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WHAT THE PAPER SAYS - WHAT IT DOESN'T - WHY IT MATTERS

Carbon-bismuth triple bond T8 & textbook FT
sigma—pi ITqL FE A HLAE Hldla

Science § WWT/%F Ud Y97 CBi— molecular ion — gf=fe triply bonded species #Theavy-
element cousin — T cryogenic photoelectron spectroscopy 3T relativistic quantum calculations &
probe AT | T direct evidence 3dT& T strong spin—orbit coupling classical sigma 3% pi bonding
framework @total angular momentum & label Eh‘@' relativistic Kramers pairs H reorganize &% T&d g |
§9G GHIIT chemical bonding “TTAd” T& I ISTHT T qgd W¥Tatoms & TH bookkeeping FTTETATHT

gaoT AT |
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I THS HIHAAE THAY Tdh AHHTGAS AT &ITE aHS ale | AAHTEAS a8 0 -TA aMadHTs
STTEH AR 99 R TCHP RITEA TR ETH GF T8dls | T8 IAS 39T & 44 aW =R (9T, , STT9H
TATREIH I90d 39 T@Tdh HILAH TSHH IFBT 8618 | TBITHAS M eX(IeT aHS | Udh AHHTAT &T
TE THS ATART T TH-Ta 6T a8 & |

TE UF G 97 &, AT 5® THIE & A0 596 AW &R/ HIa98 Hla: SARCIAHIUE A CAd 7

T HIATATE AT TR ATRAT AT I HIATIOHHE T & AT @A |

I THAY FSHals | AT G¥Vd 39 8THE |, T& T (RPT TBTTHd® ISR A &, T8 T80 AIST
q-theT 8 |

T 39 &f9E & AR r=aran

T H 83 EA &R & | S HEFHI® & TH ARRT da@had GAHS I HF 78 Nadl ada! TaHT flaadl
T THIR | SHREIA Sa4 AT VAL H AT & &l GAT-HLFE HITANT - SAREIH & AT 3T IqA]
FRTE AT & TH HIANT - TITLITTT FIT T HGT TUIH T U g Eahdls | a9 TOH Aael 39T 78T
THT &0 & §& 38 I TN T 9 999 ATS, Ao T8 178 o |

Deniz Kahraman, Jie Hui, Xin-Yu Zhang, Neil A. Ellis, Hyun Wook Choi, Kirk A. Peterson ey Lai-Sheng Wang
FTATScience IHIAL THIHSRT. I TT Udh IS THA RIALITT HivdTa: carbon-bismuth ATUET ion
CBi-. 78 CN- & d® isovalent &, & (@ da@ [@HATIL AT S AA-THS ATHEH & | AT TRELTT HIeITE

TETT W@ & TR ARSI A [ HAITdRE [T TF AR AT (6 AT § T s |

AW AW Tals & I TS TAd & 7 T 399 TR A (A=9qT &: CBi- H GHHIH -
TR THTIHCT a0 ZEdh? fd AIH a7 & TRYIT § A9A i T Kramers TEATGH THAT
T H TacT STR | TAS AHRTHEE 8 | THIR AR -RIqH &[T a6 18 |
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The textbook triple bond meets heavy-atom relativity

Spin-orbit coupling mixes the clean sigma/pi picture in C-Bi.

4 ) 4 N

light-element heavy C-Bi case

picture
one sigma bond
plus two pi bonds

relativity | Omega | Kramers pairs
—— | sigma/pi mixing

Boundary: the textbook model still works where relativity is small.

g M\% §| d\d\lchld\ SR &IT-I\S TUh § T AT ITE Hﬁﬁﬁﬂ:ﬁ'ﬁ'ﬂ?ﬂﬁ WTIC-Bi & spin-orbit coupling 8 sigma/pi mixing
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Original diagram — The Clean Paper CC BY 4.0
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A bismuth/graphite KERE Fllaser ablation & TUTd & beam & CBi- FTATHIT I -resolution cryogenic
photoelectron TIREIHHH BT photoelectron SHSTIT & anion HTSTLAFT &AM Anion FaUT SATGI THTATAT

ZHT&; ARTCBI- carbon-bismuth 3TV & TTHH Teh AT R TAREIA & |

Photoelectron TIHETHAH AR TILT § Hic(7 dith § Uh A7 &F &dla | Th HER anion § Tdh SARIA

TfRET & | TET Aot STRaTH Wﬁmﬁm’ﬁmmﬁﬁm
TAREIHId ATLITAN TEHT SAREIATS ATHATHAN R SHTREIH B & IR a9 SARSIATRITR

FTHAT TITEATR | Photoelectron SHSTTT ST THAT M ISR %W@mmw

g, 9 39 AEled & I HITEIH & § ALS ATAd R STTEE SAREIH TTReA™

[video pending]

Photoemission T H HTT& SBETSIRT e animation: HT THTIHET HIGIRT & TAREIH ATRHAATR, AT IT

TAREIATR IS AT S, TH TR & 9% 7 adtils — Ta M8 R8I #RTE photoelectron TYhHetHAHH IS T,
& | I% AT - a(@HTe, 999 CBi- LT A& N 98 @iadid AT am THTaL 4 §6 MP4 H transcode & 4T
& AR aata £ |

4.661 eV T T IR H H OF SHAREIHIH 38 &, ST X, A 3T B FERTAT SV R GIRe HhA




X ATH G¥ 97 ground SAREIA T ATHAT- T AT HIGTH HH HLATTH AT~ HIELIH R, TaHT A
AT B AIHEIH | S A BT Saa o q SHReIH d ATTIT & 6.424 eV & T FLAEH GaheH

o FE AT aTITAEE Mo

39T -resolution AR IE adiabatic detachment energies ATt

X STEATH ATT 2.3429 eV, STTeqT CBi FlgeAdhe A affinity §;
A TTHITE ATT 2.5812 eV;
B STaE¥T& 1T 3.5246 eV |

r ~

TIE FRTE TAIHHE AT A daRe e AT energies & AT ATHIT 0.0010 eV 3T HTT-Ha 4 [frequen-

cies® AT 8 cm-17 | )
HURTE 9T-Ga 4 frequencies HITH AT AHRT T STH AT

X: 681 cm-1;
A: 606 cm-1;
B: 633 cm-1 |

T AT A T@dls RAml § 8¢ aeqy ATEITH bonding & ¥ & &P, A8 | BETT AAd THS
THAIT 3T stretching frequency 3dTa; FHSE ATAAGTHS 39 F &idTs | THHT ITAAH § I8 AIH 57
T TR T8 oAl A (=T AT EHET & A0 ITIIR |

HITHA Y F8SAHd

Nonrelativistic THEE H CBi- HICN- #NMTITIIC ST AARTSIHT ST Udh MITEAT sigma orbital 3T IRY ET pi
orbitals HIFHHE HTT | TH SARCIA 8CH T2 UHITCHYT ATHHT ATAIEIT (-8 THAT sigma/pi N
HATE |

AW A< AW aik 9 qI9aF Taidd |

TR A Tangular distributions & | S T¥HIT H S{EHe? o SAREIH SIS ATa AL a8 8 YIHAAT
?#MWWWW?I wmmﬁ‘bemm anisotropy Wﬁmﬁ
FATTETE | X 2 ®beta A 1.86 &, STTH @%@ sigma-type orbital & dominant p-wave detachment 7RI & | A
T B §T & beta AF -0.73 T -0.67 &, ST pi-like detachment & HeT &H 7 |

AT TH TH GHET TIT AT ia: X sigma-like &, A 3TY B pi-like & |

AR FIT-FET G TTAGH T LIET REH SR | SHREIH e T¥ AU T H A5l 78 Thdla; 7
vibration peaks & ‘?TGF @TFranck-Condon progression F&d & | X 3T B § &I GHH B E[progressions &,
FaRt A H AdIprogression & | T&f A 3T BHaeT T §HAA pi-hole W'F[ETI% ZTspin-orbit components &, AT
bond HEE H TAH & AAC & I8 AN GHA SEEIT 9T & a0 B UH T8 H X TG g9 F

A StTEEdTE |

% 39 Y8 FEHAN & (9 &f9idiagram & T/ STIATATER & | @6 IASTad 5. 7 39 Gad AR &
& diagram 11T H& [ T8 L&
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TTIZHPLSAT & spin AT orbital motion HIHH-AH AT & R ATATHHAT S8 d ¥ conserved quantity ST
axis & 9 Gl QW\\TVH'% angular momentum HTprojection & | Fﬁﬂ'q_clf( 9 omega § A9 FATR |

WWWWW@ | {(ﬁﬂ‘&'ﬁ?m sigma 3TT¥ &Tpi orbitals THHY & H spin TE & ToTH,
AR AT ATEIBN REHRTAREKramers SB[ I Td T9 § a0Md &ivd & | Kramers STES (Y7 G@ATH
Wﬁ' e WIUTFI'FQu'Iﬁ‘ time-reversal symmetry YIEATI AT degenerate spinors FITER | MEES GELOE
AR TG LA 7 ARATATRMAE H Td (6 Td-electron THAU spinors &, 7T & SHEIT spin-&he orbitals

ST 9T 9% # spin TITREAT |

‘;L{\I Y8 ARAYdEE calculation U < pi-like Jomega| = 3/2 Kramers STETSIT & Isigma/pi mixing I8 &T
lomega| = 1/2 Kramers STEf&TadT® | G4t W, T TERTT szi component STHTTIIRE Hldls,
Faht SRIGIEH a¥ 97 sigma FTpi T8 Fad | THY X & title § “collapse” W@W & bonding FTTHT AT
TR TR 3T A & AT TaMNTh TT 7 ITHAH sigma/pi HTL RICEAT

0T l{u FE AIHCEE SEH A58 | TEH J¥-component Dirac-Coulomb coupled—ﬂ'ﬁﬁﬁr GICICIRICOERR T
FIA &, FTH ground T FF-lying ATHIT & ATT DC-CCSD(T) 3T B ATHLTH AT EOM-IP-CCSD
AT & | CBi- %(‘*l'FQ‘WTﬁﬁTIE‘ C-Bi bond @& % 2.022 angstroms & 3{T¥ anion dicomputed stretching frequency
695 cm-1%, W&ﬂﬁ% FH & | TS adiabatic detachment energies FHRTE X 2T A BJITFI'%TI'{
A8 H @i le 3T GHRTTHE AT CIE REHIT Hiidis |

B sTgH@¥Tcalculation & AT THH AHAE-ads | §Ta calculated HIT-H S frequency T & &H AT,

g BT s, WM#WW%@&W@%#%@@W X 3T B Wﬂﬁ%mixingm

Al 980 GaeA9H & | TRHIGd [omega| = 1/2 mixing B :TA HITAAH HIYE TT & 3T9(F frequency IdT
g | FEEE THIAY FEAIEITEITS THIG § TIEEH TaRHEET |

T8 RATEHIT T8 [ <d]

EHRHAAT I8 H@H"TFH'H'FET sigma =¥ pi bonding IHT & |

EREISGRERES H?I?I?Fcarbon—nitrogen triple bonds, alkynes A& 1 d cl\cl'\lq ™ mwﬁm
W H TR TS |

a8 WWH heavy-element bond CBi- m FLAa® |

T5 TS art C-Bi bond multiple bond &7 |

TE ARATAHE[REET TaAT-aoTH flhE IhA T TAHE TE ATHT 6 THA H T8 TP & A0
THRLIA R |

HIT AT H T8 HE TAIET TS THAA 6 TEI g a8

HATE ST EH & | IHAH bonding YNTAT T80 AAS, A8 ®H dldla T SHOHAAAN T &8N
CBi- ITTIE AT TS AHATBA T¢ SAARTH TSATR &f ITRATEEE & A8 |
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A dRIE ATCIOT & ATT T Ho(Gd & |

KR TIT ST T mﬁﬁ'—resolution cryogenic TR T HI HEE I photoelectron angular distri-
butions HITEATR | T ERET a’snf i I e {STTspacings AL SEG] &H; et angular distributions ¥RHSTT
B 3T aH ST 8 MR ATAHR I AT AL IR |

T =AY & @%@ nonrelativistic calculation & & spin-orbit coupling #IWK‘ TES & IO E ‘Tﬂﬁ'@‘
AHRYAHE T -component ATTHTEHIHH &V & | T8 SHATT THA TEATR RARI SHICH Tala & §9 AL
T spin-orbit coupling BETE & |

e THaYE T30 A& e | B-state HIdIT-Ha T frequency IAAETH FATATTR | THIAL U SUETd ion &T
AT Fdl, T THAR TLEAE dHa N AH(T TRRTTHE lheavy-element bonding & F=HI® AR 1T
T CBi- THAAT 1T & 9 &: SET TN & AIS, a8 resolved 3T ATTHH & U I |

T8 I HHA T@dTs

THHT AT AT bonding R & ST ATEHTR | T8 FHGETR | ATS AL RIEA THL
UHIT H QI &7 adle J1d SO SHaAH &7 9 |

KEIC RSN IES FITI AR 8 | sigma/pi triple-bond TEAY. I regime 7 T8 T8 Tspin-orbit coupling HT
TS AATAE SR | Yilelements I regime § &Y SITH& & | CBi- 39 &I &IUH SE A H a@AT

g Al hAd @ Eadr & AR TS AN adTs |

lf"\

[l

Heavy-element THAT-ATS3H & AT T8 SHATT AE TGl R @l aTHT AT I9G6 TSHIGREET JHI
H #do gy AIGE Tals | § UH TUH & TaITRATTHENE GART &(aR-RqF ®aadrs | Tat

chemists TFTIYHVLSAT & TH bonding HISTAET, TAEATHIATIATHATHR ITHTEED &, IS8 UHMNTEEIT AT
H%"‘l‘quantities Flconserved T |

THIAY HiHT T8 & i 98 [HIAHGE HF 1 GR(d #idls |98 S99 T9(d STIIEH didl: o aE@aT
& &l THITHAY dia MY IeHES ®id i |

O 9EEr

Kahraman, Hui, Zhang, Ellis, Choi, Peterson 3% Wang ﬁ‘m resolution cryogenic photoelectron H’&ﬁfﬂ'@lﬁﬁ‘
3T photoelectron SHTHT & CBi- AT TH ion HFHT T AIRETRITATTI A8 AR ARTTHE Dirac-Coulomb
coupled-HH7 fa gATTUT l\ T H &N 3 5 T<qT CBi FITH ?H_GI'FI'?TQ: afetstfehradiabatic detachment energies
2.3429,2.5812 3T 3.5246 eV ¥ HW angular distributions FETUT nonrelativistic sigma-plus-Fpi triple-
bond T 9F § 9 5148 | 96 T9TH AST9d spin-orbit coupling bonding Elﬁ'Fl'W“!T‘l’EI’ﬂ"‘I‘Kramers JEE™
Wj’i’ﬂ'ﬂ:ﬂﬁl‘ TR U pi-like omegal = 3/2 G{%Tﬁ'l' sigma/pi mixing T ZTomega| = 1/2 STETGT T8 THT
SEGH g WFEIE‘I-F Hdad a8 triple-bond TXOIRTH EERRSGED # orbital AT IR TG, [conserved HNTTRT
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TE TH | I8 GHAT THATS bonding HIEYRT F¥ATETR; T8 39 Udh S8 HTHSH THITa o8 relativity

gfaw-afaw 97 Adla |
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