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Hahn, FRIELER B E N FERIEA; Giuffreda 4 1)
DU 38 35 %% 2 pR /7% (density functional theory,
DFT) W58 T Cy—C5 BRIAIFE R s AR sh .
Cy VENEIEARY NI B F Rz —, B4
ST T IZ AR 24K, Adamowicz!'! A1 Schmatz
5 Botschwinalt fiff F 2% & 5L 0UHUR A K AR =
PR B E % 71 (coupled cluster singles, doubles,
and perturbative triples, CCSD(T)) 43 558 T
Cy LM B ) OR A, Rl TR A T M
% BE. Dreuw 5 Cederbaum!2 N F J& 388 L1 7
FAHE T ¢ il R R R TR ¢ BT
B HESF & # 22 (the repulsive coulomb barrier,
RCB). Padellec 45 1) 5 2 M5 25 1 I 7 5 25 1 ik
A3 LR Cy B, W& TR5Cy 6l
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XoF fife g AT . At AT T B AR I b R B R Ak
Hh 0.7 fs BYIHRES, 5 0 RIEER 95 B RO AR A4
BT RS TN T AEE PR Cf R4 AR, B
S AT TR R T I A GE T, P T R AR
T M4 W7 8.85 eV AA FEJE N 1.45 eV AyHL:
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5 Cy BT IEU 8 12 B %07 TR IR SE A
AbFRAT %40 -1 2R I EICE ) A EL AT R A5 AR o
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FR UL PRI, BERE N X AR R LR BT AT AR A
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RN R FAFRA SN XU 5 #2456 055 Ak
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AN AR

V(X150 XN+1)

=AY ¢i(X1, XN+ TN, ON 1)
ij

X 14 B (P i

+ZX¢(X17"' s XN+1)bik.- (1)

X, ¢ Frnh n BT HESHEE A E A AR
FERFRALT; xn AEH 0 AHLT B 25 8] H E EARAR,
FoR n BFHLAES o IRAS; By (r) R IELEHIE;
FH g T b, 2 AR X A AR RS B A2 70 S0
TiE (1) A5 2 TSRO S e 1 e A AH A HI A
RN, IXEEHONAE T N + 1 H 7451 B pR &R
b AEXAE T, BTV RRIE B T
e PUE R 70 7 H0E . O TR IR A,
WA R IE L S TR RN LA K A 5 S 14 B e
LTS ARG DR, & BRI PR 73 S8 x %)
TR A ) FL T AR 2 S

22 B &

C; MBS FAAAE MR A [ ) A A, AR ES
THE 25 R B f2 o AR A i 2549 R 5 AR AL,
WE 1 7. Padellec % 8 ffi ] CCD 14345 211
HUDEER A 1.343 AR R 1.277 A; Watts
285 1200 378 53 DU By S AR SR RS A5 A5- 2 6 P AT
U A R 1.343 AN 1.283 A FRAIE %
17 RIS B3LYP /aug-cc-pVTZ J5 ik 2123 H5gi %
SRR A ST T AL, AR 1.333 A,
Wis Ko 1.277 A, gk 173, X5 Padellec
M Watts S 25 R o0 #208, I RATR A
Padellec Z-158 1 PUF ARSI REEUHTITE. N
THEETRRERERS R, R CCSD(T) Fikd G
aug-cc-pVQZ FEA FH i THE T PUAp S A A4 1 A X
e, 250 BRFAR A REE AR, RS,
HB N M, TSN 30g30740; Inydoboglm, .
S B F R L PSS, H T A A h 302
30240 1m0 ny5oy , UL 1.387 A, WG
KA 1.234 A, SHAR B BER L A BFH 1.09 eV,
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SRR C o Gy, WFRMER) =TT fg R, HIEA
L, 7 2H 25 4 2b26a21b27a28a23b22b1 . 7EFG A C

SEIUARIE 5 = ML TS AE, —MAIPIR A
KR 1.34 A, BIEREE A 1.156 A, i 05 526500

ABRIE T2 A A N 1.281 A, SRR C fORER
b A il 1.36 eV. AR D & Dy, MFRHEZETE
25k, BLAS TS  2b3 422107, 107,3b3, 5a21b), .
HUA&KAEE, ¥ 1.451 A, SRR D i9fE
5 CHY, AR 1.39 eV.

(@) 1.277 1.343 1.277 () 1234 1.387 1.234

(c) (d)

1.340

K1 Cy BFRyuFh AR fEE (BfeV) (a) 5
Pk A (2T1,) 0.00; (b) 441K B (%Z,) +1.09; (c) FH41AK C (°B))
+1.36; (d) Sk D (°Byy) +1.39; 1 F Y 5 i /& CCSD(T),
F2 M aug-cc-pVQZ

Fig. 1. Four conformers of C; anion and there relative en-
ergy (In unit of eV): (a) Conformer A (*I1,) 0.00; (b) con-
former B (°Z,) +1.09; (c) conformer C (*B;) +1.36; (d) con-
former D (*By,) +1.39. The theoretical method is CCSD(T)
and the basis set is aug-cc-pVQZ.

£ 1 Cp KA K
Table 1.  Bond length of conformer A of Cj .

/A Wik /A
Our 1.333 1.270
Padllec et al.l"?] 1.343 1.277
Watts et al.l?] 1.343 1.283

TERSTHE T, XV il s Hartree-Fock (HF)
T T LIS BB i S Ak pR L. P106 >R A HE A
TG RIRR, 2D R 8 2 iE PEAs (Al
BAEAE 7 R m R AR R e . s
G (close couple, CC) LA PUF 54 {41
RS RE AR\ EE, HA 9 SHFRT DIER
TEF] 10 AMIETERUE S, 0SSR A TSIk as ]y
(5ag, 1bg,-2bs,, 2by,, 4b;,-5byy, 1b2g—2b2g, 1b3g-
2by,), JTEH T —ANELE 9 AN TE ML R 10 AT
BB RIS Eas ], 38 CAS(9, 10). Hig |, Bk
(A3 1225 (B RE A% 4 0 P R DGR, $ i H3a 4h

FIERG . SR, 2 IR BT TR A BRI, T 2L ARG
FERN AT AT 2 () A A . FRAT TR T LR A [H] B
TEPESs[E]): CAS(9, 10), CAS(7, 15) Fil CAS(5, 20).
2R 2 B, CAS(7, 15) 7E/hF 3 eV )
AT T PR ERAS, SRIMAE A A5 {2
i) i U ) — N RS, FlR T A2 [ AN BE
FEor AR ALER. 5 CAS(9, 10) IS5 HRA L,
CAS(5, 20) 1£ 4—6 eV T T 1R 3k 1y SL iR 5
S 000 e 7 2 DXl P T - 2 LR R R 4
S HASE. I, AR CAS(9, 10) G fbas
[ TF R BT, 78 CC BRI Sk C
54 0.22 Debye. TR A, B il D X =45
FRIXTFRYE, A TASFEAE AR .

14

---- CAS(7, 15
12 | --- CAS(5, 20
— CAS(9, 10

o~
. .

NN
-
-
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Energy/eV

2 RFEBTHAZ RS Cf & 7Rk A S5k s
Fig. 2. Elastic scattering cross sections for the conformer A
of C; anion in three different CAS.
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h T WERRU 00§ R B R, Bhe T
AE DI NE RF FAC ST o 2 8 5 i, SR AN [ ) 3 S A
L Hip ) FESACH (static exchange, SE) i 2
— o d TR B HC AR L. FE SE BLRL B SF
ORah, B A S IR TERERIE B R E A
ARIBA, W (2) XFrw:
HFY Virt!. (2)
T SE SR 2 1 #E > T ALY, B8
T Y AT IR S A7 A . A S A Ak
(static exchange plus polarization, SEP) #iI7E SE
AR 0 T AR ARV, #8015 U TR A
RES, B SRR A B, a0 (3) PR
Core™VevalV = Nevirt!, (3)

XHL, NOWHLTREL, N, SRS TR @R, SEP
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TR PR ()3 M Bl N R T e 22, DA s e
T b A 3R A8 TR RN 2% A LB L 4R . SEP ARl
Ok R B AR ARV, B 23 AS2S BB VE Y iR
Y MELIE.
HE—20Hh, CC BRI & T H Z A, JFR
FHIEHRE BTG PR 23 (B R IR X SRS, T (4) FR:
Core™-CASYN ~NeCont!. (4)
CC BiALZRMIR B F I L AR T A, 2o ok
A B ILR O BRAR . CC BERIXT B AT iR
Ph A% 3598 F IR 38+ 40 sk, SR, CC BEAY
3T R R 38 8 O e T SE i SEP BRI, 7E KLt
TOLT, CC BRI AT DL £k Sk HAS H— S
WS 2 B AR 5 B ASORH DG Ay s A A
TERUHTHE PR T R R ECR H IR 15 2228, R-
PRI R 130y AR R RGOS R L
MRS BB A, 11 T RPN 154,
SR, KINPIHE Z RCA & 255 X RW RIA
MEEAREE N 130y A RB R, X PR E N
100ay, FERILE A 0—12 eV, FHli K 5 0.1 V.

METFRATRH SEP 1 CC PRSI ST R Hi g1t
BT,

3 H#EXR5it
3.1 MtE

T HERRSHU RS AR, LIS B AR A
RSN, TR T AS W] A HCHSE RS 4. %8
FREI RIS, /N zeta IR RN AR
fy, PR 4 ) 3 A 6-31G*, 6-311G, 6-
311G*, cc-pVTZ WARIARRIFELDE T CC HAH
RIYE T B3PR8, anlEl 3 . fE 3 TR
B, SRS 3 TS SR A 0 e e ) R
-0 B TR 3 B g L1 R &S G [ A E
WITE 3.8 eV, 3.5 eV, 3.3 eV Hl 3.1 eV. X T4 —
AN LR W PO A4S 35 21 T Y 2 B A IAE 9.7 eV,
9.2 eV, 8.82 eV fil 8.3 eV. 7£ Fritioff 55 14 515
A L, AR E]— M7 T 8.8 eV LAY TE
ey Z LRI S 6-311G* 45 W S 1R
U PR, KR FH RT3 SEP MIFAZS CC il
(R R T T A SR B AT O A T 3—
4 eV [AIRRE LR IG I 1A 7E Fritioff 45 4 (5056
I ). 5 3 B IR RGN R R T

DL I AL FHRARAIRE X, S0 2 o A8 K 1) B i
A AT B BRI B iz R0, (5] 3 IR T 3R AT
1E 6-311G* L4 TR SEP M CC WA U
AR 45 2R . SEP 8 [RIAE I 1 7> B
H BRI IR, S BI0LF 5.7 eV A1 10.6 eV. 25—
AN LIRS = S UL 1.8 eV. 7E CC A |
X A PR A 43 1) B B AR A B AR B, T
3.3 eV 1 8.82 eV 4b. X E%E 5 SEP SAIAH L,
CC BRI BT Z3@ B MR G0, R0 [FIAE s 4
HEE A A E R AR LIRS 1 e o TR
TR T T SRR R TR, YIRS CC
FEFRIA 6-311G*FEATT AR #k .

8
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8
o
—
I
=]
e}
S
Q
7
n
n
Q
-
&)
Energy/eV
8
(b) — - SEP a”
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AE 6l o Xp den\
< I\
1 , nfu S
5 | o
< h I,
3 4 DIAN
8 Fy .El'? i’ /
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Energy/eV

3 Cy BT Rk A R RaEs B BU BT (2) A
[FJEA N CC B HET#E; (b) SEP, CC PAZSAR R [ it
. ITHE N Fritioff 453815 Y S8 1 43

Fig. 3. Low energy elastic integral cross section of the con-
former A of C, : (a) The cross sections of single state CC
model with four different basis sets; (b) the cross sections of
SEP and single state CC models. The experimental data
obtained by Fritioff et al. is also shown.

3.2 ZRoWH

R T AT ICIRES ) THE T SRR B
SF AR P DTk, K 4 A T AR A RS
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2SS, S 2 — RGN T 3.3 eV A, Sk [
SF FREE, SEEER 0.20 eV 5 SR 8.83 eV
bRy, FEESR A 8.8 eV AN SF Hifn Al 9.1 eV 4b
S, X FRPERTTER, FERE 35 0.75 €V Fl 1.76 eV
5= ANEN T 10,1 eV, 2k A L XTARE, SN
0.15 eV; 5 PUANIERL T 10.4 eV, f T, 2k, 56
H0.15 eV. £ 2 5 T IRATRYE A G 1y TR
AL AN GRS H AT S0 Fritioff 45 14 BF5Y
TSR R Y 8.8 eV AMAYILRIG, 2k A S Al
vy IR TTER. A, AT LA T 3.3 eV
AESERED 0.20 eV 1Y B JHIRAS, 1E Fritioff 455
B A BRI ). YR IYES SR Rt —25 1 SR A
SR T IS S %

g 100

7

o

Z

T 10t/

3

ks

2

£ 102

2

®]
1 -3 I I
0 0 2 4 6 8 10 12

Energy/eV

K4 Cy BT A Sl i iy i U B A m
Fig. 4. Elastic integral cross sections of symmetry compon-
ents of C; conformer A.

F 2 Cp MM A BRI E R R

Table 2.  Resonance position and width of conformer A
of C .
State Position/eV Width/eV
54 /A, 33 0.20
> /B 8.8 0.75
o /A, 9.1 1.99
Iy /Boy+Bs, 10.1 0.15
g /By, +Bs, 10.4 0.15

KRS A SRR = E], FRATE T
BT SRR B AL HE A RO FR B 43 i R R T, AN
E3 0 5 e e el i 7 e N B Ok AT TR S
ZHRZ AL, H—PREEALT 2.10 eV, BA B Xk
P, GEREN 0.23 eV; 55 AR TR 9.60 eV,
K[ I, IR, TN 2.20 eV; B =AREIEN T
10.10 eV, TEEERL A 0.14 eV, HA T, X FRtE. 5

SRR A M E, SRR B IR R AR R B
AR B, SRR B g SF LRI RE R 8 AL,
JEHHTERERIN T 0.03 eV. MK A7E 9.0 eV
MHER S F S; HARIEIE A A1k B hER
MIREX N B, B 2 T RER T R BEIX, B T
MHTWFSE B VI . IL, A IL, SRR B 5 54
& A FH LGB G IR R I e B8 2y, i SRR G Y 5E
JE 5 S RN AR RO N M DR, R W%
B RAS A S FAR A M A BERD. 10,
PRI () 56 BE BN T 0.1 eV, 28 b AR K. 3 3 %)
T IRATARIE AU A A RS A BRI T

100

10~ ¢

Cross section/(10~20 m?)

Energy/eV

K5 Cyp BT BSRMARTEHUN R
Fig. 5. Elastic integral cross sections of symmetry compon-
ents of C, conformer B.

F# 3 Cy MR B SR B TERE

Table 3. Resonance position and width of conformer B of
Cy .
State Position/eV Width/eV
Xa /A, 2.1 0.23
IL,/By,+Bs, 9.6 2.2
g /By, +Bs, 10.1 0.14

FESERIR C BT R4S T B i AIX
1) 8 NIE, oV 9 AN TR L ANEH L TFE 10
AMEHERIE S (Ta,—9a,, 1b;—3b,, 3by—Fb,, 1a,)
BRAE, B CAS(10, 10) ARAY . 158045 51 A4 HC 8
SERANE 6 PR, 3% 4 50 T RA RIS 1Y
AR E ML ESE. FMR C B8 i
ANBRIEN; T 4.7 eV Fl 8.6 €V, TEFE/M 9K 0.42 eV
A1 1.36 eV, 45k A A, Fil A, FLIRES. 55 = 6k
VAT 10.8 eV, EZIEH T 10.6 eV 1Y By PRI
LT 11.0 eV 1) Ay LIRS TTHR, B0 585
A3k 3.23 €V H1 0.56 V. Stk C 53k A
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B TR B AR W 25 5, HES M BT I E ~ 1A, - - By,
FROE. XA 2E 5 S8 T RS RS0 B 5 A A % e
. - s 100 .
B AHLLEAE T B84k, 1F 8.6 eV ALMELH 1Y T et
PLPEHN 1.36 eV 1 Ay HARIE Fritiofff 25 1 151 5
= e (S -
Yo AR, X — SRS T AERT Fritiofff %250 = ol
o SARMEAT T ;
5

~ O e s 10 12

g Energy/eV

s 100F

2 7 Cy BT D Sl ik it B B AR

E Fig. 7. Elastic integral cross sections of symmetry compon-

g 10-1F ents of C, conformer D.

g %5 Cp SR D HOIER R AT

T Table 5.  Resonance position and width of the con-
72 ) — otal -~
10 0 5 7 6 3 10 12 former D of Cj .

Energy/eV

6 Cy &7 C iy s r AU AR #m
Fig. 6. Elastic integral cross sections of symmetry compon-

ents of C; conformer C.

F4Cp KRR CRSRA BT
Table 4. Resonance position and width of conformer C of
Cy .

State Position/eV Width/eV
A 4.7 0.42
A, 8.6 1.36
B, 10.6 3.23
A, 11.0 0.56

XF SRR D, FAT IR A UR 4 fE & AR 8
A L 16 S, Ay 10 A4S H AT DR 2
10 476 PE B E h (5a,-6a,, 3bs,-4by,, 3by,, by,
1by,-2by,, 1byg, 1bs,), 15 2 0 #0045 R an &l 7 fir
N SR AR —MRBIENL T 5.7 eV, EEORH By,
IR, TERE N 0.47 V. ZREEA ML T 6.0 eV
Ab (4 B S TR R 0.14 eV 1 A, HHRA 1Y 5T
k. FfE BRI AT, S AW T, B s A AT
REAF1E B AN LIRS . ARIEIRAT AT, 7R 1% A8
XA THIT 9.2 eV 1 A, HHRES, 5884 5.20 eV;
7 F 11.00 eV Fe R 1.80 eV i) By, LIRS, 57
Mk C BAA =ML ML, A9k D &3E5E, 45
MEA T A, SRS B TR &
AR, A, R By, SRR A SRR S 2 A A R
T, o A, RS TR F] T 5.20 eV. £ 5
FIH T RS

State Position/eV Width/eV
By, 5.76 0.47
A, 6.0 0.14
A, 9.2 5.20
B, 11.0 1.80

7 BT DU SR A ) s A S . T
DUEH, DR SR AR e — MIKHE o LIRS, Bifi
HARIZERH B, A, C 2 D 284k, i ILRAN B
i 2.1 eV JHE 3 5.8 eV. IR B U A
Fa Y25 R4 A R AE . 5 0 R) st 0 A Tt B o
FIRZE R I AR AL 2 BLEH B AT, B A, B, C 3
D 724k, T )N, R S R ORS 4  1Y
FEAE . AR 3 DO A S 0 A% 4 AH X RE A, FRATTATH
Boltzmann 43 A3 1155 B — R EE R &4 AR
B, AR
n; _
nj —e AE/RT’ (5)
Tt py; S SRR § AR AR G FERE L, n F
n; FEWIF R R4y F 80, AR & PR R B g
#, REWIRES W, TRIRE (A K). £6
I T IEB IR 262404 C DUFP SR 14 =F B B
FERASAL. AT IWAERIR (25 °C) &0 F, Sk A 1y
FREESE N 74.15%, B SR 11.47%, C R 7.49%,
M D R 6.89%. T ixX — 3= B 45 5 A i v+ 55: 1y
Fh SR AR BOR, BLE TR IR T ¢ Sk
DUFPIE AP ) L SR RO S T, A&l 8 TR
WEF 5, Fritioff 45 M4 S8 £ o4 # m tre 18
Heh . I 8 WA H, FRATTHELA (A R T E /)N

Dij =
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T 8.0 eV MK AE X, & T 5L 50 I & A . FRATTHE
8.8 eV Ab T —ANSEIE L5 4, S50 I v [
P L] 7EH mAIREIX 10.0 eV Ab, SEEGI Y
BN BIE K, X FZok A4 A Fl B 1Y IL, LK
T, FLHRAS B TRk

F 6 Cp MU FA AR AL
Table 6. Proportions of the four conformers vary with

temperature.

RET /K
100 200 298.15 400 800 1500 3000 10000

ST

A 99.43 89.00 74.15 62.50 42.79 33.93 29.27 26.24
B 0.38 5.51 11.47 15.55 21.34 23.41 24.31 24.82
C 0.11 292 749 11.32 18.21 21.51 23.31 24.50
D 0.08 2.58 6.89 10.63 17.65 21.15 23.11 24.44
7
- A uu
6~ B )
-C B
5f—-D \
— Fitted by Boltzmann
4 distribution

Cross section/(10720 m?)

Energy/eV

A 8 Cy IO S K 4 L LA A A AT DA B AR 3 B
2% S Sy A 4G R IR T BOTEON B

Fig. 8. Total elastic scattering cross sections of four C,
conformers and cross sections of the mixed conformers fit-
ted at room temperature according to the Boltzmann distri-

bution.

AR T e B 5E E AR =, (AR
SRR B mEMER C BRI 4.
H T Cy B RO A A BEIE 45 R i R Gl
AR REFE AW THF5 ¢ B rK
RERER T AR, SR CC B, F5E T 0—12 eV
i 1230 P PN U ol SR A R P 1 i Pl L AL
AL BLAh, R HBUR G2 il a T8 T
PR HOCE . TR R R, Kk AA
5 AR, RIA B fE7E 3 MRS . C D %
A 4N SHRAS. Fritiofff 45 14 LGS T 8.8 eV
ARG, HEOR A AR A ) S RS R

DTk, LRI oK F AR C 1 Ay HHRZS 5T
k. AN, MR R A BB R A, S
EZIRS e Ny SR IRV - i 0 A RN U F A il
VLKA T AR, SR W] S AR T2 R )
fib. 5 —Jrihn, AWFFEARHE T C B i B T
RO, 08 1T AR AERY 2 00 s IR,
it R SRR PRI AL T RIRE. [RImHIGE TR
BMTRE, Syt — LS I 0 s 1A ande fit TR
W%, FRlHEAR I, RATHHTE 3.3 eV BIIRAE
AL E— PN PIEIRE, AT S0 TAEE Bk —
AAUESE.
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Low-energy electron elastic scattering of C, anions:
Resonance states and conformers”

Li Jiong-Yuan  Meng Ju  Wang Ke-Dongf

(School of Physics, Henan Normal University, Xinziang 453007, China)

( Received 30 September 2024; revised manuscript received 18 October 2024 )

Abstract

This paper reports low-energy electron scattering with C,; anions by using the ab initio R-matrix method
in the single state close-coupling (CC) model and the fixed-nuclei approximation. We predict the elastic integral
scattering cross sections (ICSs) of four conformers of C; ions in an energy range of 0 < E <12 eV and discuss
the effects of configuration changes on resonance position and width. Additionally, the theoretical results and
experimental data are compared and analyzed. The results indicate that the 8.8 eV resonance peak observed in
experiment is mainly derived from the ¥} and ¥, resonances of the conformer A and the A, resonance of the

conformer C. The scattering cross-section reveals that the conformer A has five resonant states, and the

conformer B has three resonances, while C and D each 7
. ---—~ A 0000 ---Bosoo o
have four resonances. Finally, we use the Boltzmann ol ° ° -
- C 9 --—-D o0 . @
distribution to calculate the populations of different b ° I
5 r — Fitted by Boltzmann -
conformers at different temperatures, and simulate the distribution TN
4 o EXP[M]

low-energy electron elastic integrated scattering cross-
section at room temperature, which is in good agree-

ment with available experimental results. We also find

Cross section/(10~20 m?)

a shape resonance with a width of 0.20 eV at 3.3 eV in
our total cross sections, which is not detected in the

existing experimental results. This provides new
. Energy/eV
opportunities for measurement.

Keywords: electron scattering, conformers of C; ions, R-matrix method, resonance, cross section
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