiakég aAAnAenidpaoeig yio (a) CsHsCu(n?-Ha), (b) CeHsCu(n?-
H>), kat (€) CeHsCu(n?-Ha)s (pe KOKKIvO Ko priAe givar ta NBOs tov 80t — €kt ka0t aptbpoi

a@opovy v evépyela AE(2)).
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Tynpa 2.2.5. Aneikovion Seopoo 3c-2e yia v aAAnAenidpaon CeHsCu+(n*-Hz)

O Seopog 3c-2e oynuatiletar ano v oe eaon aAAnAenidpaon evog 3d AO touv Cu Kot Tov 0
MO tov H, A&iler va onpeiwbel 0T, 0T GUOTNHOTX OUTA LTIAPXEL E€THONG M1 HETXPOPH
nAektpoviev and 1o o deapikd MO touv popiov Hy mpog 10 0 * aviideopikd MO mou evtomiletal
oto Oeopo C-Cu, n omola petadd OAOV TOV TPLOV ULMEPCLILYIOK®OV (QAIVOHEV®V  TIOU
TIAPATNPOVVTIAL, G ML To TAgioToV otabepomnoiei to cvotpa. To 0*(C-Cu) NBO mov epmAéketon
o€ T TNV LIEPOLLLYLOKT] XAANAETiSpacT TpoKOTMTEL Ao €va sp (74,07% p XopakTipa) PLOIKO
LBpOIKS Tpoxlako (NHO) oto ipso atopo avBpaka mov aAAnAemdpovv oe @daon pe éva sd (90% s
xapoktpa kot 6% d xapoktpa) NHO touv yaAkov, mov €xel t popen o*(C-Cu) = 0.4677 hc -
0.8839 hc.. Etot, n empnkuvon tov deopov C-Cu touv CgHsCu katd v aAAnAenidpaon pe H, eivan
mBavov va ogeidetal ot peta@opd nAektpoviov tou tomov o(H-H) — o*(C-Cu). ZuvoAkd, pe
Bdon ta @optia NBO ota obOpmoloka tov yeviko'v tomov CeHsCu(n’-H,) vmdpyel kabapn
HETO@OPE TTLKVOTNTHG NAeKTpoviey Kata 0,07 |e| anod to H, oto CsHsCu. H mukvotnta nAektpoviev
petapépetal ano to 10 MO tov H, mpog kuping ta 4s ko 4p AOs touv Cu, edopévou OTL 1] PLOTKN
Stapopewon nAektpoviov (NEC) twv atépov H kot Cu oto ovpmAoko CeHsCu'+(n’-H,) eivat
1s*%1p*" ko 3d*%4s**4p"Y” avtiotoya.

H ewaywyn evog devtepov popiov Hp, oto ovpmroko CeHsCu(n*-Hz) odnyei oe &éka
vnepoL{LYIOKEG aAANAeTSphoelg ov oyxetiCovtat pe v aAAnAenidpaon CsHsCu-+(n*-Hz) (mévte
yx kéBe popo Hr). Avtég ot umepoLlLYIOKEG OAANAETIOPACELS AVTIOTOLKOUV O€ €va GUVOAO
evépyelag otabeponoinong, AE(2) dve twv 172 kcal / mol. TTévte vmepovluylakég aAAnAemdpioelg
petaéd tov CeHsCu kat evog amo ta §vo popia Hy twv CeHsCu(n*-Hz),, padi pe Ti¢ avTioToyeg TIHE
AE(2) gaivovton oto Zynpa 2.2.4. Ot dAAeg mevie vmepoLLYIOKEG aAANAemSpdoelg eivat akplBag

ot i81e¢ Yl ekeiveg Tov avaépovial oto Tyxnpa 2.2.4 yia 1o cvpmhoko CsHsCu(n?*-Hoy).

140



LT OULVEXEWX avaADOLPE TIG LTEPOLIVYIOKEG OAANAETISPAOEIG TOL OYeTiovTal HE TNV
aAANAemiSpaon ota oOpMAOKA Tov yevikov Tomov CeHsCu(n’-H,).. H mpotn vrmepovluylakn
aAANAeMiSpaoT TPOKOTTEL QMO T HETHPOPA NAEKTPOVIOKNG TLKVOTNTHG amo éva LP NBO Ttou
TOmov d mov Ppioketon 010 XaAKO Tpog éva avtideopikd BD * NBO ¢* tomov emi tov popiov H,
otafeponol®vtag To oVoTNHA Katd oxedov 10 kcal/mol. H de0tepn vepouluylaxn aAAnAenidpaon
OQEIAETOL O€ PETAPOPA NAEKTPOVIOKNG TILKVOTNTAG OO €VA HEPIKDG KatelAnppévo LP * AO p-
TOTIOV TOL XAKOD TIpog éva avTideopikd BD * NBO og*-tdnov touv H, otabepomoidvtoag 1o ovotnpa
Katd meploootepo amd 20 kcal/mol. H tpitn ko 1 tétaptn vmepovluylakn oAAnAemdpdon
TIPOKOTITOLY MO TN HETAPOPA NAEKTPOVIOKNG TILKVOTNTHG amo éva deopikd NBO o-tdmouv movu
Bpioketon oto poplo H, mpog to LP * NBOs mov Bpioketatl 010 HETOAMKO KEVIPO TOL XOAKOD.
TéAog, N mepnt| LIEPOGLIVYIOKT] XAANAETIOPAOT] AVTIOTOXEL O€ P HETAPOPK MAEKTPOVIWV TOU
tonov o(H-H) — 0*(C-Cu) n onoia eivar vmevBovn yx v empnkuvon tov deopod C-Cu movu
TIPOKOAgiTOL amod T ouvappoyn tov Hr oto petaAAikd kévipo Cu. Onwg mapatnpeital yia to
oopmioko CeHsCu(n*Hz), oto CeHsCu(n*-Hz), vmapyel oxedov n iSia kaboapny peta@opd
NAEKTPOVIOKNG TTUKVOTNTHG Kata 0,066 |e| amd kdBe poplo H, (ouvoAka 0,132 |e|) mpog o TURpa
CeHsCu. H mukvotnta nAektpoviov petaeépetat ano 1o 10 MO twv popiov Hx mpog kuping ta 4s
Kot 4p AOs T0oV HETAAAIKOU XOGAKOU KEVTPO.

INa ta odpmoka tov TOnov CeHsCu(n’-H,)s, n avéhvon NBO amokGAvye éva peyaho aplbpo
vrepaLLLYIOKAV aAANAeTISpdoewY TOL AapPhavouy xopa otig aAAnAemdpaoelg CeHsCu-+(n>-Hy).
O1 mo onpavTtiKég and autég eaivovral oto Lxnua 2.2.4, kot Ba prmopodoav va tagvopunbovv oe
800 opddeg: Mia opdda mov amoteAgital amd LIEPOLLLYIOKEG AANAETIOPAOELG IOV OYETI(OVTAL pIE
TG AAANAETIOpAOELG PE TN GLPPETOXN TV 600 popiwv H,, mov Bpioketatl kKdtw amd 1o eminedo tov
KopBoKLKAIKOU SakTtuAiov, eve 1 dedtepn opdda meptAapfavel vepovlLYIHKEG OAANAETIOpAOELg
OXETIKEG pE TO Tpito poplo Hp, mouv PBpioketonr mavew omd Tov KApBOKLUKAIKO SOKTOAIO Kot
TMApovo1a{ovV P EAXPPAG peyaAdTepn anootaon Cu-cd(H-H) og ovykpion pe ta dAAa dvo ligand
H, (Zynpa 2.2.3c). OAeg autég o1 vmepovluylakég aAAnAemdpdoelg otabepomolodv 10 GLOTHA

Kot mepimov 247 kcal/mol. TTapatnpavtag 1o Zxnua 2.2.4, TPOKOITEL OTL LTIAPXEL Evag aplBpdg
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LTEPOLILYIOK®V OAANAETIOPACEWY HE PETAPOPK NAEKTPOVIOKNG TTUKVOTNTAG and ta o(H-H) tomov
NBOs mpog ta p-tormov NBOs yaAkoV, KaBmG Kal pia avtioTpoeng Qopag HETa@opa and tov d-
TOrov NBO 1ou YahkoO 1pog Ta avtideopika o*(H-H) torov NBOs. X1o avpmhoko CeHsCu(n>-Ha)s,
UTTAPYEL P KOO PEYOADTEPT] HETAPOPA NAEKTPOVIOKTG TUKVOTNTOG amd To 10 MO twv popiwv
H, npog 10 C¢HsCu mov vmoAoyileton ion pe 0,29 |e| pe f&on To QUOIKG POPTIX KATK TN GLYKPLOT|
HE TNV AVTIOTOLYN HETAPOPE NAEKTPOVIAKIG TILKVOTNTHG TIovw Tapatnpeital ota CeHsCu(n*-Hz), ko
CeHsCu(n*-Ho).

INa va oploBetnBei mepartépwm n @oon twv aAAniemdpaocwv CeHsCu-+(n*-H,) éywve pia ogip&

a6 vroAoylopog AIM yix ta avpmhoka CeHsCu(n?-Hs), CeHsCu(n?-Ha): ko CeHsCu(n*-Ha)s. Ot

XAPTEG VPO IKOD Teptypappatog g Laplacian g nAektpoviakig mukvotntag, VZpsce , yia 10
ovpmioko CeHsCu(n’-H,) amewovileton oto Zynpa 2.2.6, evod mapopolx Staypappata Aappavovtal
yioo T ovpmhoka CeHsCu(n*-Hz), ko CeHsCu(i?-Ha)s. e OAeg TIC TIEPUTTOOELS TIHPATIPEITAL EVa
BCP avapeca oto HETOAAMKO KEVIPO XOAKOL Kal To poplo Ha, vmodeikvboviag 0Tt LTApYEl Hix
deopkn adAnAenidpaon CeHsCu+(17°-H,). TIpokeipévou va avahvBolv ta mapamave, LITOAOYICHpE
napapétpoug AIM ywx tpiac BCPs. Apyikd ywx ekeivo mov Bpébnke petad CsHsCu ko H,, éva
Sevtepo mov PBpébnke peTadhd TOL HETHAAKOD KEVIPOU XOAKOU KOl TO (QOIVOALO KOl €va TPiTO Tov
Bpébnke ya tov 6eopo H-H oto popro H,. Avtd ta BCPs vodnAcwvoviat avtiotoa wg BCPcu-ny,

BCP(C_CU) KOl BCP(H_H) (ZXT’]HO( 226)

/;7{/:\\—\
S 0G4
/e AN
/// ////j: 0%3}\\ BCP(H—H)
{/ e

Tynpa 2.2.6. Kpiowa onpeia deopot tov CeHsCu(n*-Hz), BCP cu-t2, BCP(c.cuy Kot BCPgip
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Topowva pe ) Bewpia Bader [55, 56], n mapovoia evog BCP (Bond Critical Point) peta&d 0o
atop®V Oeiyvel oxnUaTiopo deapov. Ot TIHEG oplopévey TIapapéTpwy ota BCPs ypnoiponolovvial
TIPOKEIHEVOL VA QTOCAQPNVIOTEL 1] POOT TOL S€GPOV oL oYNUATI(eETAl PETAEL dVO atopwy. Etot,

e&v 1 NAekTpoviakt mukvotnta oe BCP peta&d 600 atdpwv, pece €ivor peydAn (> 0,2 a.u..) xou n

npry ¢ Laplacian tov, V2 ppcp eivon peydAn kot apvnuiki, t0te 0 Seopdg mov oyxnpotileton

Bewpeiton va eival opolomoAkog. Qotoo0, OTav €ival TAPOVTN HETOAAX HETATTWONG, O XXPAKTIPOG

S1é(LOTG TNG KATAVOTG TNG NAEKTPOVIOKNAG TUKVOTNTAG [63] 08nyel oe BeTikég TipéG V2 prep KAl
HIKPEG TIHEG prcp. ¢ €K TOUTOL, 0 Bader mpotewve [64] ot mpénetl va divetan mPoooyny KAT& TN
XPTION TOV TIHOV TOV SV0 QUTOV TIHPAPETPOV YIX VA TEPLYPAWOLHE Evav SeTpO OTav HeTABaTIKA
HETOAAO GUHPETEXOLY OTNV OAANAETISPaOT. ZUVENAOG, €vag aplBHOg S1POPETIKOV TAPAUETPROV
€xouv mpotabel yio TNV mePLypan ¢ oLVEeoNg HETAEL TV §VO ATOH®Y 0TO TAKIO10 TG Bewpiag
AIM. Ot Cremer et al. [65] mpotewvav o1l €vag Seopog petagd Svo atdpwv Ba pmopovoe va
BewpnBel G OHOIOMOAIKOG €AV 1) TIHT TNG GUVOAIKIG EVEPYELAKTG TTVKVOTNTOG 0TO avTtioTtoko BCP,
Hgcp elvan apvntikr. EmmnAéov, ot Espinosa et al. [66] pe B&on v Tiun tov Adyov |Vece|/Gecp ,
omov Vpep eivol n mBavr] evepyelakn mukvotnta o€ BCP kot Ggep €lval 1 MUKVOTNTO KIVITIKIG
evépyelag oe BCP, tadivopovv tig aAAnAemidpdoelg ovvdeong oe tpelg katnyopieg: (i) Kabapd
aAnAsmépdoelg kAewot|g otifddag (closed shell), omwg eivar o1 1ovtikol Seopoi, ot deopoi

vépoydvou Kot ot cAAnAemdpdoelg van der Waals) mov yapoktnpiletor and |Vece|/Geer < 1 (
V2pece > 0 ko Hpep > 0), (ii) kaBapd oaAAnAemdpdoelg avoktig otifédag (open-shell), dmog
elvan o1 opolonoAikég aAAnAemSpaoeig mov xapaktnpilovron and |Vacel/Gecr > 2 (V2 peep < 0 Ka

Hgcr < 0) ko (iii) aAAnAemdpdoeig eviidpeonv deopcv pe 1 < [Vacp|/Geer < 2 (i.e. VZppep > 0

and Hgcr < 0). Télog, o Macchi et al, [63] avageépouv OTL €vag OHOLOTIOMKOG S€0POG TIOUL

nepAapBdvel GTopo PETAAAOL PETAMTWOTG IXPOLCIALEL PIKPEG TIHEG V2 ppcp KOL Prcp, OPVITIKT

OLVOALKT] evepyelakT| TUKVOTNTA, Hecp < 0 Kot AOyo Gece/pece HIKPOTEPO QMO 1.
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Apyika e€etdomKav ol TIpéG Tewv mapapétpov AIM mov vrmoloyilovtatl yiad 10 BCPcymz. O1

Tipég g MuKvOTNTag NAekTpoviey, p(r) ko n Laplacian tou, VZppcp Samotmveton OTL givat
0,088 ko 0,318 avtiotoya. Katd ovvénewa, 11 ahknAenidpaon CeHsCu--(n*-H.) Sev pmopei va
BewpnBei, OMwG avapévetal, wg kKabapd opolomoAkn cAANAenidpaot. Qoto00, 0w avaEépdnke
TAPATIAV®, OTOV EVA HETAAANO PETATTOOTG Elval TAPOV 0€ piok aAANAETIOpaoN, TOTE O1 TIHEG KA1 TV
800 aLTOV TV 600 MapapeTpwv Ba mpénel va e§etaotovv pe mpoooxn [30] kot Ba mpémel va
e&etaotel emiong P oelpd GAA®V TOPAPETP®V. ¢ €K TOVTOL, N EVEPYELAKT] TTUKVOTNTX Hpcp KO1 O
Aoyo¢ Hpcp/pece €ivor -0,031 ko -0,352 avrtiotoiya kot Selyvouv €va HEPIKOG OOLOTIOAKO
xapoktpa ywo v aAAnAenidpaon CeHsCu-(n*-H,). Ao v GAAn mAevpd, o Adyog |Vece|/Grep |
givar 1,279 SnAadn eivon petald 1 ko 2 kat ¢ €k tovtov 1 aAAnAenidpaon CeHsCu-(n*-Ha)
QVOHEVETOL VO TIAPOLCIAOEL €VA XOPAKTHPA HETAED OHO0TOAIKOD Kol 1ovtikoy [33]. Télog, o
deik g Gecp/prce €lvan 1,247 dnAadn peyaivtepog amnd 1, deixyvovtag pia aAAnAenidpaon closed-
shell (Suvapelg Sraomopag) peta&h Tov PETAAAMKOD KEVTPOL XOAKOU Kol Tov popiov H,. Xuvvolikg,
pe Baon 1g THEG TV MapapETpwV AIM 010 BCPcyny Bt HTOPOOCHE VX GUUTTEPAVOLE OTL T
aAAnAemniSpaon CeHsCu-+(*-Hz) Mopovoildlel €va HIKTO OpPOLOTIOAIKO-0VTIKO XOPOKTHPA TIOL
nepAapBavel emiong €éva oTolEIO TOL TIPOKVTITEL OO SIXHOPLOKEG SLVAELG S1ACTIOPAG.

H ouvappoyn evog devtepov popiov Hr odnyel oe peiwon tov p(r) kou g Laplacian tov,

V2ppcp, Ta onoia Bpiokovtan va givon 0,076 kan 0,250 avtiotoa. To 810 10xVel ko yix v Hicp

KOl Y1 ToV AOyo Hpcp/prce oL Bpédnkav va eivan -0,024 kon -0,316 avtiotoya. O Adyoc | Vece|/Gece
givon apetafAnta ioog pe 1,279 eve o Aoyog Geee/prce €ivan 1,132 o omoiog e€axkoAoubel va eivan
vynAotepog and 1. 'Etor, N aAnAenidpaon CsHsCu-+(n*-Hz) oto ovpmioko CeHsCu(n*-Ha):
Slxtnpel moTIKAG Tov 1610 Yapaktipa onwg oto CeHsCu(n®-Hz). Me v cuvappoyn evog Tpitov

popiov H, €xovpe mepotépm peiwon tov mapapétpewv AIM oto BCPcuny, SnAadn p(r) = 0,064,

VZPBCP = 0209, Hgcp = -0,017, 0 }\éYOC HBcp/chp iGOC pe -0,266, 0 }\éYOC |VBcp|/GBcp iGOQ HE
1,243 ko 0 Adyog Grcp/prce 100¢ pe 1,094, Q¢ ek TOUTOV, V1O HiX KKOUT) QOP& HE 1| GLVAPHOYT] EVOG

popiov Hy Sev emnpeddel onpavukd tm @von ¢ oaAAnAenidpaong CeHsCu-+(n*-Hz). Aapupdavoviag
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voymn 6t ot mapapetpot AIM  Seixvouv TV €UMAOKT TV OULVAHE®V SOTIOPAG OTNV
aAAnAenidpaon CeHsCu'++(n*-Ha), pedembnke emumAéov n RDG (Reduced Density Gradient) kat 1

OLVAPTNOT TPAYHATIKOD XpoL Sign(Ax(r))p(r) (Exnua 2.2.7).

o
e 8
) ; >0 0650 ~ .
[®) ' A 0.520 é
S/ steric effect
om0 | ’521 ( in )
) ring and cage
0260
I . £
, 0130
RDG Sign(As)p .J
CgHsCu(y*-Hy) A,=0 [+ 0o0o van der Waals
om0 | e
&
0260 E ( Eﬁ"{,alegt
-Don
—0.38d >-;E; Halogen bond
=
—0.520 =)
T | B
oo Ay <0 ~0650

s THE 1T 000 178 T nas
g s Bk

RDG Sign(Az)p

1,3,5-CgH3Cu(y*-Hy)3Cu(i*-Hy)3Cu(n*-Hy)s
Yynpa 2.2.7. Tpiobiaotatég avanapaotaoelg ¢ RDG (isosurface = 0,650) padi pe 11 avtioTolyeg
Sodidotateg avanapaotdoelg ™¢ Sign(A(r))p(r) yw ta ovpmioka CeHsCu(n*-H,) ko 1,3,5-
CsH3Cu(n’-H2);Cu(n’-H»);Cu(n>-Hy);  0nw¢ vmoloyiotnkav oto eminedo Bewpiog PBEO/Def2-

QZVPP.

Amo 10 Zynpa 2.2.7 propel va @avel 0Tt 1 ipaova 61okoeldnig RDGs yupw amo toug 6eopong
Cu(n*H,) xatadelkvdouv oo@ag TG odbvapeg ovviothoeg van der Waals autov tov
oAAnAemépdoewyv. Auvto emPefoimvetar Kor anmod tov 0po A, otn cvvaptnon Sign(Ax(r))p(r), o
omoiog givar oxedov pndév oto BCP tov deopod Cu-(n*-H,). EmmAov, ot 6pot RDGs Kot A> pog

Selyvouv TG HETHAANOPIAIKEG OAANAETISPATELG OTIOTE UTEG LTIAPKOULV.
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2.3. MEAETH YIIOKATAXTAXHY TETPAMEAQN KAI IIENTAMEAQN
ANOPAKIKQN AAKTYAICN AIIO METAAAA NOMIZMATOKOIIEIOY

I'IA AYNHTIKH XPHXH TOYX QX YAIKA AITOOHKEYXHX YAPOI'ONOY

2.3.1. EIZAI'QI'H

Qg eniAdoyog g mapovoag Sidaktopikng StatpiPrg, BewprBnke KoAd va EeKviioel P HeAETN N
omoia Ba pmopov e va AMOTEAETEL BEPENID YIX TIEPANTEP® EPELVA OXETIKA HIE TNV IKAVOTNTA XPT|ONG
S1QOPWV CLOTNHATOV YA XPrOT TOLG WG LAIKG amoBnkevong vdpoyovou. Etol, éAafe xopa pia
TpAOTN BepNTIKN €KTIPNON G oTABePOTNTHG TOV OVTIOTOX®WV TETPALEA®V KOl TIEVIOHEAQDV
avOpoKIKOV SOKTUAIWV LTOKATECTNHEVOV amO HETAAAN Voplopatokoneiov. [ tov Adyo auto,
EylVe 10 VEA O€pA LTOAOYIOH®V Yl TNV €UPECT] TOV SOHIKOV KOl (QOOHOTOCKOTIK®OV
XOPOKTNPIOTIKOV TOV VE®V OLOTNHATOV oto {610 eminedo Bewpiag PBE0/Def2-QZVPP, 1ta

QMOTEAECHATA TV OTMOIWV PAIVOVTOL 0T TIHPAKAT® OXNHOTA.

cyclo - C4Hy cyclol- CyH,y
Singlet Triplet

ﬁ # cyclo - C4H;M cyclo - C4My
1.080 1.079
C 15654C 135.05° C 143l C 135.06° ¢ S\ ~
1.327 1.431 ) S
c c c c e— - .9
/ s - ! . .
& R @ & ; /
cyclo - CsHs cyclo - CsHs Ib ‘ \‘
Singlet Triplet
? ? cyclo - CsHM cyclo - CsMs
1.084 1.101 * “'
c c A~
@ T @ @ s . S
c S,, 1.091°.C C 1088 - &
4 ~ b— —
C =l C 1126.0° C ——aC 126.6° o i
1 e 1 % :
Y @ . -

Yynpa 2.3.1.: TePeTPIKEG SOHEG TV TETPAUEADV KOl TEVIOHEADV OVOPOKIKOV OSOKTLAIGV
UTTIOKOTECTNHEVOV KL U OTO HETHAAX VOUIOHOTOKOTIEIOL LTIOAOYIO|EVEG OTO eminedo Bewpiag

PBEO/Def2-QZVPP.
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Iynpa 2.3.2.: TIpocopoldoelg eaopdtov IR pe TV TETPAPEAOV Kol TEVIAHEADV aVOPAKIKOV
OOKTUAM®@V LTIOKATECTNHEVAOV KOL PN OO HETAAAX VOULOHOTOKOTIEIOL OM®¢ LIOAOYIOTNKAV OTO
eninedo Bewpiog PBEO/Def2-QZVPP. otnv aepia KAT@oTOON
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Yynpa 2.3.3.: TIpocopolihoelg pacpaTey amoppoenong pe t pédodo TDDFT TV TV TETPAUEADV

KO TIEVTOHEAQDV aVOPOKIKOV SOKTUAIOV DTIOKATEGTNHEVAOV KOl [N OmO HETXAAN VOUIGHATOKOTEIOV
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Onw¢ vroAoyiomkav oto eminedo Bewpiag CAM-B3LYP / Def2-QZVPP TDDFT omv aépla
Kotdotaon

Me Bdon ta amoteAéopaTo TIOL AREHNKAV, TOCO TK TMAPATIAVGK GCULOTHHATA, 000 KOl TX
EMPEPOVC KATK TIEPIMTWOT) 100HEPT], SELXVOLUV AVAAOYT) CLUTIEPIPOPA HE TA EEAPEAT] CLOTHHATA TTOV

QITOTEAECQAV TO AVTIKEIHEVO HEAETNG TNG IAPOVONG S18aKTOPIKNG Statpinc.
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3. CZYMIIEPAXMATA
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LYETIKA HE TO MPATO PEPOCG NG SidakTopikn S1atpifrig, HEAETONKAV Ol EVMOOELG TNG HOPYPTIG
Ce¢HesMy (M = Cu, Ag, Au, n = 1 - 6) pe xprjon vrmoAoyloTiK®V peBodwv nAektpoviknig dopng. Ta

IO OT|HAVTIK& CUUTIEPAOHATH OTH OTIOLA TIPOKVIITOLY TIAPABETOVTAL TIHPAKAT®:

1. Ov Sopikég, evepyeiokeg, OEOUIKEG, HOYVITOTPOTIKEG KOl (QOOCHATOOKOMIKEG 1810TNTEG TWV
VTTOKOTESTHHEV®Y BeV(OAIKOV SaKTLUAIOV omd PETOAAX VOUIOHOTOKOTEIOL LTOAOYIOTNKAV OTO
entinebo Bewprag PBEO / Def2-QZVPP kot TeAlkd pmopecav va ocLykploOv pE TIC avTiOTOLXEG

1010TNTEG TOV PN-LVTTOKATECTNHEVOL APWHATIKOV Bev(oAiov.

2. Ot vnokateotnpévol BevioMkol SakTOAIOL o PETAAAN VOUIOUATOKOTIEIOL TIPOBAETETAN Vi givan
oTaBepd APOPATIKA HOpLX e SuvaTOTNTA 0LVOEOTC, KABDE TapoLa1&{ovY eVOIXQEPOVLOEG 1810TNTEG
HE SLVNTIKA TEXVOAOYIKO evOlx@épov. QoTOC0, TEPATEP® EPELVEG YlX TO oXeSlaopd mbavaov

HNXAVIOH®OV avTidpaong ylx T cUVOEST] Kol TNV AMOPOVKOT) Toug Bpiokovton o€ eEENEN.

3. To €idog Seapob TV LIOKATESTHEVAOV BeV(OMKOV SAKTLUAIOV amd HETOAAG VOULOHATOKOTIEIOL
KOl TOV OUUTAEYHAT®OV TOLG HE LEPOYOVO €xel avaiubel Sie§odikd pe ) Porbeia evog mABoug
HeBodwv vmoAoylopov nAektpovikng Sopng (NBO, AIM, ELF, RDG «xou Sign(Ax(r))p(r)
oLVOPTNOE®V). O1 eVEPYELNKEG, NAEKTPOVIKEG KOl SEGHIKEG TTAPAHETPOL TWV EVOCEDV TIG HOPPTG
Ce¢HeM, (M = Cu, Ag, Au, Li, Na, K) mov npoépyovtal and toug bmoAoylopoig avaAvong NBO
ot1o eninedo Bewpiog PBEOD / Def2-QZVPP anmokaAdntovy 011 0 deapdg C-M eivan 10x0up0OTEPOG Y1
TO HETOAAX VOUIGHOTOKOTIEIOV OO TOUG LMOKATOOTATEG XAKOAIHETAAAOL HE OYXECT] TOOO HE TNV
€TEPOALTIKI] 600 TNV opoALTIK didomaon deapov. H @oon tav deopmv C-M otig evooelg CsHsM
(M = Cu, Ag or Au) Bpioketonl avapeoa ota §vo akpa, SnAadn onwg oto BevioAo, 6nov 0 deopdg
C-H eivor ovolaotikd €vag «kaBapdg» opolomoAkog Secpdg kol Omwg tov deopod C-M oTig
evooelg mg popong CeHsM (M = Li, Na or K) démov mpdkeltar ovolaotikd yiax "koBopd"

NAEKTPOOTATIKI] AAANAeTiSpaon.

4. H S 1atpomkoOTnN T (ApOHATIKOTNTA) TOV LMTOKATECTHHEVOV BeVIOMKOV SaKTLUAI®V amd pétaria
vopwopatokorneiov PBpéBnke va elvar xapnAdtepn omd v Swxtpormkdtnta tov  BevioAiov

mbavotata AOYy® TNG TAPAUOPE®ONG TNG OIMEVIOMIOUEVIIG TILKVOTNTOG TNAEKTPOVIOV TIOL
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TIPOKOAEITOL QMO TOUG HETAAAIKOUG LTOKATOOTATEG VOMPIOHATOKOMEIOL. H apopatikotta Tev
evaoenv ¢ pHopeng CeHenM, (M = Cu, Ag, Au, n = 1 - 6), 0nwg autr eKEPALeTaL amod Tov Seik
apopoankotnTag NICS,,(1) pelidvetan eAd@P®OG KATK PNKOG TNG OEIPAG TV XOAKAOG-, Gpyvpo- Kot
XPLOO — VTTOKOTECTNHEV@V PeV(OANKQOV SaKTLAI®Y. Xe avtifeon pe 10 apopatikd BevioAo, ot
evooelg CeHenM, (M = Cu, Ag, Au, n = 1 - 6), TpoAémovial va eivanl apOPATIKEG AKOMN KAl 0TV
TPUTA Steyeppévn Katdotaon. Auto Ba pmopodoe Vo 0QeIAETAL OTO YEYOVOG OTL T} TTUKVOTI T OTILV
evromideTal KAt KOp1o AOYo 0TOLG HETAAAO LTTOKATAOTATEG VOLIOUOTOKOTIEIOL T) OTOVG TETPAUEAELG
SoktuAlovg mov  oynuOTIOVTOl HEC® HETOAAOPINIKQOV OAANAETISPAOEWY KOl GUVETIOC T
HETEYKATAOTAOT] TI-NAEKTPOVIOV OTOV KAPPOKVKAIKO SAKTOALO TIAPUHEVEL OXEOOV QpETAPANTN 0TIg
TIEPUTTWOELG TNG TPUTANG S1EYEPHEVNG KATAOTAONG. XTIG TIEPLOCOTEPEG TEPUTTOOELS, TNV TPUTIAN
Sieyeppévn Katdotaon egeavidetar VPNAOTEPOG APWHATIKOG XAPAKTIPAG GE OXEOT| HE TNV Paoikn
KOTAOTOOT], KATL TO Omoio o@eidetol oTn OLUPOAN TV TETpApEA®V SakTuAiwy. E&ompetikn
YPOHHIKT OLOXETION HETAED TV TIH®V NICS,,(1) Kol ToL GUVOAIKOD ApPVNTIKOU QUGIKOD (OpTiov
TIOL QTOKTNONKE oo TOV KAPBOKULKAIKO SaKTOA0, KB Kot peTadd Twv Tipev NICSzz(1) kot Tov
Unkog kopatog, A twv HOMO - LUMO petafdocov ota QAOHOTH omoppoO@nong Twv

UTTOKOTESTIHEV®V BEVIOMK®V SOKTUAI®Y OO HETRAAX VOUIOHATOKOTIELOL.

5. H petaAAwon tov Bev{oAiov amd pHETOAAX VOUIOHXTOKOTEIOL TTAPOVOTALEL OT|HAVTIKEG PETABOAEG
0T PACHATA AMOPPOPNONG OSNYOVTHG O EMITAEOV (DVEG AITOPPOPNOT|G TTIOL ATTOPPOPOVYV KOVTK N
OTNV O0pOTN TEPLOXN] TOL @&opatog kot amodidovion oe metal centered (CM) nAeKTpOVIKEG
petafdoelg. Ta @ACHATA EKTOUTNG TOV LVMOKATECTHHEVOV BeV(OMKOV SOKTUAMWV oo PETAAAX
VOHLGHOTOKOTIEIOL YapakTnpidovran amd VYNAEG TIHEG A Eso-t1) KUPIWE Yl T S1-UTOKATECTNHEVA M-
KOl p-loopepn, pe v vymAatepn ipn AEso.ti) Tov m-CeHsAu, ota 67 keal / mol. H ipn avtn) eivan
vynAotepn amd v TR AEsery omd 10 mo kowvo OLED dopant, (fac-tris(2-
phenylpyridine)iridium, Ir(ppy)s ), To omoio €xe1 Bpebel mewpapatika va givon ion pe 56.2 keal / mol
(2,44 eV).

LT OUVEXElN, OAOKANPAOVOVTIOG TNV HEAETN péow DFT vmoloylopev g KovOTNToG

amoBnkevong vdépoyovov tTwv evooewv CeHsCu kot 1,3,5-CusCeHs Samotobnke 011 outég o1
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EVOOELG TANPOLV TIG OMONTNOEG-0TOXoLG Katd 1o US DOE yuix YapnAod KOOTOLG ULAIKK
amoBnkevomn g LSPoydVoL. Ml EPTEPIOTATOHEVT avaAvon TG aAAnAemdpaong Cu-(n*-Hz) pe
BonBela evog mAnBoug peBodwv vmoAoylopot nAektpovikng dopng (NBO, AIM, ELF, RDG kot g
ouvvaptnong Sign(A(r))p(r)) £6ei&av 6Tt 11 aAAnAemdpdon Cu-+(*-Hz) mapovoidlel pikto
OHO10TIOAIKOU-10VTIKO  YXPAKTHPA TOL cuvodevetal anmd aobBeveig Sapoplakég aAAnAsmdpdoelg
Slaomopdc.

TéNog, elvan EekGBApO OTL O1 EVAOOEL IOV AMOTEAOVVTAL OO EVAV TETPAHEAT] 1] VAV TIEVIAUEAT
SOKTOA0, EPEAVI(OLY TTAPOHOLN CLUTIEPLPOPK GE OXECT] E TOL AVTIOTOLXOLG EEAUEAT|G fev{oAKOVG
SOKTLUAIOLG KATG TNV LMTOKATAOTAOT TOLG QMO HETHAAX VOUIOHATOKOTIEIOL, TOGO SOHIKK 000 KOl
QaopaTooKoTKA. A&ilel Aomov 10 Tpito Kol TeAevTaio PEPOG aLTNG TNG S1aTPPrg Vo amoTeAéoel
TNV opXT] H10G VEAG HEAETNG HE GTOXO TNV S1EPEVVNOT TNG KATAAANAGTNTAG TOV EVOOEDV NUTMV (G

LAKG amoBnkevong vépoydvov.
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Abstract A series of coinage metalated benzenes formulated
a8 CgHgnM, (M=Cu, Ag, An, #=1-5) were investigated by
means of density functional theory (DFT) calculations, The
structural, energetic, magnetotropic and spectroscopic proper-
ties of the coinage metalated benzenes were analyzed thor-
oughly and compared to the respective properties of the arche-
type aromatic benzene molecule. In contrast to the latter, the
CeHg M, (M=Cu, Ag, Au, n=1-5) molecules are predicted
to be aromatic even in their excited triplet state. Excellent
linear correlations between (I) the zz component of the nucleus
independent chemical shift [NICS.(1)] values and the total
negative natural charge acquired by the carbocyclic ring, and
(il) the NICS(1) vs wavelength {}) of the HOMO—LUMO
transitions in the absorption spectra of the coinage metalated
benzenes were established. The emission spectra of the coin-
age metalated benzenes were characterized by high AE(g 5
values, particularly for the di-substituted — and p-isomers,
with the highest AF s 1) value of 67 keal mol ! calculated
for the m-MgzH,Au, species. The bonding pattem of the coin-
age metalated benzenes was analyzed thoroughly by means of
a multitude of electronic structure calculation methods [natu-
ral bond erbital (NBO), atoms-in-molecules (ATM), electron
localization fimetion (ELF), reduced density gradient {RD{G)
and Sigr(Jo{r))p{r) functions]. Our findings indicate whole
classes of new coinage metalated benzenes {(mono-, di-, tri-,
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four- and five-substituted) opening a new chemistry for the
coinage metalated benzenes, indicating that their chemistry
will be worthwhile studying both experimentally and theoret-
ically in the future.

Keywords Coinage metalated benzenes - Magnetotropicity -
DFT - Cuprated benzenes - Argentated benzenes - Aurated
benzenes

Introduction

Metalation of organic compounds is a very common route for
the synthesis of a variety of organometallic compounds. The
metalation process corresponds to a substitution reaction in
which an acidic hydrogen atom of an organic molecule is
replaced by a metal atom to yield an organometallic com-
pound [1]. The most powerful method of metalation is based
on the hydrogen-metal exchange process. Hydrogen-metal
exchange metalation is very useful in, for example, studying
the relative acidities of extremely weak acidic hydrocarbons,
and in the deprotonation and subsequent functionalization of
various arenes, such as the archetype benzene molecule.
Among the metalation processes stmdied so far, lithiation,
which yields very reactive organolithium reagents with appli-
cations in synthetic organic chemistry, is perhaps the most
widely studied [1-4]. Of immense importance is the lithiation
of arenes by means of the so-called directed ortho metalation
(DoM) method [2]. Since the pioneering work of Gilman [5],
several methodologies have been developed to synthesize
aryllithium compounds [6—14], namely halogen-lithium ex-
change [11, 15], directed lithiation [16-21] and direct depro-
tonation processes [17, 21-23]. It should be noted that the
lithiation of unsubstituted arenes is normally a very slow pro-
cess, Density functional theory (DFT) electronic structure

4 springer
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calculations revealed that it is less endothermic to remove a
proton from phenyllithium than from benzene [24]. The best
way to sequentially replace all H atoms in the benzene mole-
cule by lithium is the ortho lithiation method, which, in con-
trast to the meta lithiation, takes advantage of the favorable ion
triplet electrostatic stabilization of the carbanion centers [25].
DFT calculations suggest that disproportionation of
phenylithium to hexalithiobenzene iz exothermic for every
step, and that the formation of this compound could possibly
proceed by sequential proton removal followed by Li™ cation
capture [25]. Nevertheless, Baran et al. [26] reported conver-
sion of hexachlorobenzene to hexalithiobenzene in over 60 %
yield, Simultaneous replacement of all H atoms of the benzens
molecule by six lithium atoms could also be achieved using
hexachlorobenzene and #Buli as starting materials [27].

Metalation with other alkali metals, e.g., sodium or potas-
sium, is alse known; for example, the reaction of benzene with
ethylsodium CoHzNa) yields ethane C,Hg) and phenylsodium
CgHsNa). Other metals have also been used, e.g., Mg in
phenylmagnesium bromide [28], while mercuriation of the
cyclopentadienyl ring has been the subject of several studies
[29-32].

Group 11 coinage metals (Cu, Ag and Au) are also known
to metalate benzene, Phenylcopper CgHsCu) is the first
organocopper compound and its synthesis was reported by
Reich in 1923 ag an impure product obtained in 60 % yield
from phenylmagnesium bromide and cuprous iodide in ether
[33]. Since then, several other methods for the synthesis of
CsHsCu have been reported [34-39]. Using 1*C NMR spec-
troscopy, Bertz et al. [40] have shown that C¢HsCu is an
equilibrium mixture of ‘tetramer’ and ‘trimer’ in
dimethylsulfoxide (DMSO) selutien, The presence of
phenylcopper in the gas phase obtained by laser desorption/
ionization from bis(dibenzoylmethane)copper(Il) has also
been confirmed using tandem mass spectrometry (MS/MS)
[41]. Phenylcopper and its clusters are used widely as reagents
in organic synthesis [42]. Since 1923, several unsuccessful
attempts were made to synthesize and isolate phenylsilver
CgHsAg) [43-46] until Beverwijk et al. [47] synthesized, iso-
lated and characterized phenylsilver as one of the most stable
unfluorinated o-bonded organosilver compounds known at
that time. Finally, phenylgold CcHyAu) has also been synthe-
sized and, along with its silver counterpart C;HsAg), as well
as their anions [AuCgHs]™ and [AgCqHs] ™, has been studied
by Tang et al. [48] using photoelectron spectroscopy (PES)
and DFT calculations. In subsequent work employing the
same techniques and methods, Tang et al. [49] studied
the structure and formation mechanism of [CgHsCu,,]™
(m=1-3). The structure and mechanism of formation of
the silver and gold counterparts, namely [CeHsM,]™
(M=Ag or Ay, m=1-3), have also been studied in de-
tail using DFT calculations at the B3LYP/6-311G{d,p)/
Lanl2dz level of theory [50].

&) Springer
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Metalated benzenes, and particularly the lithiated ben-
zenes, aside from being very powerfil reagents in organic
synthesis, are of particular interest in fundamental research
and quite a lot of theoretical work has been devoted to the
determination of their structures, relative stabilities of their
isomers, as well as their various other intriguing properties.
Ab initio quantum chemical calculations on
hexalithiobenzene [51] showed that the lowest energy struc-
ture corresponds to a benzene-like inner hexagon of carbon
atoms surrounded by six Li atoms in bridging positions. The
structures and relative energies of the isomers of the dilithio-,
trilithig-, tetralithio-, pentalithio- and hexalithiobenzenes were
also investigated by DFT calculations [24, 52]. Based on the
results, it was concluded that the sequential substitution pro-
cesses of hydrogen with lithium in phenyllithium, using
phenyllithium as the lithium source, are exothermic, The de-
protonation energies of all possible lithiobenzenes CgLi Hy.,,
n=0-5) were found within the range 365.0 to
397.2 keal mol ™' at the BILYP/6-311+G(d,p)} level, with
most of them being less than the deprotonation free energy
of benzene estimated to be 391.8 kcal mol™ at the same level
of theory [25]. In a very recent theoretical study, Merino et al.
[53] re-examined the potential energy surface of Cglig by
employing Born-Oppenheimer molecular dynamics
(BOMD) calculations and found a new non-symmetric global
minimum, which they described as three C,? fragments
strongly aggregated through lithium bridges.

Metalated benzenes are expected to possess intriguing
properties with important applications. Accordingly, lithiation
of the benzene molecule leads to an enormons increase in the
second hyperpolarizability [54]. Thus, for hexalithiobenzene,
the second hyperpelarizability term responsible for the third
harmonic generation has been estimated to be of the order of
107 ¢* o By, Furthermore, the possibility of using the star-
like hexalithiobenzene as a hydrogen storage material was
investigated by DFT and ab initio molecular dynamics (MD)
calculations [55], which predicted that hexalithiobenzene
would be a good candidate to serve as a hydrogen-storage
material that can efficiently absorb hydrogen in its molecular
form at low temperature and desorb it at room temperature.

Continuing our interest in the study of coihage metalated
benzenes [56], we set out to explore, employing DFT elec-
tronic structure calculation methods, the electronic, energetic,
bending, magnetotropic and spectroscopic properties of a se-
ries of CgHg M, (M=Cu, Ag, Au, #=1-3) molecules
regulting from the sequential replacement of the hydrogen
atoms of benzene by coinage metal atoms. Our main objec-
tives were to explore: (1) the bonding mode of CsHg M, (M=
Cu, Ag, Au, #n=1-5) molecules using a multimde of “state-of-
the-art” theoretical methodologies; (2) the magnetic response
properties of C¢Hg.nM, (M=Cu, Ag, Ay, n=1-5) molecules
for the ground singlet and excited triplet states and to find out
how they are perfurbed upon metalation; and (3) the
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photophysical properties (absorption and emission spectra) of
the compounds, investigating their potential application as
“hole” blocking materials in LED devices.

Computational details

All calculations were performed using the Gaussian09 pro-
gram suite [57]. The geometries of all stationary points were
fully optimized, without symmetry constraints, employing the
1997 hybrid functional of Perdew, Burke, and Ernzerhof
[58-63] as implemented in Gaussian09 [57]. This fimctional
uses 25 % exchange and 75 % correlation weighting and is
denoted as PBE(. For the geometry optimizations we used the
Def2-QZVPP basis set for all atoms, Hereafter, the method
used in DFT calculations is abbreviated as PBE(/Def2-
QZVFP, All stationary points were identified as minima (num-
ber of imaginary frequencies NImag=0). It is well established
that DFT provides a numerical “virtual coordination chemis-
try lab™ able to compute properties that are difficult or even
impossible to measure experimentally. Areas of computation-
al chemistry conceming trangition metal chemistry have been
covered in special issues of Chemical Reviews and
Coondination Chemistry Reviews.

The natural bond orbital (NBO) population analysis was
performed using Weinhold’s methodology as implemented
in the NBO 6.0 software [64-66]. Magnetic shielding tensors
were computed with the GIAQ (gauge-including atomic
orbitals) DFT method [67, 68] as implemented in
Ganssian09 [57] employing the PBE( functional {(abbreviated
as GIAQ-PBE(/Def2-QZVPP method). Nucleus-independent
chemical shift (NICS) values were computed at the same level
according to the procedure described by Schleyer et al. [69]
The magnetic shielding tensor element was calculated for
ghost atoms, Bq, located at the center of the ring and along
the z-axis at points of distance increments of 0.1 A up to a
distance of 5.0 A above the ring plane and —5.0 A below the
ring plane. Negative (diatropic) NICS values indicate aroma-
ticity, while positive (paratropic) values imply antiaromaticity.
Absorption and emission spectra were simulated in the gas
phase by TD-DFT calculations at the CAM-B3LYP/Def2-
QZVTP level, including the lowest 50 singlet—singlet excita-
tions. Topological and energetic properties of o(r) at the (3,-1)
bond critical points (BCPs) were calculated by means of the
Bader's [70, 71] quantum theory of atoms in molecules
(QTAIM) methodology. The 2D plots of the electron localiza-
tion function (ELF) and the real space Sign(la(r))p({r) fine-
tion with promolecular approximation, as well ag the 3-D sur-
faces of the reduced density gradient (RD() were obtained
using Multiwth software version 3.2 [72, 73]. The X, term
in the Sign(A.(r))p(r) function was obtained as the second
largest eigenvalue of the averaged electron density Hessian
matrix computed through the dynamical trajectory. Adaptive
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natural density partitioning (AdNDP) calculations were per-
formed as implemented in Multiwth 3.2.

Results and discussion

Structural and bonding features of coinage metalated
benzenes

The geometries of coinage metalated benzenes CgHg.nMy
(M=Cu, Ag, Au, n=1-5) optimized at the PBE)/Def2-
QZVPP level are depicted schematically in Figs, 1, 2 and 3;
these figures also display selected structural and bonding pa-
rameters of these coinage metalated benzenes. To gain deeper
ingight into the bonding features of coinage metalated ben-
zenes, the optimized geometries along with selected structural
and bonding parameters for the phenylalkalimetal, C¢HsM
(M=Li, Na or K) species and “free” benzene, calculated at
the same level of theory, are given in Fig. 4. Detailed structural
parameters of both the coinage metalated benzenes and the
phenylalkalimetals are given in the SI {(Figs. 81-85).

All coinage metalated benzenes, CeHg M, (M=Cu, Ag,
Au, n=1-5) keep the planarity of the archetype benzene mol-
ecule. The same holds also true for the CgH;M (M=Li, Na or
K) species. The estimated average values of the carbon—metal
bond lengths, R (C-M) are 1.888, 2.066 and 1.974 for M=Cu,
Ag or Au, respectively, It is worth noting that the calculated
C-M bond lengths of the CgHg oM, (M=Cu, Ag, Au, n=1-5)
species do not vary significantly along the series. In other
words, the R{C-M) bond lengths are almost invariant either
amongst the various isomers orupon increasing the number of
coinage metal substituents. Accordingly, the R (C-Cu), R(C—
Ag) and R(C—Au) bond lengths fall within the ranges 1.886—
1.889 A, 2.062-2.069 A and 1.973-1.976 A, respectively.

Upon metalation, the six-membered carbocyclic rings un-
dergo only marginal changes, retaining their integrity and pla-
narity, but the C—C bond equality no longer exists [the R (C—
C) bond lengths in the C Hg M, species vary from 1.388 up
to 1.402 A). It should be noted that the B,(C—C) bond lengths
in the alkali-metalated benzenes, C¢HsM (M=Li, Na or K) fell
within almost the same range (1.387-1.406 A). Generally, the
metalation of benzene causes shrinkage to some of the C-C
bonds, while the rest are elongated marginally with respect to
the R (C—C) bond lengths of “free” benzene [R(C-C)=
1.397 A], Nongtheless, the most-affected C—C bonds are those
adjacent to the C-M bonds, while the least affected are those
distant from the C—M bonds. In all cases, the two 1-2 and 1-6
C—C bonds are elongated with respect to those found in ben-
zene. The same holds true for the 2-3 and 5-6 C—C bonds,
though to a much lesser extent, Finally, the 34 and 4-5 C-C
bonds, being most distant from the C—M bonds, are shortened
marginally in the CgHg..M, (M=Cu, Ag, Au, #=1-5)
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Fig. 1 Equilibrium structures
(hond lengths in Angstroms),
natyral atomic charges (red) and

‘Wiberg bond onders (WBOs; biue)

of CgHg 2Cu, (8=1-6) molecules
calculated at the PBEO/Def2-
QZVPP level
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molecules, while in the alkali-metalated CoHsM (M=Li, Na
or K) benzenes remain unaffected.

These structural changes introduce an in-plane polarization
of the electron density in the six-membered carbocyclic ring
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with 2 subsequent onset of a dipole moment directed from the
metal to the p-carbon atom, This polarization also affects the<
C-C-C bond angles, which are found in the range of 117.5-
121.3° differing from the ideal value of 120° found for the
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Fig. 2 Equilibrivm stroctires
(bond lengths in Angstroms),
natural atomic charges (red) and
WBOs (blue) of CoHg nAgn
(n=1-6) molecules calculatd at
the PBE0/Def2-QZVET level
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CgHg (Dgn) molecule, In addition, a very emall deviation from
the value of 120° was observed for both the<C—C-M and<C—
C-H bond angles. The dipole moments were found to be
higher for the alkali-metalated than the coinage-metalated
benzenes. The bond dissociation energies, Dy, dipole
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moments 4, and natural electron configurations {nec) of se-
lected CeHsM species calculated at the PBE0/Def2-QZVPP
level are compiled in Table 1.

Inspection of Table 1 reveals that the dipole moment in-
creases from zero in benzene up to 9.4 D in CgH;K, following

€0 springer
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Fig. 3 Equilibrivm strctyres @0.222
(bond lengths in Angstroms), 1.974 0,967
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the trend: CeHs<CsHsAu<CsHsAg<CsHsCu<CyHsLi<
CeHsNa<CgHsK. Consequently, benzene metalation with an
alkalimetal causes a larger polarization of the phenyl moiety
than metalation with a coinage metal, implying that, in the
C¢HsM (M=Li, Na cr K) species ,the C-M bond exhibits a
higher electrostatic character than in the respective species
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bearing coinage metals. This is in line with results reported
by Bachrach et al. [24], employing DFT calculations at the
B3LYP/6-311+G(d,p) level. The calculations revealed that
the lowest energy structure of CgHsLi corresponds to the most
favorable arrangement of an o-dicarbanion bridged singly to a
Li" cation, thus maximizing the electrostatic interactions,
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Fig. 4 Equilibrium structures
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while the highest energy and least favorable arrangement is
the structure involving formation of a C-Li o-bond between
the phenyl and Li atom.

Next, we set out to shed light on the nature of the metal—
carbon, C—M, bond in coinage-metalated benzenes. To the
best of our knowledge, no systematic theoretical study has
been carried out so far to delineate the C-M bonding situation
even in the long-known CgHsCu and CgHsAg species.

Perusal of the energetic, electronic and bonding parameters
of the CgH, .M, species derived from NBO analysis calcula-
tions at the PBE0/Def2-QZVPP level (see Figs. 14, Table 1)
reveals that the C-M bond is stronger for the coinage metal
than the alkali metal substituents with respect to either the
heterolytic or the homolytic bond dissociation process. As
expected, both the heterolytic and homolytic bond dissocia-
tion energies of the C—H bond in benzene are much higher
than the respective C-M bond dissociation energies in the
metalated benzenes. Due to higher polarization introduced
by alkali metals, the metal and carbon atoms participating in
C-M interactions in the CgHsM {(M=Li, Na or K) molecules
have much higher positive and negative natural atomic
charges, respectively, as compared to those found for the
CeHsM (M=Cu, Ag or Au) species (Figs. 1-4).
Accordingly, the C-M bond is expected to exhibit less elec-
trostatic character in C¢HsM (M=Cu, Ag or Au) than in
CgHsM (M=Li, Na or K) species. The estimated Wiberg bond

Table 1 Bond dissociation energies, Dy (in kcal mol™) for the
heterolytic and homolytic (figures in parentheses) dissociation of the C—
M bond, dipole moments, g (in Debye) and natural electron
configumtions (rec) of the CsHsM (M=Li, Na, K, Cu, Ag, Ay, H)
specics caloulated at the PBEKDeR2-QZVEP level

Species Dy » nec(M) nec(C)

CoHsLi  —162(=53)  6.667 2 g™192p0 2 ghléapdal
CotNa  —141(-39) 7441 3"3p" 2 gttigptt
CngK -119 (—38) 9413 4 80'124[!0"“ 2 81'1121)3'31
C5H5Cu -215 (_57) 2.634 4 sD.633d§.564_p0.01 2 sl. pB.L‘E
CeHsAg —-204 (_47) 2.477 5 sl).664'(19.5851:’0.01 2 sl.ﬂszp!.l‘:l
Ci:Au  -256(-64) 0470 65548 06p™" 2 %2p*?

CH® -2 (-107) 0000 158 2 PP

® For the CgH,; moleculs the numbers refer to the C—H bond
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orders (WBOs) for the C-M bonds, WBO({C-M) in the
CeHsM (M=Li, Na or K) species (Fig. 4) were very small,
implying the existence of very weak covalent interactions, On
the other hand, the estimated WBO(C—M) values for the
CeHsM (M=Cu, Ag or Au) species (Figs. 1-3) are much
higher and closer to 1. This is indicative of the much higher
covalent character of the C-M interactions when M is coinage
metal rather than an alkali metal. It is important to note that, in
CgHsAu, the WBO(C-Au) value is slightly higher even than
that found for the C—H bond in “free” benzene, demonstrating
the well known phenomenon of gold behaving like hydrogen
[74-81]. Notwithstanding, the dipole moment of the C;HsM
species is highly correlated with the estimated WBO(C-M)
values; the respective p versus WBO(C-M) linear relation-
ship (*>0.94) is given in Fig, 5.

It can be seen that, the higher the dipole moment of the
CgHsM species, the lower the WBO{C-M) value. In other
words, the higher the polarization induced upon metalation
ofbenizene, the lower the covalent character of the C-M bond.
Excluding benzene, we observe an excellent linear correlation
of the calculated hetsrolytic dissociation energies Do(C-M)
with the total dipele moment (Fig. 5b). In addition, Do(C-
M) exhibits quite a good linear correlation with WBO(C-
M). Both these linear correlations illustrate a polar covalent
interaction between the metal and the phenyl ring, Note that
the dissociation energies Do{C-M) (Table 1) for the homelytic
dissociation of the C—M bonds give very poor correlations
with either the total dipole moment g or the WBO(C-M)
values.

In all coinage metalated benzenes the coinage metal sub-
stituents acquire positive natural atomic charge, while the car-
bon atoms bonded directly to the metals acquire a higher neg-
ative natural atomic charge relative to the remaining C atoms
of the carbocyclic rings. The carbocyclic rings acquire in total
a relatively high negative natural charge ranging from —1.581
to —2.608, —1.539 to —2.340 and —1.350 to —1.575 e in the
cuprated, argentated and aurated benzenes, respectively. Such
a charge density distribution, which increases upon increasing
metalation, contributes to the electrostatic interactions of the
C-M bonding. On the other hand, the large values of the
WBO(C-M) are also indicative of the covalent character of
the C-M bonds in the C¢HsM (M=Cu, Ag or Au) species and
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Fig. 5 Linear correlations of a i vs WBO({C-M), b Dy(C-M) vs i and ¢ Do(C-M) vs WBO{C-M)

therefore the C—M bending interactions are governed by an
interplay of electrostatic and covalent interactions. These find-
ings point out that the nature of the C—M bonds in the C¢HsM
(M=Cu, Ag or Au) species lies between the two extremes, i.e.,
that of benzene, where the C-H bond is practically a “pure”
covalent C—H bond, and that of the C-M bond in the CgHsM
(M=Li, Na or K} species, which involves practically “pure”
electrostatic interactions, In addition, the natural electron con-
figurations, nec, illustrate that the metal atoms lose electron
density from the {n—1)d atomic orbitals {AOs), which is trans-
ferred mainly to ns and, to a much lesser extent, to np AQOs of
the coinage metal substituents. The nec of the C atoms bound
directly to the metal atoms indicate that electron density is
transferred from both the 25 and 2p AQs, while there is a
negligible increase in electron density in the 35 and 3p AOs.
Thus, the nec of the atoms participating in the C-M interac-
tions imply that electron density is transferred from the 25 and
2p AQs of the C atom mainly towards the ns AQs of the metal
atoms,

A number of relevant bonding molecular orbitals (MOs) of
the C¢Hg_oM, species demonstrate the strong covalent inter-
actions that characterize C-M bonding, Figure 6 shows the
three-dimensional (3D) contour surfaces of relevant bonding
MOs supporting the C—M covalent interactions in
phenylecopper CgHsCu) as representative of the set of coinage
metalated benzenes.
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It can be seen that the covalent C—M interactions arise from
an in-phase combination of metal {(n—1)d AOs (with the ex-
ception of the HOMO, where the metal ns AQs also partici-
pate in bonding) with the 2p AOs of carbon. The latter are
localized mainly on the ipso-C atom or, in the case of HOMO-
9, they could even be delocalized over the entire ring of the
phenyl fragment, forming a w-type MO. However, it should be
stressed that the bonding MOs accounting for the covalent C—
M interactions are polarized mainly either towards the metal
or the C atoms of the phenyl moiety. According to MO com-
position analysis, the C-M bonds arise from extremely polar-
ized covalent interactions. The C-M covalent interaction in
the CgHg .M, species is also reflected in the respective o(C—
Cu) natural bonding orbital (NBO) shown in Scheme 1 for the
CgHsCu molecule. Analogous bonding NBOs are found in all

D -4Q G eflfon

LUMO, -2.005 eV~ HOMO, 64042V HB -£303eV H7T, -8.303eV

@ o0)- 3¢

H-8 -8.292 8V H-;. =10.168 eV H-TO‘. =10.777 &Y H-13,-12.251 8V
Fig. 6 Three di 1 (3D) surfaces of the bonding
molecular orbitals (MOs) responsible for the C-M covalent interactions
in the CgH<Cumolegule (numbers in ifafics are the orbital energics, in ¢V)
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Scheme 1 Three-dimensional (31) plot of the o{C—M) natural bonding
arbital (NBO) in the CgHsCu molecule

the other CgHg M, species, while no such orbitals exist in the
CgHsM (M=Li, Na or K} species.

In order to shed more light on the nebulous nature of the C—
M bend in the CgHsM (M=Cu, Ag, Au) species we also
employed Bader’s [70, 71] QTAIM methodology, performing
AIM calculations, Table 2 reports selected topological and
energetic properties of p(r) calculated at the (3,-1) bond crit-
ical point (BCP) of the C—M bond in the CgHsM (M=L1i, Na,
K, Cu, Ag or Au) species and benzene, while the contour line
maps of the Laplacian of the ¢lectron density, V2ppcp of rep-
resentative CgHsM species, along with that of the benzene
molecule, are depicted schematically in Fig, 7.

According to Bader's [70, 71] theory, the presence of a
BCP between two atoms indicates bond formation. The values
of certain parameters at BCPs are used to clarify the nature of
the bond formed between two atoms. Thus, if the electron
density at a BCF, ppep, between two atoms is large
(>0.2 a.u.) and the value of its Laplacian, Vpnep, is large
and negative then the bond formed is considered to be cova-
lent. However, when transition metals are present, the diffuse
character of the electron distribution [82] leads to positive
V2 prce values and small ppep values. Hence, Bader suggested
[83] that caution should be taken upon using the values of
these two parameters to describe the delocalized bonding en-
counterex] when transition metals participate in the interaction.

Consequently, a number of different parameters have been
proposed in order to describe bonding between two atoms
within the framework of the ATM theory. Cremer et al. [84]
proposed that a bond between two atoms could be considered
as covalent if the value of the total energy density at the re-
spective BCP, Hycy, ig negative. In addition, based on the
value of the |Fpcp|//Grep ratio, where VPpcp is the potential
energy density at BCP and Gryp is the kinetic energy density
at BCF, Espinosa et al. [85] classified the bonding interactions
into three categories: (1) Pure closed-shell interactions (e.g.,
ionic honds, hydrogen bonds and van der Waals interactions)
characterized by |Vacel/Gace<1 (V2porce>0 and Hpcp>0);
(2) pure open-shell {covalent) interactions characterized by
|Facel/Grer>2 (W pncr<0 and Hpcp<0); and (3) intermedi-
ate bonds with 1< |Pace|/Grep<2 (2., V-pncp=0and Hpcp<
). Finally, Macchi et al. [82] outlined that a covalent bond
involving transition metal atoms exhibits small Vppcp and
pace values, negative total energy density, Hpcp<0 and a
Gncp/prce Tatio less than 1.

Perusal of Table 2 reveals that the covalent character
of the C-H bond in benzene is clearly reflected in the
values of the respective AIM parameters (pncp>2,
V29BC.P<0) |VBCP|/GBCP >=2, chp<0, Gﬂcp/pncp‘(l
and Hycp/ppep<< 1). Inspection of Fig. 7 affirms the
existence of BCPs between the phenyl moiety and the
metal attached to the carbon atom. The ring critical
point (RCP) found at the center of the carbocyclic ring
is retained also in the metalated benzenes.

The presence of BCPs between the metal and carbon atom
of the phenyl moiety is indicative of C-M bond formation.
However, the values of pace calculated for the C-M BCP in
the metalated benzenes is much smaller than the respective
pace C—H BCP value calculated for benzene. Small ppep
values are characteristic of either a closed-shell or a donor—
acceptor interaction [82]. In addition, the values of Vzpm;p for
the C-M BCP in metalated benzenes are all positive, in con-
trast to those of benzene, which is negative. Normally, positive
V2 prce values mean that there is no bonding interaction but,
as mentioned above, this is not always valid, especially for

Tabe2 Topological and energetic propertics of p(r) calculated at the (3,-1) bond critical point (BCP) of the C—M bond in CgHsM specics and benzene

Specics A Voo ®hT)  Gie'  Fao YecolCace  Haer" Gacolpace  Haco/pace (k) mol™ cletron ™)
CgHg 0291 -1.148 0.044 0375 8.523 —0.331 0.151 -1.137
CeH,Li 0.048 0211 0.054 —0.055 1.01% —0.001 1.125 -0.021
CsH.Na 0.037 0.158 0.038 —0.037 0.974 0.001 1.027 0.027
CgH:K 0.034 0.091 0,024 —0.026 1.083 —0.002 0.706 -0.05%
CgH.Cu 0.129 0.194 0113 =0.177 1.566 =064 0.876 =0.456
CiH.Ag Q115 0.166 0,090 —0.139 1.544 —0.049 0.783 -0.426
CeHsAv 0,159 0.022 0.102 —0.198 1,941 —0.0%6 0.642 -0.604

*k) mol " (atomic unit volume) ™ and Haco/ouce

> The bond degree parameter Hyow/prce represents either the covalence (Hycp<0) or the softening (Hacp>0) degree of the inferaction
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Fig, 7 Conlour line maps of the
Laplacian of the electron density,
Voncn for a CeHg, b CeHsLi and
¢ CsHsCu, Biue and orange dots
indicate bond critical points
(BCPs) and ing critical points
(RCPs), mspectively

transition metals, Nevertheless, based on the V2 ppcp values, it
is not clear if the C—M interactions have typically large closed-
shell (ionic) or donor-acceptor character. On the other hand,
in all cases (except CgHsNa) we have 1 <|Vucpl/Grucp<2 and,
according to Espinosa et al. [85], the C-M interaction is ex-
pected to be intermediate between ionic and covalent. Only in
CgHsNa does the C—M bond exhibit a value for the [Facpl/
Grcp ratio that is lower than 1, corresponding to a pure closed-
shell interaction {jonic or van der Waals). Next, the values of
both the energy density Hacy and the ratio Hpcp/pace Were in
all cases negative, probably reflecting the partial covalent
character of the C-M bonds again, the exception is CgH;Na,
where both thege parameters are positive, indicating a closed-
shell C—Na interaction, Finally, the Gucp/prcp ratio is higher
than 1 only for CgH;Li and CgHgNa, pointing to a closed-
shell C—M interaction, while in all other cases it is lower
than 1 and, in conjunction with the other AIM parameters,
indicates a donor—acceptor C-M inferaction (except of course
for the pure covalent C—H interaction with (Facp/pnce ratio
close to zero).

Magnetotropic properties of the CgHg ,M, (M=Cu, Ag,
Au, #=1-5) species

Next we explored the effect of metalation on the magnetic

response (magnetotropic) properties of coinage metalated
benzenes. The magnetic response properties of the CgHg.
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M, (M=Cu, Ag, Au, n=1-6) species were studied by
employing the magnetic criterion, viz. nucleus-independent
chemical shift {NICS), proposed by Schleyer et al. [69] The
NICS,-scan profiles of the CgHg oM, (M=Cu, Ag, Au, n=1—
6) molecules are given in the SI (Fig, S6). Collected in Table 3
are the NICS,,; values calculated at the ring center, NICSz(0)
and 1.0 A above the ring center NICS (1).

It can be observed from Table 3 that the diatropicity
(aromaticity) of the coinage metallated benzenes is low-
er than the diatropicity of the archetype benzene mole-
cule, probably due to the deformation of the delocalized
electron density induced by the coinage metal substitu-
ents. From a phenomenological point of view, the coin-
age metal substitfuents reduce electron delocalization
through the localization of electron density on the
ipso-C atoms of the carbocyclic rings, thus rendering
the delocalized 7t electrons slower than in the archetype
benzene aromatic. The aromaticity of the CgHg M,
(M=Cu, Ag, Au, n=1-6) molecules, as expressed by
the NICS,,(1) aromaticity index, decreases slightly
along the series of cuprated-, argentated- and aurated-
benzenes, Furthermere, the NICS,(1) aromaticity index
decreases with increasing substitution (except of the
penta- and hexa- coinage metalated benzenes). It is im-
portant to note that, excluding the penta- and hexa-
coinage metalated benzenes, the NICS;(1) aromaticity
index gives excellent linear correlations with the
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Table 3 The mucleus-independent chemical shift (NICS,) values (in
ppm) caloulated at the ting center, NICS{0) aud 1.0 A above the ring
genter NICS (1) for the cuprated-, argentated- and aurated-benzenes and

the archetype CeHs molecule, in their singlet ground states, calculated at
the GIAQ/PBE)/Def2-QZVPP level

Compound NICS0) NICS.{l) Compoumd NICS,(0) NICS.(1}) Compound NICS{0)  NICS.(1)
CH,Cu -16.0 -28.9 CoHsAg -165 287 CeHsAu -15.7 -282
0-CeH.Cu, -190 -27.0 o-CH A, -21.1 -26.4 o-CeHiAu, -169 -26.0
m-CgHyCus -157 -27.3 m-CeH AR -165 -269 m-CgHyAu, -14.8 -26.1
P-CsHaCuy -158 -27.5 pCHAL -169 -272 D-CHaAuy -15.2 —26.4
123CeHyCuy —223 -249 123-CiHAgs  —25.6 —241 123CiaAu,  —17.7 242
124CH,Cyy —187 -25.6 124CiHuAg,  —213 -252 124CiHaAu,  —162 -24.5
135CHCu;  —149 -256 135CHAg  —161 -25.1 135CHAu;  —139 —243
1234CHLCu, 261 -242 1234CHAg. 305 -236 1234 CAn,  —193 -235
123,5CeHCug  —216 -23.8 1,23,5CeFoAg. 257 -236 1235CeHaAu,  —17.2 232
1245CHCuy  —212 -2338 1245CoHpAg.  —25.5 -237 1245CiHAu,  —17.5 —232
CHCus -30.0 -245 CeHAg; -362 248 CcHAn, -210 234
CeCug -39.1 -27.4 Cohgs —46.9 -28.8 CoAug -23.5 234
CeHy -164 -30.4

negative natural charge residing on the aromatic carbo-
cyclic ring, Qcg. The NICS,(1) versus Qcn correlations
are shown in Fig, 8.

The deviation of the penta- and hexa-coinage metalated
benzenes from linear relationships is probably due to an extra
ring current atiributed to o-delocalization within the array of
peripheral coinage metal substituents. The fact that the
NICS,-scan profiles of the penta- and hexa-coinage metalated
benzenes have a minimum in the molecular plane [cf.
NICS(0) values] also points to an origin within the o-
delocalization for the additional ring current. In effect, the
extra ring current due to the peripheral all-metal rings is
reflected in the spatial organization of the bonding mechanism
in the coinage metallated benzenes, which is recognized easily
by the cut-plane electron localization functions (ELF) and
localized orbital locator {LOL) representations depicted sche-
matically for the C¢HM;s (M=Cu, Ag, Au) in Fig. 9. The ELF
and LOL representations of the CsMg (M=Cu, Ag, Au) mol-
ecules were reported earlier [56].

Identification of LOL basins such as atomic shells, bonds
and lone electron pairs reflect the nature of the electronic

R

Ocr
24 22 -20 18 16 14 22 20 g
y 220 b
NICS,.(1) = -7.967 Q0 - 41.593
= 0969 -2

NICS(1)= 1012 Oce- 44,182 |
A= 0942 -23

structure of the investigated systems [86, 87]. The slowest
electron regions (LOL>0.5) are located between the bonded
atoms corresponding to the typical 2c—2e bonding situation
(shown in yellow-red). The pale green LOL basins (LOL~
0.5) characterize faster moving electrons (delocalized elec-
trons} typical of multicenter bonding. Lone pairs are visible
as deep red sickles on the atoms. The remaining colors (lighter
blue, blue and deep blue) corresponding to 0.0<LOL<0.5,
represent regions in space that are increasingly avoided by
electrons, such as the space far away from nuclei, and the
space between the shells of atoms. The delocalized electron
density over the outer all-metzl rings in the CgHMs (M=Cu,
Ag, Au) coinage metallated benzenes (pale blue color) is note-
worthy. The weak metallophilic interactions that exist in the
CgHMs coinage metallated benzenes is reflected by the
Cu---Cu, Ag---Ag and Au---Au distances found in the range
0f3.304-3.319,3.387-3.511 and 3.355-3.365 A, respectively
(these distances are lower than the sum of the van der Waals
radii of the respective metals). The weak van der Waals inter-
actions are clearly shown in the 3D plots of the reduced den-
sity gradient (RDG) in Fig. 9. Based on the NICS_,(1) versus

(.9
-16 1.4 -18 -14 -13

y -220
HICS (1) = -38.03Q5 - 78813
Ri= 0932

2
(¥8DIN
(0"$0IN

-30.0 . i 200

Fig. 8 Lmear correlations of nucleus-independent chermical shift (NICS)(1) vs Ocr of CgHg nMn (M=Cu, Ag, Au, n=1-4) molecules
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Fig, 9 Cut-plane electron localization functions (ELF) mnd localized orbital locator (LOL) profiles on the ring plane of CgHM, (M=Cu, Ag, Au)
molecules along with 3D plots of the reduced density gradient (RDG; isosurface 0.750)

Ocg linear relationships, we predict that the contribution of
the peripheral ring current to the m-type ring current associated
with the carbocyclic ring is about 2.1-2.8 ppm for C;HM; and
4.5-8.3 ppm for the CgM species.

Finally, the marginal changes in NICS,,(1} values chserved
for the isomers can be understood by comparing their ELF and
LOL representations; an example referring to o-, m- and p-
coinage metalated benzenes is shown in Fig. 10. It can be seen
that the topology of the ELF and LOL representations of the
three isomers is quite similar. Note the weak van der Waals
interactions between the Cu substituents in the o-isomer as
reflected in the 3-D plots of the RDG (Fig. 10).

Considering that the archetype benzene aromatic becomes
antiaromatic in the triplet excited state, we decided to explore

€} Springer

169

the effect of metalation on the magnetic response properties of
coinage metalated benzenes in their triplet excited states. The
NICS -scan profiles of the CgHg .M, (M=Cu, Ag, Ay, n=1—
6) molecules in the triplet excited states are given in the sup-
plementary information (SI; Fig. S7) while the most salient
features of the NICS -scan curves are compiled in Table 4.
The optimized geometries of the T states of the CeHg M,
(M=Cu, Ag, Au; #=1-6) species are given in Figs. 58-510.
The structural changes induced upon excitation will be
discussed below in relation to the emission spectra of coinage
metalated benzenes. However, it should be stressed at this
point that the most characteristic structural change undergone
by the triplet states is the enhancement of the metallophilic
interactions whenever possible, which leads to the formation
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Fig. 18 Cut-plme ELF and LOL profiles on the ring plame of CsH,M, (M=Cu, Ag, Au) molecules along with 3D plots of the RDG (isosurface 0.750)

of M—M bonds that participate in the formation of four-
membered metallacycle rings. The estimated Cu—Cu, Ag—
Ag and Au-Au bond distances were found in the range
2.326-2.511 A, 2.652-2.906 A and 2.612-2.818 A, respec-
tively, which compares well with the Cu—Cu, Ag-Ag and Au—
Au bond distances in the diatomics, which were 2.273, 2.561
and 2.511 A, respectively. The metallophilic interactions in-
volve formation of o(M—M) MOs, which are constructed from
the in-phage overlap of d;* AQs of the coinage metal substitu-
ents (Scheme 2). Remarkable structural changes occur in the
triplet states of CsHsAg, CgHsAu, 1,3,5-CsHaAgs and 1,3,5-
CgHsAu, molecules, with one of the metal substituents being
moved out of the plane of the carbocyclic ring (Fig. 11). The
same holds true for the p-CgHsCuy and p-CgHaAgs species

with the two metal atoms adopting a trans configuration with
respect to the carbocyclic ring plane (bending angles with
respect to the carbocyclic ring plane are 21.7 and 25.2°, re-
spectively). Probably, it is the spin density distribution in the
triplet state of the aromatic ring in relation with the coinage
metal atom that determines its particular bonding mode.
Inspection of Table 4 reveals that, in contrast to the aromat-
ic archetype benzene molecule, the CgHg M, (M=Cu, Ag,
Au; n=1-6) species keep the iraromatic character also in the
triplet excited states. This could be due to the fact that the spin
density is localized primarily on the coinage metal substitu-
ents or on the four-membered metallacycle rings (Scheme 3)
and therefore the m-electron delocalization on the carbocyclic
ring remains practically unperturbed in the triplet state.

4 Springer
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Table4  The NICS,, values (in ppm) calculated at the g center, NICS (0} and 0.9 A above the ring center NICS,, (0.9) for the cuprated-, argentated-
and aurated-benzenes and the archetype CqHg molecule, in their triplet excited states, calculated at the GTAQ/PBEO/DeR2-QZVEP level of theory

Compound NICSn(0) NICSn(l) Compumd NICS{0) NICSn{1) Compomd NICS{0)  NICS{1)
CH,Cu -183 -31.7 CeHsAg -26.6 -32.7 CeHsAu 5.0 -18.0
0-CeHiCuy -15.6 -30.7 o-CouAg, -169 -305 o0-CeH,Au, -123 —29.1
m-CoHCus -18.7 289 m-CH AR, 209 232 m-CoHaAu; 2.3 -13.3
p-CeH,Cu, -11.0 -199 pCH AR, -13.8 —20.0 p-CeELAu, 74 -156
123CH:Cy;  —1740 292 123-CHAgs =201 —28.5 123-CiHsAu,  —139 -26.8
124CH,Cy;  -166 2938 124CHAg; 187 99 124CHAu, 110 268
13,5CoHsCuy;  —164 278 135-CeHAgs  —17.6 —26.8 1,3,5-CoHaAu; -6.5 -19.4
1234CH,Cuy  -176 217 1234CHAg, 215 71 1234CHAn,  —14.1 —25.1
1235CHCuy,  —183 —28.7 1235CeHAg,  —23.2 —29.0 1235CHAu,  —132 -25.3
1245CH,Cu,  —478 —42.6 1245CiHAg,  —299 —-32.8 1245CoAn,  —341 -348
CHCus -31.4 -30.0 CoHAgs 243 —25.8 CeHAus -136 227
CeCug -473 -38.5 Cehgs -36.8 -30.6 CohAug -363 -33.7
CoHg 185.1 1410

Notably, in most cases the triplet states possess higher aromat-
ic character than the singlet ground states, probably due to the
contribution of the four-membered metallacycle rings forming
the magnetic aromaticity.

All cuprated benzenes, except p-CgH4Cu,, in the triplet states
possess higher aromatic character than in the singlet ground
states. Comparing the NICS,(1) values of the triplet and singlet
states, the increase observed ranged from 1.6 up to 18.4 ppm, the
highest values characterizing the 1,2,4,5-C4H,Cu, (18.4 ppm)

Scheme 2 3D plots of o(M-M)
MOs in representative CgHg oM,
(M=Cu, Ag, Au; n=1-6)
molecukss supporting the
metallophilic nteractions
gooring in the triplet excited
states
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and CgCug (11.1 ppm) compounds. Both 1,2,4,5-C¢H,Cuy and
CgCug compounds involve two four-membered metallacycle
rings in the p-position, which might contribute to the aromaticity
of the central carbocyclic ring. Notably, in o-CgHsCus, 1,2,3-
Cﬁ,H;CU;, 1,2,4-C6H3Cu3, 1,2,3,4-05Hzcu4. and 1,2,3,5'
CgHoCuy molecules, which involve only one four-membered
metallacycle ring, the increase in the NICS (1) values are 3.7-
5.0 ppm. In CgHCu,, involving two four-membered metallacycle
rings in o-position, the increase in the NICS(1) value is

H-16
CﬁHSCu(nz'Hz)z

H-16
CeHsCu(n’-Hy),
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Fig. 11 Equilibrium structures

(bond lengths in Angstroms) of & <

CgHsAg, CoHsAn, 1,3,5- |32 LY \2.074 : 1979

Selatin L1t % e & 2.110 R [ *e

pCeHaCuy and p-CoHaAg, . 9 — 1 ' . ® 4 ‘w2099

molecules in their triplet excited 1388 @ 1388 1392 1.402 ) e 1.376 1 360 1.401

states calculated at the PREQ/S 1396 \ .13ss.~ 1.399 % 1 388.‘

Def2-QZVPP level of theory ‘ © ! ¢ ~RICN
CeHsAg CeHsAu 1,3,5-CgHzAg; 1,3,5-CgHzAu;

5.5 ppm. Tt is thus obvious that the increase in aromaticity in the
triplet states comes from the contribution of the four-membered
metallacycle rings formed to the magnetic aromaticity.

The magnetotropic behavior of the triplet states of argentated
benzenes is similar to that of cuprated benzenes. The increase in
NICS(1) values is in the range of 1.3-9.1 ppm, with the
highest value characterizing the 1,2,4,5-CgH,Ag, species. In
°_C6H4Ag2s 1!253'C6H3Ag3| 1 5254_CSH3Ag35 1!253!4_
CeHyAgy and 1,2,3,5-CJH,Ap, molecules involving one four-
membered metallacycle ring, the increase in NICS (1) values
wag in the range 3.5-5.4 ppm, as was the case with the cotre-
sponding cuprated analogues. The triplet states of m-CgHaAg,,
1,3,5-CeHAg;, CgHAgs and CeAgg possess very similar aro-
matic character to that of the singlet ground states and the in-
crease in the NICS,.(1) values is negligible (1.0-1.8 ppm).

Finally, the triplet states of aurated benzenes showed dif-
ferent magnetotropic behavior. Thus, the aromatic character in
the CgHsAu, m-CgHaAw,, p-CsHaAu, and 1,3,5-CgHiAus
species decreases relative to the aromatic character of the sin-
glet ground states [the decrease of the NICS(1) values are
—10.2, —12.8, —10.8 and —4.9 ppm, respectively]. In these
species the localization of a small amount of spin density on
the carbon atoms of the carbocyclic ring perturbs the
delocalized m-electron density, hence the decrease in
magnetotropicity. As in the case of cuprated and argentated

Scheme 3 3D plots of the spin densities (isospm surface=0.005) in the
triplet exited states of representative CoHg oM, (M=Cu, Ag, Au; n=1-6)
molecules
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benzenes, the highest increase in magnetotropicity occurs in
the triplet state of 1,2,4,5-CsHaAuy (11.6 ppm), while in o-
CgHyAus, 1,2,4-CgHaAus, 1,2,3,4-CgHaAuy and 1,2,3,5-
CgHzAu, molecules involving one four-membered
metallacycle ring, the increase in the NICS(1) values are
found in the range 1.6-3.1 ppm. The triplet state of CsHAu;,
involving one four-membered metallacycle ring, has almost
identical aromatic character to that of the singlet ground state
[the decrease of the NICS,.(1) value is negligible, —.7 ppm].
Notably, the higher aromatic character of the triplet state of the
CgAug molecule [the increase in NICS,{1) value is 10.3 ppm]
for the spin density is distributed uniformly on the Au atoms,
and therefore the peripheral six-membered Aug ring contrib-
utes to the magnetotropicity of CgAug species in the triplet
state. Note that the triplet state of CgAug involves six four-
membered metallacycle rings due o aurophilic interactions
between the Au substituents.

Spectroscopic properties of the CgHg .M, (M=Cu, Ag,
An, n=1-5) species

To assist the spectroscopic characterization, with a view to the
future synthesis of the CgHg M, (M=Cu, Ag, Au, #=1-5)
species, we calculated and analyzed their absorption (UV-vis)
spectra, Moreover, in order to gain insight into the perfor-
mance of coinage metalated benzenes with respect to a poten-
tial application in optoelectronic devices, e.g., in organic light
emitting devices (OLEDs) or solar cells, we also studied ex-
cited states {emission spectra).

Absorption spectra

The time-dependent DFT (TDDFT) simulated absorption spec-
tra of CgHsCu, CgHsAg and CgHsAu monometalated benzenes,
along with that of the *“free™ benzens molecule calculated at the
CAM-B3LYP/Def2-QZVPP level are depicted schematically in
Fig, 12, along with 3D contour plots of melecular orbitals

4 Springer
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Fig, 12 Time-dependent density fimetional theory (TDDFT) simulated absorption spectra of CgHg, CsHsCu, CgHsAg and CgHzAu, along with the 3D
contour plot of molecular orbitals involved in the electronic transitions calculated at the CAM-B3LYP/Def2-QZVEP level in the gas phase

involved in the respective electronic transitions. The calculated
absorption spectra of the remaining CeHg nM, (M=Cu, Ag, Au,
n=1-5) species are given in the SI (Figs. S11-S13).
Inspection of Fig. 12 and Figs. S11-513 reveals that
metalation of benzene introduces significant changes into the

4\ Springer

173

absorption spectra. Accordingly, the absorption spectra of
metalated benzenes exhibit many more bands than those ob-
served in the absorption spectrum of benzene. For example the
absorption spectrum of CgHsCu exhibits nine bands, while
those of C¢HsAg and CgHsAu exhibit six absorption bands.
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In contrast, the absorption spectrum of benzene is much gim-
pler, exhibiting only two bands peaking at 173 nm and
118 nm, The former is retained in the absorption spectra of
metalated benzenes while the latter disappears. Upon
metalation, two more changes appear in the absorption spectra
of metalated benzenes, i.e., the band appearing at 173 nm is
split up into a group of bands peaking in the range of 150
250 nm, and a weak band appears near or at the visible region
of the spectrum. The most intense band in the absorption
spectra of metalated benzenes is shifted marginally with re-
spect to the most intense band in the absorption spectrum of
benzene. This band arises from electronic transitions between
MOs located mainty at the phenyl moiety, which could be
formally assigned as intralipand (IL) transitions. An exception
is CgHsAu, where this band exhibits a formal ligand-to-metal
charge-transfer {LMCT) character since both HOMO and
HOMO-2 are located on the phenyl moiety, whils LUMO+3
and LUMO+4 are located on the metal atom (Fig. 12). The
highest energy band in the absorption spectra of metalated
benzenes appears in the region of 150-16{ nm and arises from
excitations between MOs located mainly on the metal atom.
Thig band could therefore be formally assigned as a metal-
centered (MC) transition, The absorption bands peaking in
the region 200-250 nm as well those peaking near or within
the vigible region of the spectra arise from electronic trangi-
tions between MOs located on the metal atom, and thus are
tentatively assigned as MC tmnsitions. The weak low energy
bands absorbing in the visible region of the spectra arigse main-
ly from HOMOQO— LUMO trangitions. Notabtly, there is a lin-
ear correlation between Amay of these transitions and
NICS_z(1) of the singlet ground states of the coinage
metalated benzenes (Fig, 13). This could be due to the contri-
bution to the induced diatropic ring current from the
translationally (7% ;) allowed HOMO—LUMO transitions.

Emission spectra

The CgHg.nMn (M=Cu, Ag, Ay, n=1-5) systems are expected
to exhibit phosphorescence, most probably from their first

/ g 500

.

-30 -28 -26 -24 -22 -30 i :3 4 -26
NICS(1) (ppm)

a b

NICS,,(1) (ppm)

triplet excited state, T. The nonradiative decay rate constant,
Ky from the T, state to the S, ground state is expressed ac-
cording to the energy gap law [88] as:

kn(T1—+Sp) = exp{—BIE(T1)~E{S)]}

i.e., &y increases as the energy difference between the T, and
Sy states decreases. In addition, the nonradiative decay is faster
when the structural distortions, expressed as the parameter 3,
are large. A compound is expected fo be efficient for applica-
tion in optoelectronic devices if Ay, is small while, in contrast,
its radiative decay rate constant, &, is high. Therefore, efficient
compounds are expected to exhibit high [E(T{) — E(Sg}]
energy difference and small values of the 3 parameter.

Table 5 lists the [E(Ty) — E(S¢)] energy difference,
AE5,1,), the zero—zero transition, vg_g, calculated as the en-
ergy difference between the zero point corrected total energies
of the Sp and T states and the vertical emission energy, Evp.
The latter is taken as the difference between the total energies
of the compounds in their S, ground state and the S, state at
the geometry of the T, excited state. The Eyy value corre-
sponds roughly to emission maxima [89], and is the value
most commonly compared to experimental band maxima,

Inspection of Table 5 reveals that AE g, ) lies within a
relatively wide range, in the region 8.5-66.6 keal mol ", The
largest variation of AEg_r,) was observed among the various
igsomeric species or upon changing the number of coinage
metal atoms. Thus, for example, o-C;H,Cu, exhibited
a AE5, 1) value equal to only 17.3 keal mol ™", while
m-CgH Cu, and p-C¢H,Cu, isomers exhibited values of
55.4 and 59.2 kcal mol !, respectively. The same holds also
true upon replacing Cu with Apg or Au. On the other hand, the
highest A, 1) values were observed for the species
bearing two coinage metals and especially for the — and
p-isomers. In contrast, species bearing more than three coin-
age metal substituents exhibited in general relatively low
AE s, 1, values. Nevertheless, the highest AE(g ), which
was as high as 67 kecal mol ™', was calculated for the
m-CgH,Au, species. The latter is higher than the AE 1))
value of the most common OLED dopant, fac-tris(2-

800 700

(um) y

24 -22 -29 -28 =27 -26 =25 -24 -23 -22

NICS_ (1) (ppm)
Cc

Fig. 138+« Linear correlation of Apex of the HOMO-LUMO tremsitions absorbing in the visible region of the spectrum with NICS,{1) values of the
singlet grommd states of coinage metalated benzenes, a Coppemated benzenes, b argentated benzmes, ¢ aurated benzencs
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Taple 5  Encrgetic parameters of the CgHg .M, (M=Cu, Ag, An, n=1-6) moleoules calculated at the PBEQ/Def2-QZVPP level

s AEg,T) peas AEg1) e AfgT)

CgHsCu 47.82 605 CeH:Ag 47.11 621 CeHsAu 56.78 516
o-CgHaCus 17.27 1679 0-CeHaAgs 2097 1402 0-CgHaAuy 3146 923
- MH,Cuy 5540 528 mMHAg, 5298 551 m-MHAm, 66.60 438
pCeHaCun 3920 494 pLeHaAR 5772 507 PLeHatny 56,40 519
1.2,3-C;H;Cu, 14.92 1945 1,2,3-CiHAgy 17.36 1700 1,23-CcHaAus 2847 1019
1,2,4-CsH3Cuy 15.83 1840 1,24-CsHa A 19.26 1533 1,24-CegHaAus 31.1% 931
1,3,5-CH;Cu, 4461 653 13,5CHaAg 1295 684  135CiHAu, 5504 533
1,2,34-CgH,Cny 13.32 2183 1,2,34-CHz A, 1531 1939 1,2,3,4-CeHyAuy 26,12 1109
1,2,3,5-C;H,Cuy 13.78 2120 1,2,3.5-CiHxAgy 16.09 1846 1,23 5-CeHy Auy 2820 1029
1,24,5-CiH,Cuq 19.39 1507 1,24,5-CiHzAg, 16,96 1753 1,2,4,5-CeHyAu, 40,01 724
CgHCux 858 3584 CeHAR. 15.51 1937 CeHAns 2591 1118
Celus CoAgs CgAng

phenylpyridine)iridium, In(ppy);, which has been found ex-
petimentally to be 56.2 keal mol * {2.44 eV) [90]. The lowest
AF(Sy-T) value was calculated for the CgHCus species, be-
ing only 8.6 kcal mol!, The 00 transition also exhibits a
large variance within the range 494 up to 3584 nm.

For structural distortion of the C Hg M, (M=Cu, Ag, Au,
r=1-6) species upon S,— T, excitation, very diverse behav-
ior was observed. Basically, the C¢Hg M, (M=Cu, Ag, Au,
n=1-6} species conld be classified into three categories based
on the structural changes observed during S— T excitation:
(1) species in which the only striking structural change con-
cerns the elongation of the C—M bonds, (2) species where both
elongation and out-of-plane bending of the C-M bonds is
observed, and (3) species where we have C-M elongation
accompaniex] by M—M bond formation.

The optimized geometries of the T states of the CgHg M,
(M=Cu, Ag, Au; n=1-6) species are given in the SI
(Figs. 88-510). An inspection of Figs. S8-S10 reveals that
CgHsCu exhibits no remarkable structural changes upon the
5o to T; excitation since only an elongation of the C—Cu bond
by 0.063 A could be observed and this species falls into the
first category. In contrast, upon the Sy to T, excitation, in
CgHsAg there is a C—-Ag bond dissociation and the Ag metal
atom is located almost above the center of the carbocyclic ring
(Scheme 3).

Finally, in CgHsAu, the S, to T, excitation causes an elon-
gation (bry about ©.146 A) and an out-of-plane bending of the
C—-Au bond (Fig. $13). Therefore, both CgHsAg and CgHsAu
fall into the second category with respect to the structural
changes that are undergone upon So— T excitation. The three
other coinage metalated benzenes, namely the m-CgH4Cus,
m-MgH,Ag, and 1,3,5-C¢HaCus species, also fall within the
first category.

The second category encompasses, in addition to CgHzAg
and CgHsAu, the p-CgH M, (M=Cu, Ag or Au), m-CgHiAup
and 1,3,5-CgHsMy (M=Ag or Au) molecules. All the
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remaining coinage metalated benzenes fall into the third, larg-
est, category. For example, in 0-CgH4Cuy, the Cu—Cu distance
becomes equal to 2.326 A in the T, state, while in the S state
it is 3.310 A. Clearly, there is Cu—Cu bond formation upon
Sg— T excitation due to the enhancement of the cuprophilic
interactions. The same phenomenon was observed for a large
number of coinage metalated benzenes where one, two or
even three M—M bonds are formed in their T, state due to
cupro-, argento- and aurophilic interactions. It should be noted
that the C—C bond lengths of the six-membered carbocyclic
rings are also affected upon S— T excitation, Thus, the C-C
bonds between the ipso-C atoms interacting directly with the
metal atoms, as well as those next to them, shrink by about
0.05 and 0.01 A, respectively, while the remaining C—C bonds
are marginally, or in some cases not, affected.

Conclusions

In this work we investigated a series of coinage metalated
benzenes formulated as CgH, M, (M=Cu, Ag, Au, n=1-5)
employing electronic structure calculations methods.
Important results are summarized as follows:

1. The structural, energetic, magnetotropic and spectroscop-
ic properties of the aromatic coinage metalated benzenes
were analyzed at the PBE(/Def2-QZVPP level and com-
pared to the respective properties of the unsubstituted ar-
chetype aromatic benzene molecule.

2. The coinage metalated benzenes were predicted to be sta-
ble aromatic melecules that are viable for synthesis of
molecules exhibiting intriguing properties with potential
technological interest. However, further investigations to
design possible reaction routes for the synthesis and iso-
lation of the coinage metalated benzenes are needed and
are underway.
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3. The bonding pattern of the coinage metalated benzenes

and their complexes loaded with hydrogen were analyzed
thoroughly by means of a multide of electronic structure
calculation methods [NBO, AIM, ELF, RDG and
Sign(A;(t))p(r) functions]. The energetic, electronic and
bonding parameters of the CgHg .M, (M=Cu, Ag, Ay, Li,
Na, K) species derived from NBO analysis calculations at
the PBE0/Def2-QZVPP level revealed that the C—M bond
is stronger for the coinage metal than the alkali metal
substituents with respect to both the heterolytic and the
homolytic bond dissociation processes. The nature of the
C-M bonds in the CgHsM (M=Cu, Ag or Au) species lies
between the two extremes, i.e,, that of benzene where the
C—H bond is practically a “pure” covalent C-H bond and
that of the C—M bond in CsHsM (M=Li, Na or K) species,
which effectively involves “pure” electrostatic
interactions.

. The diatropicity (aromaticity) of the coinage metalated

benzenes was found to be lower than the diatropicity of
the archetype benzene molecule, due probably to defor-
mation of the delocalized electron density induced by
coinage metal substituents. The aromaticity of the CgH,.
oMy (M=Cu, Ag, Au, n=1-6) molecules, as expressed by
the NICS,{1) aromaticity index decreases slightly along
the series of the cuprated-, argentated- and aurated-ben-
zenes. In contrast to the archetype aromatic benzene mol-
ecule, the CgHg M, (M=Cu, Ag, Au, n=1-5) molecules
are predicted to be aromatic even in the excited triplet
state. This could be due to the fact that the spin density
is localized primarily on the coinage metal substituents or
on the four-membered metallacycle rings formed through
metallophilic interactions and therefore the m-electron de-
localization on the carbocyclic ring remains practically
unperturbed in the friplet states. In most cases, the triplet
states possess higher aromatic character than the singlet
ground states, probably due to the contribution of the
four-membered metallacycle rings formed to the magnetic
aromaticity. Excellent linear correlations between the
NICS,; (1) values and the total negative natural charge
acquired by the carbocyclic ring as well as between the
NICS,, (1) values and the wavelength, A, of the
HOMO—LUMO transitions in the absorption spectra of
the coinage metalated benzenes were established.

. The ¢oinage metalation of benzene introduces significant

changes in the absorption spectra, giving rise to extra
absorption bands absorbing near or at the visible region
of the spectrum, which are assigned to metal centered
{CM) electronic trangitions, The emisgion spectra of the
coinage metalated benzenes are characterized by high
AE(Sy-T1) values, particularly for the di-substituted —
and p-isomers, with the highest AEs 1) value of
67 kecal mol ™! calculated for the m-CgHsAuz species.
The latter is higher than the AEg 1) value of the most
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common OLED dopant, the fae-tris{2-
phenylpyridine)iridium, Ir{ppy); which has been found
experimentally to be equal to 56.2 keal mol ™! (2.44 V).
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Hydrogen Storage

The hydrogen storage capacity of representative cuprated benzenes (C HsCu and 1,3,5-Cu;CeH;
molecules) has been investigated by DFT calculations and found to fulfill the US department of
energy target requirements for low-cost hydrogen storage materials, A thorough analysis of the
bonding Cu- - ("-H;) interactions by a multitude of electronic structure calculation methods (natural
bond orbital, ATM, electron localization function, reduced density gradient, and Sign(i-(r))p(r) func-
tions) showed that thege interactions exhibit a mixed covalent-ionic character accompanied by weak
intermolecular dispersion interactions as well,

.¢ wdy; Phenyleopper; 1,3,5-CusCll; molecule; Hydrogen storage capacity; DFT; Bonding Cu--
(1°-H;) interactions

1. Introduction

The design of new materials for hydrogen storage continues to be a major research area for
the development of fiture hydrogen energy applications driven to a large extent by techno-
logical demands, especially for mobile applications [1]. The prime goal for “The Hydrogen
Economy™ [2] to be realized is that of inventing safe, efficient, and effective storage for H,
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gas, and to replace current fechnologies based around the compression of H, as a liquid or
as a pas using cryogenic temperatures or high pressures [2(a)]. Therefore, there is major
worldwide interest in meeting the United States Department of Energy (DOE) targets of
6.5% wiw gravimetric and 45 g ™" volumetric H, storage by 2010, and 9.0% w/w and
81 g L ! by 2015 for mobile applications [3].

Hydrogen storage materials could be divided into two classes depending on the mecha-
nism of hydrogen sorption: materials where adsorption is due to physiserption or due to
chemisorption. In the case of physisorption, molecular hydrogen is weakly bound to the sur-
face of the material by van der Waals or hydrogen bonds. In the case of chemisorption, H,
molecules dissociate into atomic hydrogen which is then absorbed into the bulk, forming
stronger ionic or covalent bonds with the material, An ideal storage system would be one
where hydrogen binds molecularly but with a binding energy that is intermediate between
the physisorbed and the chemisorbed state.

Trangition metal {TM) atoms interacting with H; molecules form dihydrogen complexes
through the so-called Kubas interaction [4]. This bonding mode offers a rare opportunity
for the development of reversible hydrogen storage media for near room temperature opera-
tion [5], because the binding energy of the H» molecule in the system is theoretically esti-
mated to be in the range of 0.2-0.6 eV [6]. A good contender for hydrogen storage through
the Kubas interactions should be of comparatively low molecular weight, cheap and should
be further capable of rapid adsorption—desorption kinetic behavior which simulates an effec-
tive capturing and removal process [1(f)]. An alternative for chemical hydrogen storage is
provided by materials storing hydrogen as hydridic/protonic H combined with other ele-
ments (e.g., B, C, and N). An exhaustive list of this clags of chemical hydrogen storage
materials is given by Demirci and Miele [1{g)]. Hydrogen storage in metal hydrides has
also been the focus of intensive research, For example, magnesium dihydride combines a
high H; capacity of 7.7% w/w with the benefit of the low cost of the abundantly available
magnesium [7]. In metal hydrides, the hydrogen—metal interactions correspond to a direct
& metal hydride bond, in which the hydrogen shares its 1s electron with one of the available
valence electrons of the metal and can give four basic hydride species: MH, MH,, MHj,
and MH, [8]. Depending on the properties of the metal atom involved mixed hydride/dihy-
drogen complexes formulated as MH,{H,), {x= 1-4; y = 0—6) may be also formed. A com-
bined experimental and theoretical study of the MH,(H,), species (M = La—Gd; x=1-4;
y = 0-6) has recently been reported by Gagliardi and coworkers [8].

Metalated benzenes and particularly lithiated benzenes, aside from being very powerful
reagents in organic synthesis, are of particular interest in fundamental research and quite a
lot of theoretical work has been devoted to determination of their structures, relative stahbili-
ties of their isomers, as well as of various other intriguing properties, Very recently, Giri
et al. [9] investigated by DFT and ab initio molecular dynamics calculations the possibility
of using star-like hexalithiobenzene as a hydrogen storage material. Calculations predicted
that hexalithiobenzene could be a good candidate to serve as hydrogen storage material
which can efficiently absorb hydrogen in its molecular form at low temperature and desorb
it at room temperature. CgLis can trap 6—12 H, molecules in molecular form with a good
gravimetric weight percentage (9.6% w/w for Hy@CgLig) [1()].

Group 11 coinage metals (Cu, Ag, and Au) are also known to metalate benzene, Phenyl-
copper, CgH;Cu, is the first organocopper compound and its synthesis was reported by
Reich in 1923 ag an impure product obtained in 60% yield from phenylmagnegium bromide
and cuprous iodide in ether [10]. Since then, several other methods for synthesis of
CgHsCu have been reported [11]. Phenylcopper as well as its clusters are widely used as
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reagents in organic synthesis [12]. Since 1923, several unsuccessful attempts were made to
gynthesize and isolate phenylsilver, CgHsAg [13], until Beverwijk ef af. [14] synthesized,
isolated, and characterized phenylsilver as one of the most stable unfluorinated o-bonded
organosilver compounds known at that time. Finally, phenylgold, CgHsAu, has also been
synthesized and along with its silver counterpart, CgHsAg, as well as their aniong
[AuCsHs] and [AgCgHs]™ have been studied by Sun et 4l [15] employing photoelectron
spectroscopy and DFT caleulations, In subsequent work, Liu et al. [16] employed the same
techniques and methods to study the structure and formation mechanism of [CeHsCu,,]
{m = 1-3). The structure and the formation mechanism of the silver and gold counterparts,
[CeHsM,, ™ (M = Ag or Au, m = 1-3), have also been studied in detail using DFT calcula-
tions at the B3LYP//6-311G(d,p)/Lanl2dz level of theory [17].

Continuing our interest on the stndy of coinage metalated benzenes [18], we set out to explore
herein by electronic structure calculation methods the hydrogen storage capacity of coinage
metalated benzenes and the potential for using these molecules as hydrogen storage materials.

2. Computational details

All calculations were performed using the Gaussian09 program suite [19]. The geometries
of all stationary points were fully optimized, without symmetry constraints, employing the
1999 hybrid functional of Perdew ef al. [20] denoted as PBEQ as implemented in the Gaus-
sian09 program suite [19]. For the geometry optimizations, we used the Def2-QZVPP basis
set for all atoms. Hereafter, the method used in DFT calculations is abbreviated as PBEQ/
Def2-QZVPP, The selection of the PBEQ density functional was based on the fact that
PBEO (PBEIPBE) generally gives the best results for various properties of TM and main
group element compounds [21]. Def2-QZVPP bagis set is a high-quality basis set providing
smaller mean errors for a variety of computed properties of TM and main group compounds
[22]. All stationary points have been identified as minima. The natural bond orbital (NBO)
population analysis was performed using Weinhold’s methodology as implemented in the
NBO 6.0 software [23]. Magnetic shielding tensors have been computed with the GIAO
(gage-including atomic orbitals) DFT method [24, 25] as implemented in the Gaussian09
series of programs [19] employing the PBEQ functional (abbreviated as GIAQ-BPE(Q/Def2-
QZVPP method). Topological and energetic properties of p(r) at the (3,—1) bond critical
points (BCPs) were calculated by means of the Bader’s [26] Quantum theory of atoms in
molecules (QTATM) methodology. The 2-D plots of the electron localization function (ELF)
and the real space Sign(A,(r))p(r) function with promolecular approximation as well as the
3-D surfaces of the reduced density gradient (RDG) were obtained employing the Multiwfn
software version 3.2, [27]. The 4, term in the Sign(1,(r))p(r) function is cbtained ag the sec-
ongd largest eigenvalue of the averaged electron density Hessian matrix computed through
the dynamical trajectory. The adaptive natural density partitioning (AdNDP) [28] calcula-
tions were employed as implemented in the Multiwfh 3.2.

3. Results and discussion
3.1, Hydrogen storage capacily of phenylcopper, C.H:Cu

First, we explored the hydrogen storage capability of phenylcopper, CsHsCu, investigating
the copper-H; interactions by electronic stucture calculation methods. Figure 1 shows the
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Figure 1. Optimized gemnelries and selected structural parameters of the (a) C(,H_.-,Cu(apj-H:], (b) CgHsCu(n-
Ha)s, and (c) CsHsCu(™-Hz)3 species calculated at the PBE0/Def2-QZVPP level of theory (numbers in parenthesis
refer to structural parameters calculated for the parent CgHsCu molecule).

PBE(/Def2-QZVPP optimized geometries along with selected structural parameters of the
CsHsCu(Hs), (1 = 1-3) molecules. Notice that all our attempts to load the copper center
with four H» molecules were unsuccessfil, since in the resulting optimized geometries, the
fourth Hy molecule was always far apart from copper.

In CgHsCu(Hz), Hy is coordinated to Cu through a side-on coordination mode (s
coordination mode) adopting a perfect vertical orientation relative to the carbocyclic ring
plane. The distance between the copper and the centroid of the H-H bond, Cu—cd(H-H), is
1.635 A. Generally, the structural integrity and planarity of the carbocyclic ring are retained
in CgHsCu(y”-H,). The most significant structural change undergoing the CgHsCu moiety
upon interaction with H, i elongation of the C—Cu bond by 0.016 A. It can also be seen
that the H-H bond of the coordinated H, molecule in the CeHsCu- - -(*-Hy) complex is
elongated by 0.044 A,

The BSSE-corrected interaction energy (TF), for the CgHsCu- - {’-Hyp) interaction is
calculated to be equal to 13.8 keal mol " at the PBEO/Def2-QZVPP level. According to the
US DOE targets for hydrogen storage applications, the binding energy (or IE) per H; mole-
cule, which is sometimes also referred to as the removal energy or equivalently the absorp-
tion energy, should be in the range of 0.7-0.2 eV (or 16.1-4.6 kcal mol™') [29]. Obviously,
the estimated IE for CgHsCu- - -(>-H,) is within the US DOE targets. Upon attaching a sec-
ond H, molecule to CgHsCu(’-H,), a further elongation of the C—~Cu bond by 0.046 A is
observed and the total elongation with respect to C—Cu bond length found in CH;Cu
is 0.062 A. The elongation of the two H-H bonds in CgHsCu(r’-H,), is 0.045 A and it is
almost the same as that found for C¢HsCu(n’-H,). The coordinated H, molecules in
CeHsCu(r’-Hy); are further away from the metal center with Cu-cd(H-H) distances calcu-
lated equal to 1.722 A, Nonetheless, the structural parameters of the carbocyclic ring remain
practically unaffected. The CqHsCu(#>-H,), complex adopts a trigonal planar arrangement
of the two H, ligands and the phenyl ligand. The BSSE-corrected IE for the attachment of
the second H, molecule to copper is calculated to be 7.9 keal mol !, which is again within
the US DOE targets. Attachment of a third H, molecule to the copper results in a pseudo-te-
trahedral arrangement of the ligands around the metal center. In the CgHsCu(z’-H,); com-
plex, the C—Cu bond and the Cu—cd(H-H) distances are the longest compared to those
found for the complexes bearing one and two H, molecules. Thus, the C—Cu bond in
CeHsCu(’-H,)s is calculated to be 1.940 A, elongated by 0.073 A with respect to that
found in CgHsCu, while the Cu—cd(H—H) distances are calculated to be more than 1.8 A,
However, it should be noticed that the structural parameters of the carbocyclic ring are
almost unaltered upon attachment of three H; molecules to the copper metal center. Finally,
the IE of the third H, molecule with CsHsCu(y’-Hy), is calculated to be 5.6 keal mol
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once more within the US DOE targets. Overall, the average IE per H, molecule in C;HsCu
(1°-H,); is 9.1 kcal mol ™!, Noteworthy is the remarkable stabilization of C¢HsCu under a
hydrogen atmosphere.

The theoretical gravimetric capacities for CgHsCu(y*-Hy), CeHsCu(*-Ha)z, and C¢HsCu
(7%-Hy); are 1.4, 2.8, and 4.1% wiw, respectively, falling below the US DOE gravimetric
capacity target for 2015 which is 5.5% w/w [28]. On the other hand, the volumetric capaci-
ties of CeHsCuf*-Hy), CeHsCul’-Ha),, and CeHsCu(y’-Ha)s, based on molecular volume
calculations, are 24, 41, and 50 g L_], respectively. Again, these numbers are below the US
DOE volumetric capacity target for 2015 which is 70 g L™, [30] Accordingly, we explored
the H, storage capacity of the other cecinage metalated benzenes bearing more than one
metal atom, Due to the US DOE target for low-cost materials, we have only focused on the
systems bearing copper for cbvious reasons. Among all the coinage metalated species bear-
ing more than one copper, it is found that the best potential candidate to be examined as a
H; storage material is the 1,3,5-CusCgH; molecule.

3.2, Hydrogen storage capuacity of 1,3,5-CuCeH; molecule

The optimized structures along with selected structural parameters of 1,3,5-CusCgHz gradu-
ally loaded with three, six, and up to nine H, molecules calculated at the PBE(/Def2-
QZVPP level are shown in figure 2. Attempts to load 1,3,5-CusCgHs with more than nine
H, molecules were unsuccessful, since the extra H, molecules were always away from the
copper centers.

Perusal of figure 2 reveals that the H, molecules are attached to copper of the 1,3,5-
CusCeHs species in a similar way as that found in the CgHsCu species, i.e., with a »> fash-
ion adopting vertical, trigonal planar, and tetrahedral arrangement arcund the metal centers
in  the 1,3,5-CeHaCulHo)Cu(-Ho)Cu(’-Hy),  1,3,5-CeHaCuly™Ha)yCulr’-Ha)o
Cu(r’-Ha), and 1,3,5-CeHaCul*-HosCul*-Ho)sCul*-Ha)s complexes, respectively, The
calculated Cu—cd(H-H) distances are slightly elongated compared to thoge found in the
respective CsHsCu(y”-Hy), CsHsCu(y’-Ha)s, and CeHsCu(s’-Ha)a complexes, In contrast,

ot
- p
- =
':? C - & g
, ® § s g
e « e o o5 P
1o W@ “_am P
L"Q:}?Gt H'U". .‘. < v& . . & [ 8 ‘[ k P
\. \ . p
e ® @ & ®
L b \ ¢ - 1
« « G‘t
b e ¢ kl_.-
y L %
Cé
(@ (b) (c)

Figure 2. Optimized geometries and selected structural parameters of the (a) !,3.S—C(.H_xguwz—H:]Cu[;;:—Hg)(_'u
(72-Ha), (b) 1.3,5-CsHaCuln™-Hz)2Cul™-Ha)2Culia-Ha ), and (¢) 1,3.5-CoH3Culr™-Hz):Culy™-Ha)aCulra-Hz )z com-
plexes calculated at the PBE0/Def2-QZVPP level (numbers in parenthesis refer to structural parameters of 1,3,5-
CeHiCus).
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upon attachment of H, molecules, the C—Cu bonds in 1,3,5-CgH;Cu(y-H,)Cu(y*-H,)Cu
("-Hy), 1,3,5-CeHaCul’-Ho)Cu(’-Ho)yCuls’Ha)p, and  1,3,5-CoHsCuly’-Hp)sCuly™
Ho)sCulr’-Ha)s are slightly less elongated compared to the C-Cu bond elongation observed
for the analogous CeHsCu{r’-Hy), (# = 1-3) complexes. Finally, the structural integrity and
planarity of the carbocyclic ring is retained with marginal changes of its structural parame-
ters. The interaction energies per Hy molecule (BSSE included) are 12.7, 6.6, and 4.8 kcal -
mol " for the 1,3,5-Cu3CgH; bearing three, six, and nine Hy molecules, respectively, and
are within the range set by US DOE target. The gravimetric capacities of 1,3,5-CeHsCu(x’
Hp)Cu(r-H)Cul(*-Hy), 1,3,5-CeHaCulr-Ha)Cu(r’ Hy)Culy’-Hy),, and 1,3,5-CeHsCu
(*-Hy);Cu(y?-Hy);Culy®-Hy); are 2.2, 4.3, and 6.3% wiw, respectively, while the respective
volumetric capacities are 67, 110, and 98 gL‘l. Obviously, the values for the binding
energy, the gravimetric as well as the volumetric capacities calculated for the 1,3,5-
CusCgH,(i>-Hy)s species are all above the targets set by the US DOE.

Taking into account the use of the coinage metalated benzenes as potential candidates of
materials for H, storage, we thought it would be advisable to study in more depth their
interaction with H, molecules. For the sake of simplicity, we would examine only the spe-
cies bearing one copper metal center, and for comparison, we would examine also the most
promising 1,3,5-CeHzCu(y”-Hz)Cul(y”-Ho)Ou(r™-Hy), 1,3,5-CeHaCulr™Hz)Culy® Ha)oCu
(-Hy)s, and 1,3,5-CeHaCuly”-Ho)sCu(y’-Hy)sCuls’-Hy)s  complexes. The estimated
Wiberg bond orders (WBOs) for the CgHsCu- - «(7°-H,) interaction in the CoHsCu(y’-Hy,),

S MK - o

CgHsCu(n’-Hy)

&: 30 8

H-15

C¢HsCu(n’-H,),

l.’
"

C¢HsCu(n?-H,),

Figure 3. 3-D plots of the MOs relevant to the C4HsCu- v-(};z-Hz} interactions in C‘,H5CL1(;;3-H2),‘ (n = 1-3) com-
plexes (isocontour value = 0,030).
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CeHsCufr’-H,),, and CgHsCu(’-H,), complexes of 0.284, 0.321, and 0.318, respectively,
demonstrate weak covalent Cu- - -(#°-H,) interactions. Upon addition of a second H, mole-
cule to CeHsCu(y’-Hy), the WBQ increases, while, when adding a third Hy molecule to the
CeHsCu(n’-Hy),, the WBO slightly decreases.

The 3-D plots of the MOs relevant to CgHsCu---(#*-Hy) interactions are shown in
figure 3. In CgHsCu(y”-Hy) ,two bonding MOs arising from the in-phase combination of
the 3d AO of copper with the & bonding MO of the H, molecule describe the covalent
CeHsCu- - -(5"-Hy) interactions. On the other hand, the covalent component of the
CgHsCu: - -(#"-H,) interaction in both CgHsCu(s*-H,), and CgHsCu(y’-Hy), is due to three
bonding MOs constructed from the in-phase combination of 3d,: and 3d.2_p AOs of Cu
with the ¢ MOs of the coordinated H, molecules,

Next, we locked for possible hyperconjugation effects on the Cu- - -(#°-H,) interactions in
the CeHsCu(y’-Ha), (# = 1-3) complexes. The stabilization energy, AE(2), associated with
possible charge trangfer (CT) interactions between the relevant donor-acceptor orbitals com-
puted from the second-order perturbative estimates of the Fock matrix in the NBO analysis
according to the equation AE(2) = tii]?/ei — g allows specific hyperconjugative interac-
tions to be pinpointed. This equation evaluates the magnitude of the donor-acceptor interac-
tion in terms of the spatial overlap of the NBO, using the off-diagonal Fock-matrix
elements Fy and the difference in energy between the NBOs, ¢; — ¢j, weighted by the occu-
pancy of the donor NBO, g;. The most significant perturbative donor—acceptor interactions
introducing favorable hyperconjugative effects related to the Cu---(3”-H,) bonding in the
CeHsCu(s™-H,), (n=1-3) complexes are given schematically in figure 4 along with the
respective values of the stabilization energy, AE(2),

Three significant hyperconjugative interactions occur in C¢HsCu(y’-Hy) (figure 4), The
first donor—acceptor interaction involves a CT from a bonding NBO of o-type located on
the Hy; melecule toward an antibonding LP* NBO (LP stands for lone pair), which is
mainly a p AO of copper. This interaction stabilizes the system by about 15 kcal mol ",
The second donor—acceptor interaction involves a CT from a LP NBO of d-type located on
copper toward a BD* (BD stands for bonding) antibonding NBO of o*-type on Hy mole-
cule stabilizing the system by almost 13 keal mol ™', Finally, the third hyperconjucative
interaction involves a CT from a bonding NBO of otype on coordinated H, molecule
toward an antibonding BD* NBO localized on the carbon—metal bond, which stabilizes the
system by more than 32 kcal mol ', The total stabilization energy due to the three hyper-
conjugative interactions in the C4HsCu(y>-H,) species is 60.3 kcal mol !, Therefore, the
coordination of Hj to the Cu center of the C¢HsCu(y’-Hz) molecule could be considered as
a “Kubas-type” interaction. The latter involves donation of two electrons from the & bond-
ing MO of the Hs molecule to a vacant 3d AOQ of a metal accompanied by a back-donation
of electrons from a filled d AQ of the metal to the o* antibonding MO of the Hy molecule
[4, 31]. However, it should be noticed that in C5H50u(qZ-H2) there is donation of electrons
from the o bonding MO of H; to a vacant 4p AQ of Cuy, since all of its 3d AQs are filled,
while there is also a back-donation from the 3d AOs of copper to the ¢* antibonding MO of
H,. In addition, employment of the AINDP method [28] revealed the existence of a 30—2e
bond for the CgHCu- - -(4-H,) interaction (scheme 1).

The 3c—2¢ bond is formed from the in-phase interaction of a 3d AO of Cu and the & MO
of H,. Remarkably, in our systems, there is also a donation of electrons from the o bonding
MO of the H> molecule toward a o* antibonding MO located on the C—Cu bond, which
among all three hyperconjugative effects observed, mostly stabilizes the system. The
o*(C—Cu) natural bonding orbital involved in this hyperconjugative interaction is
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Figure 4. Selected hyperconjugative interactions in (a) CeHsCu(n’-Ha), (b) C‘}HSCU(PIFE—Hz]g, and (c) CgHsCu(y’-
H,); species (labels of donor and acceptor NBOs are in red and blue, numbers are the respective AE(2) terms) (see
http://dx.doi.org/10.1080/00958972.2015.1064906 for color version).

constructed from an sp (74.07% p character) natural hybrid orbital (NHO) on the ipse
carbon interacting in-phase with an sd (90% s character and 6% d character) NHO of cop-
pet, having the form ¢*(C—Cu) = 0.4677 hc— 0.8839 hAc,,. Thus, the elongation of the C—Cu
bond of C;HsCu upon interaction with H, is probably due to the s{H-H) — o*(C—Cu) elec-
tron transfer. Overall, based upon the NBO charges in the C¢HsCu(s>-H,) species there is a
net electron density transfer of (.07 |¢] from Hj to CgH;Cu moiety. The electron density is
trangferred from the 1o MO of H, toward mainly the 4s and 4p AOs of Cu, since the natu-
ral electron configuration of H and Cu in the CgHsCu- - «(-Hz) complex are 1g%%1p%0!
and 3d°%45%34p%7 respectively.

Association of a second H, molecule with CsHsCu(y>-Hy) leads to ten hyperconjugative
interactions related to the C¢HsCu- - (s°-H,) interaction {five for each H, molecule). These
hyperconjugative interactions correspond to a total stabilization energy, AE(2), of more than
172 keal mol ', Five hyperconjugative interactions between the CgHsCu moiety and one
out the two H, molecules of the CgHsCu(i’-Hy), species along with the respective AE(2)
values are shown in figure 4. The other five hyperconjugative interactions are exactly the
same to those given in figure 4 for the CsHsCu(s”-H,) complex,
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Let us now analyze the hyperconjugative interactions related to the CgHsCu- - -{#°-H,)
interaction in CgHsCu(y’-H,),. The first hyperconjugative interaction arises from an elec-
tron density transfer from a LP NBO of d-type located on copper toward a BD* antibond-
ing NBQ of s*-type on H, molecule stabilizing the system by almost 10 keal mol ™', The
second hyperconjugative interaction is due to an electron density transfer from a partially
occupied LP* of p-type AQ on copper toward a BD* antibonding NBO of ¢*-type on Hy
stabilizing the system by more than 20 kcal mol ", The fourth and fifth hyperconjugative
interactions arige from electron density transfer from a bonding NBO of o-type located on
the H, molecule toward LP* NBOs located on copper. Finally, the fifth hyperconjugative
interaction corresponds to a o{H-H) — o*(C—Cu) electron transfer which probably accounts
for the C—Cu bond elongation causged by H, coordination to Cu. As observed for CHsCu
(°-Hy), in CeHsCu(y*-Hy),, there is almost the same net electron density transfer of 0.066 |
¢| from each H; molecule {overall 0.132 |¢f) toward the CgH;Cu moiety. The electron den-
gity is transferred from the 1o MO of the H, molecules toward mainly the 4s and 4p AOs
of copper.

For the C¢HsCu{#’-H,)s species, NBO analysis revealed a large number of hyperconjuga-
tive interactions taking place in the C¢HsCu-- '(ﬂ2-H2) interactions. The moest significant
among them shown in figure 4 could be classified into two groups: one group comprises
hyperconjugative interactions relevant to the interactions involving the two structurally
equivalent H, molecules, located below the carbocyclic ring plane, while the second group
comprises hyperconjugative interactions relevant with the third H, molecule, located above
the carbocyclic ring, exhibiting a slightly longer Cu—cd{H-H) distance compared to the
other two H, ligands [figure 4(c)]. All these hyperconjugative interactions stabilize the sys-
tem by about 247 keal mol ', Inspection of figure 4 reveals that there are a number of
hyperconjugative interactions with electron density transfer from o{H-H)-type NBOs
toward copper p-fype NBOs as well as back-donation from copper d-type NBO toward anti-
bonding o*(H-H)-type NBOs. In the C¢HsCu(’-Hy); complex, there is an even higher
electron density transfer from the 1o MO of H, molecules toward the CgHsCu moiety
amounting to 0.29 || based on the natural charges upon comparing with the respective elec-
tron density transfer observed in CgHsCu(r’-H,), and CqHsCu(y’-H,).

To further delineate the nature of the C¢HsCu- - -(y°-H,) interactions, we employed AIM
calculations for the representative CqHsCu(i”-H,), CeHsCu(n”-H,), and CeHsCu(’-Hy)y
species. The contour line maps of the Laplacian of the electron density, V2 ppce, for
CeHsCu{r™-H,) is depicted in scheme 2, while similar diagrams are obtained for CgHsCu
(#>-H>), and CeHsCu(n*-H,)s. In all cases, a BCP between the copper center and H, is
observed, indicating that there is a bonding C¢HsCu: - -(#*-Hy) interaction. To analyze this
interaction, we calculated AIM parameters for three BCPs, the one found between CgHsCu
and the H> molecule, a second one found between the copper and the phenyl moiety, and a
third found for the H-H bond in the H, molecule. These BCPs are denoted as BCPcy 1),
BCP(C_Cu), and BCP(H_H) (scheme 2).

According to Bader’s [26] theory, the presence of a BCP between two atoms indicates
bond formation, The values of certain parameters at BCPs are used in order to clarify the
nature of the bond formed between two atoms. Thus, if the electron density at a BCP
between two atoms, pycep, is large (>0.2 a.u.) and the value of its Laplacian, V2 ppcp, is
large and negative, then the bond formed is considered to be covalent. However, when TMs
are present, the diffuse character of the electron distribution [32] leads to positive V2 ppcp
values and small ppep values. Hence, Cortés-Guzmén and Bader suggested [12] that caution
should be taken upon using the values of these two parameters to describe the delocalized
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bonding encountered when TMs participate in the interaction. Consequently, a number of
different parameters have been proposed to describe the bonding between two atoms within
the framework of the AIM theory. Cremer and Kraka [33] proposed that a bond between
two atoms could be considered as covalent if the value of the total energy density at the
respective BCP, Hipcp, is negative. In addition, Espinosa ef al. [34] based upon the value of
the |[Vace|//Gncp ratio, where Facp is the potential energy density at BCP and Ggpcp is the
kinetic energy density at BCP classified the bonding interactions into three categories as fol-
lows: (i) pure closed-shell interactions (e.g. ionic bonds, hydrogen bonds, and van der
Waals interactions) characterized by |Facel/Gace < 1 (V2 pace > 0 and Hpcp > 0), (ii) pure
open-shell (covalent) interactions characterized by |Vecrl/Grcr>2 (V2 propr <0 and
Hpep < 0), and (iil) intermediate bonds with 1<|Vpcpl/Grer <2 {(ie. V2 ppep >0 and
Hyep < 0). Finally, Macchi and Sironi [32] cutlined that a covalent bond involving TMs
exhibits small V?ppcp and ppep values, negative total energy density, Hpop < 0 and Gpep/
puce ratio lower than 1.

Let us examine first the values of the AIM parameters calculated for the BCPycy m). The
values of the electron density, p(r), and its Laplacian, V2 ppcp, are 0.088 and 0.318. Accord-
ingly, the CgHsCu- - -{(5°-Hy) interaction could not be considered, as expected, as a purely
covalent interaction. However, as mentioned above, when a TM is pregent in an interaction,
then the values of both of these two parameters should be examined with caution [32] and a
number of other parameters must be examined as well. Hence, the energy density Hycp and
the ratio Hycplpncp are —0.031 and —0.352, respectively, indicating a partially covalent
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Scheme 1. 3D plot of the 3¢-2e bonding MO calculated by AANDP method.

Wios
//-'BCPIH-Hl

v~ BCPtCu-L’.‘i

BCPicymzy— /]

Scheme 2. Contour line map of the Laplacian of the electron density, for the interaction of phenylcopper with a
hydrogen molecule.

character for the CgHsCu- - ((#°-H,) interaction. On the other hand, the |Fcpl/Gacp ratio is
1.279 i.e., is between 1 and 2, and therefore, the C¢HsCu- - «(5>-H,) interaction is expected to
exhibit character between covalent and ionic [34]. Finally, the Grcp/opce ratio of 1.247 ig
higher than 1, pointing to a closed-shell interaction (dispersion forces) between the copper
and H,. Overall, based upon the values of the AIM parameters on BCPycy,mr2), We conclude
that the respective C¢HsCu- - «(5”-H,) interaction exhibits a mixed covalent-ionic character
involving also a component arising from intermolecular dispersion forces.

Attachment of a second H, molecule results in lowering of the p(r) and it’s Laplacian, V2
puce, wWhich are 0,076 and 0,250, respectively, The same holds true for the Hrep and the ratio
Hyepipncp which are —0.024 and —0.316, respectively. The ratio |Facp|/Gaep is invariant at
1.279 while Gpcp/pnce ratio is 1.132, which is still higher than 1, Thus, the CgHsCu- - -(4-
H,) interaction in C4HsCu(s’-Hy,), exhibits qualitatively the same character as in CgHsCu(s-
H,). Upon attaching a third H, molecule, we have further lowering of the AIM parameters on
the BCP(Cu—HZ): i.e., p(l') = 0064, V2 Prce = 0.209, HBCP — _0017, HBCP/PBCP ratio is
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—{.266, |Pacep//Gacp ratio is 1.243, and finally, the Gpcp/pnep ratio is 1.094, Therefore, once
again attaching a H, molecule does not affect significantly the nature of the C;H;Cu: - -
(>-H,) interaction. Taking into account that ATM parameters indicate the involvement of dis-
persion forces in the CgHsCu. - -(°-Hy) interaction, we investigated further the RDG and the
real space Sign(ix(r))p(r) function with promolecular approximation (figure 5).

The green disk-shaped RDGs around the Cu.--(y"-H) bond clearly demonstrate the
weak van der Waals components of these interactions. This is further corroborated by the A,
term in the Sign(Ax(r))p(r) function which is almost zero at the BCP of the Cu: - -(#°-Hy)
bond. Furthermore, both the RDGs and A; terms illustrate the metallophilic interactions
whenever possible.

4, Concluding remarks

In this work, we have investigated by means of DFT calculations the hydrogen storage
capacity of C;HsCu and 1,3,5-CuyCgH; and found that these molecules fulfill the US DOE
target requirements for low-cost hydrogen storage materials. A thorough analysis of the
Cu- - {5”-H,) interactions by a multitude of electronic structure calculation methods (NBO,
AIM, ELF, RDG, and Sign(Ax(r))p(r) functions) showed that the Cu- - -(3°-Hy) interactions
exhibit a mixed covalent-ionic character accompanied by weak intermolecular dispersion
interactions as well.

Supplementary material

Cartesian Coordinates and energies (in Hartrees) of the CsHsCu(y’-H,), and CgHsCu(s’™
H)uCuly’-Ho)aCuls’-Ho)a (1 = 1-3) (table S1). These data can be obtained free of charge
via http://www.cede.cam.ac.uk/conts/retrieving. html.
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