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Idé méta carbon-bismuth fi ibi ti Aworan sigma ati pi
textbook ti dékun sisé han

Iwddii kan ninii Science se ayewo molecular ion CBi-, cousin heavy-element ti awon species pélii ide méta
ti a mo, pelu cryogenic photoelectron spectroscopy ati relativistic quantum calculations. Abajade nda jé
evidence taara pé strong spin-orbit coupling le tin classical sigma/pi bonding framework seto si relativistic
Kramers pairs ti total angular momentum 7 se label. Eyi ko so pé ordinary chemical bonding jé asise; 6 fi
han idi ti bookkeeping fi yi pada légbéé atom té wuwo gan-an.
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Ide méta saba maa n j€ ohun t6 mo, t6 si rorun lati yaworan.
Bismuth mu ki aworan naa ma rorun bée mo.

Awdran bosewa fiin ide méta ni idé sigma kan ati ide pi méji. Ide sigma ni ap4 idé ti awon orbital fi doji ko ara
won taara, peld 1p0 electron 1égb¢é ila té so atom méjee;ji po. Ide pi si ni apd ti awon orbital fi wa 1égb¢¢ ara won,
peld ipo electron 16ke ati ni isale, tabi yi kd, 112 nda. Nind awordn textbook, sigma kan ati pi méji dd idé méta té
mo, té si rorun lati ka sile.

Awordn nda ki 1 se ir¢. Fin awon atom t6 féere, 6 sdba mda 1i sis¢ ddadda nitori a 1 sapejuwe electron peld orbital

ti a le fi irisi won ati spin won ya si 0t0 ni ti ero.
Isoro ni pé bismuth ki 1 se atom t6 féere.

Jun

Bismuth ni proton 83. Nitosi nucleus t6 wuwo bayii, relativity ki i se atiinse kékeré ti a 1¢ fi si ¢gbé mé; 6 di apa
kan nind chemistry finra r¢. Electron 1 rin nind field t6 ldgbéra t6 bée ti spin-orbit coupling — ibdsepd 14aérin spin
electron ati isipopada orbital r¢ — 1¢ di 0kan lara ohun pataki ju lo t6 1l s€td awon ipo re. Nigba ti eyi ba sele, awon

label atij¢ ki 1 paré nitori pé a gbagbé won. Won kan dékun jijé awon label t6 déra ju lo.

iwé iwadii tuntun nind Science 14ti owd Deniz Kahraman, Jie Hui, Xin-Yu Zhang, Neil A. Ellis, Hyun Wook Choi,
Kirk A. Peterson ati Lai-Sheng Wang se iwédii dran t6 mé gan-an: molecular ion carbon-bismuth CBi-. O ni iye
electron kan nda peld CN-, eto ide méta t6 mo si wa nind awon element t6 féere. Sugbdn yiyi nitrogen pada si

bismuth mu isoro electron-counting kan nda wo ind ayika relativistic t6 wuwo puipo0.

Abajade t6 moé ki 1 se pé “ide méta jé asise.” O kéré ju bée lo, 6 si dara ju bée lo: nini CBi-, apejuwe classical
sigma-plus-two-pi subu si apejiwe relativistic té dd 16ri Kramers pairs ti a fi projection ti total angular momentum

se label. Idé n4a si wa. Ohun t6 kuna ni bookkeeping atijé.

The textbook triple bond meets heavy-atom relativity

Spin-orbit coupling mixes the clean sigma/pi picture in C-Bi.
4 ™
light-element heavy C-Bi case
picture
1 relativit a
one sigma bond y | Omega | Kramers pairs

plus two pi bonds sigma/pi mixing

Boundary: the textbook model still works where relativity is small.
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Ninu idé méta fun element t6 féerg, a ni orbital sigma kan ati orbital pi méji; nind C-Bi t6 wuwo, spin-orbit
Q| Kramers pairs ti sigma ati pi ti dapo. idé naa ko paré — awon label textbook ni ko sisé

coupling tun un séto si
mo bii ti téle.

Original diagram — The Clean Paper CC BY 4.0

Ohun ti awon olukOwé won

Awon olukdwé dd CBi- silé nind molecular beam nipa laser ablation ti target bismuth/graphite, I€yin nda won se
iwddii anion nda peld high-resolution cryogenic photoelectron spectroscopy ati photoelectron imaging. Anion ni

ion t6 ni charge odi; nibi, CBi- ni molikilu carbon-bismuth p¢ld electron afiktin kan.

Photoelectron spectroscopy 1i se ohun t6 roriin ni ilana té nira gan-an. Photon kan kolu anion nda, 6 si 1€ electron
kan jade. Nipa wiwon electron té jade, a I¢ mo iye agbdra ti a nilo, ati nipa bé¢ electronic ipd wo ni neutral
molikilu wo. Neutral electronic ipo ni okan lara awon iseto electron ti 6 jé allowed I€yin ti electron afikin naa
ti kiro. Photoelectron imaging tin fi angular information kin un: 6 fi gba apeere ti itdjade electron, eyi t6 fi ran

16wo lati mo irud orbital ti electron naa ti wa.

[video pending]

Animation €ko kékeré kan nipa photoemission: imole té wolé n [é electron jade lati inu ohun €lo, agbara awon
electron naa si n so fun wa awon ipo té ku — ilana kan naa ni photoelectron spectroscopy ninu iwadii yii fi n sisé.
Fidio naa n salayé technique naa ni gbogbogbo, ki i se idanwo CBi- funra re. The Clean iwé iwadii se
transcoding si MP4 fun browser compatibility; content ko yi pada.

Spectrum pataki ni 4.661 eV fi electronic band méta han, ti won pe ni X, A ati B. Nind molecular spectroscopy,
X sdba maa i timo si ground electronic ipd — ipo té ni agbdra té kéré ju lo fin neutral molikdlu — nigba ti A ati
B jé awon excited electronic ip0 t6 t¢ 1€ e. Spectrum t6 ga siini 6.424 eV ko fi abud4 mii tuntun han.

Awon high-resolution measurement fiin adiabatic detachment agbara wonyi:

« 2.3429 eV fln ipo X, €yi ni electron affinity ti neutral CBi;
« 2.5812 eV ftn ipo A;
+ 3.5246 eV fin ipo B.

Experimental uncertainty ti won royin jé ni ayikd 0.0010 eV fun electronic agbdra ati 8§ em-1 fun vibrational

frequency.

Awon vibrational frequency ti wén won tin sin m¢ ara won, sugbén won ko ddgba:
. X: 681 cm-1;
« A:606 cm-1;
. B: 633 cm-1.

Awon némba wonyi se pataki nitori won i so ohun kan nipa bonding nind ipo kookan. Ni gbogbogbo, ide t6 kuru
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ti 6 si ldgbdra mda 1l ni stretching frequency t6 ga; ide t6 rQ tabi t6 gun si i sdéba mda 1l ni frequency t6 kéré si i.

Chemistry ni exception pup0, sugbdn eyi jé ibudo ibere té wiilo.

O /Z N\ N\ / 0o » o N\ N\ sz 7/ /Z N\ \
Ib1 ti aworan atijo ti bere si 1 ni 1s0ro
Ninu apejawe nonrelativistic, CBi- ye ki 6 da bi cousin t6 wuwo ti CN-. A mada reti filled sigma orbital kan ati
filled pi orbital mé;ji. Nigba ti a ba yo electron kan, neutral ipo ye ki a 1& fi sigma/pi ede bosewa sapejiwe won.

Measurement naa ko huwa té mo té bée.

Angular distribution ni isoro akoké. Detector nda ki 1 se pé 6 1 won agbdra electron nikan; ¢ tin 1i won itdsdna ti
electron nda n fo si. Pattern yii ni a fi anisotropy parameter ti a i pé ni beta sakétan. Band X ni beta 1.86, ti awon
olukowé timo si dominant p-wave detachment ldti orbital ird sigma. Band A ati B ni beta -0.73 ati -0.67, t6 ba

detachment t6 da bi pi mu.
Titi dé ib¢, ohun gbogbo da bi eni pé 6 rorin: X da bi sigma, A ati B si da bi pi.

Stuigbdn vibrational iseto ko 14ti te 1€ assignment nda. Nigba ti electron kan bé kard, molikdlu 1e ki silé ni ipo t6 i
vibrate; apeere awon vibration peak wonyi ni a 1i pé ni Franck-Condon progression. X ati B ni progression kukuru
té jo ara won, nigba ti A gun sii. Ti A ati B bd jé spin-orbit component méji nikan ti ordinary pi-hole ipo kan, a
maa reti ki iyipada bond-length won jo ara won ju bée lo. Dipo bée, B da bi X ni ona kan, 6 si da bi A ni ona mii.

Iru contradiction bé¢ rorun lati fi diagram bo. Awon olukdwé se ohun té yato: won 10 6 gégé bi clue pé diagram

nda ki 1 se ohun t6 ye mo.

Apejiawe relativistic

Fin atom t6 wuwo, spin ati orbital motion ko rorun 14ti ya si 0t0. Quantity t6é déra ju lo 14ti toju ni projection ti
total electronic angular momentum l¢gb¢¢ molecular axis. iwé iwadii nda fi omega se label r¢.

Eyi yi basis ap&jiwe nda pada. Dipd ki a wo ide méta gégé bi sigma kan ati pi méji, 1éyin nda ki a fi spin kdn un,
awon olukowé sapejiwe ipo té ye gégé bi relativistic Kramers pairs. Kramers pair ni spinor méji té ni agbdra kan
naa ti time-reversal symmetry béére nind eto peld odd number of electrons. Ord néa jé technical, sugbdn ero re¢
rorun: nind oran relativistic, ohun one-electron t6 jé adayeba ni spinor, ki 1 se orbital ti ko ni spin ti a s¢s¢ fi spin
mo 1€yin naa.

Fully relativistic calculation naa fin pure pi-like Jomega| = 3/2 Kramers pair kan ati [omega| = 1/2 Kramers pair
méji peld sigma/pi mixing t6 po. Ni ede rorun, pair kan si i huiwa bi pi ni pataki, suigboén awon méji yooku ko
jé sigma tabi pi t6 mé mé. Eyi ni “collapse” nind title iwé iwadii: ki i se pé bonding paré, bi ko se pé classical

sigma/pi separation dékun jijé ede t6 t¢ fin molikudlu yii.

Computation nda ki i se asekdra ¢wa I€yin idanwo. Awon olikowé lo four-component Dirac-Coulomb coupled-
cluster ona, peld DC-CCSD(T) ftin ground ati low-lying ip0, ati EOM-IP-CCSD fin ipo B. Calculated C-Bi bond
length fin CBi- jé 2.022 angstroms, computed anion stretching frequency si jé 695 cm-1, t6 stin m¢ experimental
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scale. Awon calculated adiabatic detachment agbdra ba measurement fin X ati A mu ddadda, won si se se atil¢yin

fln fin relativistic assignment nda.

State B ni apd t6 si nira ju lo fun calculation. Calculated vibrational frequency r¢ ko b4 idinwo mu t6 bée, awon

s\ 2

olukowé si timo eyi si ami pé frequency nda sensitive gan-an si iye mixing ldadrin ipo X ati B. Strong |omega| =

£ 499

1/2 mixing naa gan-an ni 6 tin jé k6 seé se fiin B 14ti ni frequency t6 ga ju A lo. Alayé t6 mé ko gbédd jé “mé

2NN

Ju iwé iwadii ti 6 1 salayé lo.

Ohun ti eyi ko fi eri mule

» Ko timo si pé ordinary sigma ati pi bonding ko wiilo.

- Ko timo si pé carbon-nitrogen triple bonds, alkynes tabi opo textbook example ftin light elements nilo redraw.

» Ko fi ¢ri mile pé gbogbo heavy-element bond 1i huwa bi CBi-.

- Ko so pé C-Bi bond ki i se multiple bond.

- Ko se relativistic quantum chemistry di decoration ti a 1¢ yan lati fi sil¢; nind Oran yii, a nilo r¢ fin assignment
to to.

- Ko d4 ohun ¢lo tuntun tabi chemical technology tuntun sil¢ finra re.

Boundary nda ni kéko. Classical bonding ¢deé 11 sisé ddadda nigba ti assumption r¢ sin mé otitd. CBi- wilo nitori

assumption wonyi ni a t¢ dé ibi ti ikina won fi han gbangba.

Bawo ni eri se lagbara t6?

¢ri nda lagbdra fin assignment ti awon olukowé se.

Ni iddnwo, 1wé iwddii nda darapd high-resolution cryogenic spectra, vibrational iseto ati photoelectron angular
distributions. Awon constraint wonyi kin ara won: agbara spacing nikan y6o j¢ aldildgbara si i; angular distribution
nikan nda y6o j¢ aldildgbdra si i; tension 1434rin won gan-an ni 6 tdka si relativistic interpretation.

Ni computation, awon olukowé lo fully relativistic four-component ona dipd ki won fi spin-orbit coupling kin
nonrelativistic calculation gégé bi correction kékeré. Eyi se pataki nitori claim nda gan-an ni pé spin-orbit coupling

ko kéré nind molikdlu yii.

Match nda ko pé. Vibrational frequency ipd B ni loose end t6 han ju lo. iwé iwadii nda tin se molikulu ion kan soso,
ki 1 se gbogbo chemistry. Sugbén gégé bi benchmark fin relativistic heavy-element bonding, CBi- mé gan-an: 6

kéré, idanwo 1¢ ya ipo re sétd, aba-¢ko si 1e se € pekipeki.
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Ki nidi ti 6 1 se pataki?

Chemistry sdba maa 11 ké bonding nipase aworan. Eyi ki 1 se ailera. Awordn té dda i compress quantum mechanics

si ohun ti opolo eniyan I¢ 10.

Stigbén gbogbo awordn ni 2ala ibi ti 6 ti ye. Awdran sigma/pi fin triple bond jé ti regime ti spin-orbit coupling ti
le jé secondary. Heavy elements l¢ jadde kird ni regime yen. CBi- fi iyipada nda han nint molikdlu t6 kéré t6 bée

ti a 1¢ won iklina naa, a si I¢ calculate r¢ ni detail.

Eyi se pataki fiin chemistry heavy elements nitori bismuth ati awon element t6 sin mé on ki 1 se curiosity t6 jina si
quantum mechanics. Wén jé ibi ti relativistic ipa ti jé apa deede ti bookkeeping. Ti chemists ba fé apere, interpret
tabi predict bonding l¢gbe¢ atom t6 wuwo, won nilo ede té i toju quantity t6 to.

Iye iwé iwddii nda ki 1 se pé 6 mu ki awordn atijd da bi asiwere. O se ohun t6 wild ju lo: 6 fi ibi gangan ti awordn

atijo ti dékun gbigbé eru han.

Akotan kedere

Kahraman, Hui, Zhang, Ellis, Choi, Peterson ati Wang won molecular ion CBi- peld high-resolution cryogenic
photoelectron spectroscopy ati photoelectron imaging, wén si fi spectra nda wé fully relativistic Dirac-Coulomb
coupled-cluster calculations. Won ri neutral CBi ipd méta peld adiabatic detachment energies 2.3429, 2.5812 ati
3.5246 eV. Spectra ati angular distributions ko ba simple nonrelativistic sigma-plus-two-pi triple-bond picture
mu. Dipo bée, lagbara spin-orbit coupling tiin bonding nda seto si relativistic Kramers pairs: pi-like |omegal| = 3/2
pair kan ati jomega| = 1/2 pair méji peld sigma/pi mixing. Eyi jé éri taara pé ninu triple-bond &td peli element
té wuwo gan-an, textbook orbital labels dékun jijé ede t6 dédra ju lo fin quantity ti a I& toju. Ki 1 se rejection ti
ordinary chemical bonding; 6 jé map t6 péye ti ibi kan ti relativity ti gba bookkeeping nda.
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