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Mot lién két ba carbon-bismuth cho thay
noi hinh sigma-pi trong sach giao khoa
ngung hoat dong

Mot nghién cttu Science tham do ion phdan tir CBi-, ho hang nguyén t6 ndng ctia cdc loai
lién két ba quen thudc, bang pho quang dién tit dong lanh va tinh todn luong tit tuong
doi tinh. Két qud la bdang chitng truec tiép rang ghép spin—quy dao manh cé thé tdi to chitc
khung lién két sigma/pi co dién thanh cdc cdp Kramers twong doi tinh dwgc gan nhan
bdi moment géc tong. Diéu nay khong lam lién két héa hoc thong thuwdng sai; né cho
thdy vi sao cdch ghi so thay doi gan nguyén tit rdt ndng.
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hoéa ly

Lién két ba thuwdong rat gon. Bismuth lam né bot
gon.

Hinh dnh chudn cda lién két ba 1a mot lién két sigma va hai lién két pi. Lién két sigma 1a phan
“doi dau” cha lién két, vdi mat do electron doc duong ndi hai nguyén t. Lién két pi la phan
“bén hong”, véi mat do electron phia trén va dwdi, hodac quanh, dwong dé. Trong lién két ba
sach gido khoa, mdt sigma cong hai pi tao thanh goi rat gon.

D6 1a hinh vé sach, va véi nguyén t& nhe thuong sach vi ly do that: electron c6 thé dwgc mo ta
bang orbital ma hinh dang va spin dwoc gitt tach biét vé khai niém.

Hinh dé khong phai 16i n6i d6i. N6 la xap xi rat tot & phan bang tudn hoan chiva phan 16n vi
du sach gido khoa.

Bismuth khong nam & phan ay.

Bismuth c6 83 proton. Gan hat nhan nang nhu vay, thuyét twong déi ngirng la mot hiéu chinh
trang tri va tré thanh maot phan cda héa hoc. Electron chuyén dong trong treong dd manh dé
ghép spin—quy dao — lién hé giira spin electron va chuyén dong orbital — tré thanh mt trong
cac nguyeén tac to chirc chinh. Khi diéu d6 xdy ra, nhan ci khong bién mat vi ai quén chdng.
Chung ngirng la nhan tét nhat.

Bai Science méi ciia Deniz Kahraman, Jie Hui, Xin-Yu Zhang, Neil A. Ellis, Hyun Wook Choi,
Kirk A. Peterson va Lai-Sheng Wang nghién ctitu mot truong hgp cd y sac: ion phan t& carbon-
bismuth CBi-. N6 dang electron vGi CN-, mgt hé lién két ba nguyén t6 nhe quen thudc. Nhuwng
thay nitrogen bang bismuth chuyén cting bai todn dém electron vao moi treong twong doi tinh
ndng hon nhiéu.

Két qua sach khong phai “lién két ba sai”. N6 hep hon va tha vi hon: trong CBi-, mo ta c6 dién
sigma+cong+hai-pi sup vao mé ta twong doéi tinh xay bang cac cap Kramers dugc gan nhan
theo hinh chiéu moment géc tong. Lién két van con. Cach ghi s6 cli mdi 1a thi that bai.
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The textbook triple bond meets heavy-atom relativity

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

Lién két ba nguyén t6 nhe [a mét orbital sigma cong hai pi; 8 C-Bi ndng, ghép spin-quy dao tai td chuc ching
thanh cac cap Kramers || cé tron sigma/pi. Lién két vAn con — nhan sach gido khoa mdi Ia thif ngiing hoat
déng.

Original diagram — The Clean Paper CC BY 4.0

Cac tac gia da do gi

Cac tac gid tao CBi- trong chum phan t& bang laser ablation muc tiéu bismuth/graphite, roi
tham do anion bang phé quang dién t& déng lanh d6 phan giai cao va anh quang dién tt.
Anion la ion mang dién am; & day CBi- la phan t& carbon-bismuth c¢6 thém mot electron.

Phé quang dién ti 1am mot viéc don gian theo cach k§ thudt khé. Photon bat mot electron
khoi anion. Po electron bay ra cho biét can bao nhiéu nang lwong va do dé trang thai dién t&
trung hoa nao dugc dat tgi. Trang thai dién tit trung hoa la mot cach sap xép duwoc phép cda
cac electron con lai sau khi electron thém bi bé. Anh quang dién t& thém thong tin géc: né ghi
mau hudng electron phat ra, gitip nhan dang dac tinh orbital electron xuét phat.

[video pending]

Mot animation gido duc ngén vé hiéu iing quang phat xa: anh sang tdi bat electron khoi vat liéu, va nang lugng
electron cho biét cac trang thai bi dé lai — cung nguyén ly diing sau phé quang dién ti dung & day. Video minh
hoa ky thuat chung, khéng phai chinh thi nghiém CBi-. Bugc The Clean Paper chuyén méa sang MP4 dé tucng
thich trinh duyét; ndi dung khéng dbi.
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Pho chinh ¢ 4,661 €V cho ba band dién tt, ky hiéu X, A va B. Trong pho phan t&, X thuwong ky
hiéu trang thai dién t& co bdn — trang thai nang lugng thap nhat cia phan t trung hoa —
con A va B la cac trang thai kich thich ti€p theo xuat hién. Pho nang lwgng cao hon & 6,424 eV
khéng cho dac trung thém.

Cac phép do do phan giai cao cho nang lugng tach electron doan nhiét:

2,3429 eV cho trang thdi X, tttc ai lyc electron cia CBi trung hoa;
2,5812 eV cho trang thai A;
3,5246 eV cho trang thai B.

b0 bat dinh thyc nghiém bédo cdo khoang 0,0010 eV cho nang lugng dién t va 8 cm-1 cho tan
s6 dao dong.

Cac tan s6 dao dong do dugc cling gan nhuwng khong giong nhau:

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

Nhitng con sé nay quan trong vi néi vé lién két & tirng trang thai trung hoa. Lién két ngan
va manh thuong cé tan so kéo gidn cao hon; lién két yéu hodc dai thuwong thap hon. Héa hoc
khong phai luc nao ciing cho cAu nay mién lwu y, nhung day 1a tay ndm dau tién htru ich.

Hinh anh cti bat dau gap rac roi & dau

Trong mo ta phi twong d6i tinh, CBi- trong nhw ho hang ndng hon ctia CN-. Ta mong mdt orbital
sigma day va hai orbital pi day. B4 mot electron phai cho cac trang thai trung hoa gan dugc
bang ngdén ngit sigma/pi thong thwong.

Phép do khong gon nhu vay.

Phan b6 goc la van dé dau tién. Detector khong chi do ndng lugng electron; né con do electron
bay theo hudng nao. Mau hudng dugc tom tat bing tham s6 bit ding hudng beta. Band X
¢ beta 1,86, dugc tac gia dién gidi 1a detachment p-wave chiém wu thé tir orbital ki€u sigma.
Band A va B c6 beta —0,73 va —0,67, phu hgp detachment kiéu pi hon.

T6i day nghe con kiém soat dugc: X giong sigma, A va B giéng pi.

Nhung cau truc dao dong chong lai cung phép gan. Khi bd electron, phan t c6 thé con rung;
mau cac dinh rung goi 1a chubi Franck-Condon. X va B ¢6 chudi ngin tuong tu, con A dai hon.
Néu A va B don gian 1a hai thanh phan spin—qu§ dao ciia mot trang thai “16 pi” thong thudng,
thay do6i do dai lién két ctia chuing phai giéng nhau hon. Thay vao dé, B giong X ¢ mot mat va
giong A & mat khac.

DAy 1a kiéu méu thuan dé bi gidu dudi mot so do. Tac gid lam ngugce: dung né lam manh maoi
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rang so do khong con la vat dung dé dung.

M6 ta twong doi tinh

V6inguyén ti nang, spin va chuyén dong orbital khong tach sach. Pai lwgng bao toan t6t hon
1a hinh chiéu moment géc dién tit tong theo truc phan t&. Bai bdo ky hiéu bang omega.

biéu nay doi nén tang mo ta. Thay vi xem lién két ba 1a mdt sigma va hai pi roi thém spin sau,
tac gia mo ta cac trang thai lién quan nhu cdp Kramers twong doi tinh. Cap Kramers la cap
spinor suy bién do déi xitng dao thoi gian yéu cau trong hé cé so electron 1é. T nglt k¥ thuat,
nhung y don gian: trong treong hop twong doi tinh, vat mot-electron tw nhién la spinor, khong
phai orbital khong-spin r6i dén spin 1én sau.

Tinh todn hoan toan twong do6i tinh cho mot cap Kramers thuan kiéu pi |omega| = 3/2 va hai
cip |omega| = 1/2 v4i tron sigma/pi dang ké. N6i thuong, mot cidp van chi yéu giong thanh
phan pi, con hai cdp kia khong con gitt sach sigma hay pi. P6 1a “collapse” trong tiéu dé bai
bao: khong phai lién két bién mat, ma 1a sy phan tach sigma/pi c6 dién sup dé6 nhu ngon ngir
dung cho phan t nay.

Tinh toan khong phai phan trang tri sau cung. Tac gid dung coupled-cluster Dirac-Coulomb
bon thanh phan, gom DC-CCSD(T) cho trang thai co ban va thap, EOM-IP-CCSD cho trang thai
B. b0 dai lién két C-Bi tinh cho CBi- 1a 2,022 angstrom, tan s6 kéo giadn anion tinh la 695 cm-1,
gan thang thuc nghiém. Nang lwgng tdch doan nhiét tinh dwgc khép gan trang thai X va A do
dugc va ho trg phép gan twong doi tinh.

Trang thai B van 1a diém nhay cla tinh toan. Tan s6 dao dong tinh dugc khép thyc nghiém
kém hon, va tac gia doc diéu nay nhu dau hiéu tan sé rat nhay véi mic tron gitta X va B. Chinh
sy tron |[omega| = 1/2 manh dy lam B c6 tan s6 cao hon A dang ké. Mot bai giai thich sach
khong nén lam bai goc “sach” hon chinh né.

biéu nghién cttu nay khong chirng minh

N6 khong c6 nghia lién két sigma va pi thong thuwong vé dung.

N6 khong c6 nghia lién két ba carbon-nitrogen, alkyne hay phan 16n vi du nguyén té nhe
trong sach phai vé lai.

N6 khong chitng minh moi lién két nguyén t6 nang hanh x& nhw CBi-.

N6 khong néi lién két C-Bi khong phai lién két boi.

N6 khong bién hoa lugng ti twong doéi tinh thanh phan trang tri tuy chon; trong truong
hop nay no can dé gan ddng.

Ty than n6 khong tao vat liéu maéi hay cong nghé hoa hoc mai.

Ranh gi¢i chinh 1a diém can hiéu. Ngon ngit lién két co dién hoat dong rat tot khi cac gia dinh
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clia n6 gan dung. CBi- hitu ich vi gia dinh bi kéo cang dd dé that bai hién ra.

Bang chirng manh dén dau?

Bang chitng manh cho phép géan cua tac gia.

Vé thyc nghiém, bai bdo két hgp pho dong lanh do phan gidi cao, cau truc dao dong va phan
bd goc quang dién t&. D6 1a cac rang budc bo sung nhau: chi khodng cach nang luwgng sé yéu
hon; chi phan b6 goc cling yéu hon; chinh do ciang gitra chung chi tdi dién giai twong doi tinh.

Veé tinh toan, tac gia dung phuong phap bon thanh phan hoan toan twong déi tinh thay vi thém
ghép spin—qu§ dao nhw hiéu chinh nhé sau tinh toan phi twong doi tinh. Piéu nay quan trong
vi chinh tuyén bo la ghép spin—-quj dao khong nhé trong phan t nay.

PO khép khong hoan hdo. Tan sé dao dong trang thai B la dau day léng dang chu y. Bai bao
cling chi nghién cttu mdt ion phan t&, khong phai toan b6 vii tru héa hoc. Nhung nhu case
benchmark cho lién két nguyén t6 ndng tuwong doi tinh, CBi- sach khac thwong: nho, phan giai
dugc bang thyc nghiém va xi ly dugc vé ly thuyét.

V1sao no quan trong

Hdéa hoc thuwong day lién két bang hinh. Khong phai diém yéu. Hinh tot nén co hoc lugng ti
thanh th& con nguoi dung duoc.

Nhung moi hinh c¢6 pham vi phdp quyén. Hinh lién két ba sigma/pi thudc ché do noi ghép
spin—quy dao cé thé xem la thit cdp. Nguyén t6 nang co thé roi ché do do. CBi- cho thay sy roi
di trong mot phan t& dd nhé dé that bai dugc do va tinh chi tiét.

biéu nay quan trong véi héa hoc nguyén té ndng vi bismuth va hang xém khong phai to mo
ngoai lai cia co hoc lwgng tit. Ching 1a noi hiéu &ng twong déi tinh thudc sé6 sach thuong ngay.
Néu nha héa hoc muén thiét ké, dién giai hay du doan lién két gan nguyén t& ning, cin ngon
ngi gitt ding cac dai lwgng bao toan.

Gia tri bai bdo khong phailam hinh c@i trong ngoc. N6 lam diéu hitu ich hon: chi chinh xac noi
hinh cli ngltng ganh tai.

Tém tat gon

Kahraman, Hui, Zhang, Ellis, Choi, Peterson va Wang do ion phan t& CBi- bang phé quang dién
t& dong lanh d6 phan gidi cao va &nh quang dién tt, roi so pho vdi tinh toan coupled-cluster
Dirac-Coulomb hoan toan twong doi tinh. Ho tim ba trang thdai CBi trung hoa v6i nang lugng
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tach doan nhiét 2,3429, 2,5812 va 3,5246 eV. Pho va phan bd géc khong khdp hinh phi twong
doi tinh don gidn ctia mot sigma + hai pi. Thay vao dé, ghép spin—qu§ dao manh ti t6 chitc lién
két thanh cac cap Kramers twong doi tinh: mot cdp kiéu pi |omega| = 3/2 va hai cap |omegal|
= 1/2 c6 tron sigma/pi. Pay la bang chirng tryc tiép rang trong mat hé lién két ba cé nguyén tod
rat nang, nhan orbital sach gido khoa nglrng la ngdn ngit bao toan tét nhat. N6 khong bac lién
két hdéa hoc thong thuong; né 1ap ban doé chinh xdc mdt noi noi thuyét twong doi tiép quan
viéc ghi so.
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