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Alternative Formation Mechanism of C5Cl,, Fullerene Chloride
Based on Density Functional Theory Calculations
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(State Key Laboratory of Physical Chemistry of Solid Surfaces & Fujian Provincial Key Laboratory of Theoretical
and Computational Chemistry, College of Chemistry and Chemical Engineering, Xiamen University,
Xiamen 361005, Fujian Province, P. R. China)

Abstract: *'CsCly, is widely postulated to be a direct chlorination product of cage *"'Cs. We suggest an
alternative formation mechanism of *'Cs,Clis, based on the topological relationship of these Cs, fullerenes.
Density functional theory (DFT) calculations of the proposed cage transformation pathway in the chlorination
of Cs were performed. The proposed pathway is stimulated by chlorination-promoted fullerene cage
transformation, with a low activation barrier. DFT calculations of the Stone-Wales (SW) transformation pathways
revealed that the thermodynamically favored rearrangement of other Cs, chlorofullerene into **"'Cs,Cl;, requires
a lower activation energy than that of the pristine carbon cage. This suggested that it is a more effective pathway
of chlorinating Cso to *'CsiClio.
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S E 4, BFE ChCls,” "™ CeClys," ' CreClas,
BIBCHCly 2979 ,Cly ™ 2. BT SW AR i F2 T8
V0 AN SIZBG WLI, TEFE AH R ) B e B Ak 15 R
Wb HE Toffe 55 " F| F % £ 32 oR B2 i (DFT) J7 % it
T T Coo & B E ALY AT E AT Z 0] 1 45 4 e A2 ik
T, 153 N IPR “'°CoCly R 3 B2 SW e 3k
13 7CClos. Yang 55 0 F| F DFT J7 35 Tl 17 A
IPR “1°'C,,Clyo tH & AT A2 3L P UK SW e #%, 15 21 %
LT Cl0Cloo. I, H RIS X Coo S HAT
VI SW NERE I RRHEAT T % Iz BB KT
B, 5 B IR Co0Cl F1*™CooCln 25 Coo B $NIR AT A
WAl B2 ST AL G TR T SW e i A AL TE B A5
).

S 2004 S5 BRI A G T CsClio,” {H 2
KT BTN B IRATE 2. AN R E 2
FH B B 25 T Co 7 3R SRR R 17 i, SR T A2 75 77
HE BAR T IRAF CsoClio B2 IX AN 1] it 5 8 7% H A
BT, Lu g " I B3LYP J7 455 271 Ff Cso 1)
I R ST T, S5 R R B DRI
JF5 9 270 [ Cso 2 E RS 5 1), [FIB A4 Cso,
Ca, ¥ Can, PP Cs0 M Co i E WARAS L. Zhao'* H
Tian" FAIRIF 78 /N AR 23 55l I 2 2256 7510 5 AN [R) (¥ DF T
TESRAS T AL 5 B, IE S B 0 A S Cao i B
R [P 2546 DRI T A SCHS A FH DFT J5 764 Coo EAL )
HHAT T SAE L, PRER SWJIEFE A AL AR ™ CsoClLo 1)
RHERS, FRE ST FR I SOSEH L.
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Cso P RE R B IR I S5 440, 11777 Cso M EE ' B2 155 16.54 KJ -
mol™". X — 25 R 5 ar N E IR TR R4 R 2 — 5
). 5 B3LYP/6-31g* it B 45 FAH L, 7' Co M L&
B m 23.32 kI -mol ™. K, BEARIZ BB AN ], PBE
B3LYP i ik #RE4a tE — M4 R EpT A S ML E
Bh T, P Co EAL DAL 2 R L AR E 1. L Cy
Wk 58 9B, #°CsCl, HL "' CsoCla 57 48.53 kJ * mol™!, T
10 A CLE 7 & _E &, °CsoClio H ™" CsoClio
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Fire. 4R BN FE S SrdER — 4
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Fig.1 SW rearrangement between Cs, fullerene isomers
#27IC50’ #270C50’ #ZGGCSO’ M“Cs(), #263C50’ #262C50’ and #ZGDCSO
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Fig.2 Optimized structures of the lowest energy CsCl..(2m=2-12) at the PBE/DNP level

#271 CSOC |B

#27WCSOCI1O

#271 C5oc|12

2 PBE/DNP/KFE R RIKEEZER CoCL, Qm=2-12)F) 45

%1 PBE/DNP/KETRUBHRIZE CoCl, Qm=0-14)F KT EE S (E ), HOMO-LUMO &EBR(E)FIE L EE(AE )

Table 1 Relative energies (E..), HOMO-LUMO gap (E,), and chlorinated energy (AEc) of the most stable isomers of

C5Clo, (2m=0-14) optimized at the PBE/DNP level

2m Isomer E/(kJ+mol™) E/eV AEc/(kJ+mol™) 2m Isomer EJ/(kI*mol™)  EJ/eV AEc/(kJ*mol™)
0 210y, 16.54 0.44 0.00 8 2104, Cly 0.00 1.83 -195.61
C, 0.00 1.35 0.00 24, Cl 142.10 1.62 ~155.92
55Cq 32.62 0.94 0.00 295C4Cly 142.23 1.23 _164.04
P4Cq 73.06 0.80 0.00 P4CCly 156.21 1.55 ~170.65
#eCy, 44.00 1.13 0.00 29C5,Cly 142.27 1.70 17413
220, 114.05 0.57 0.00 2204, Cly 76.03 1.67 220097
20Cs, 98.81 0.54 0.00 20C4,Cl 116.85 1.35 —186.94
2 PICClL 0.00 0.99 -206.45 10 1C4Clyo 0.00 1.90 -196.91
#1C,Cl, 48.53 121 -141.39 C4Clyo 207.67 0.96 ~152.07
295C,Cl, 61.34 1.63 -161.15 2C4,Clyo 182.54 1.65 ~163.58
PHCCl 71.05 1.57 ~191.88 24CyClo 201.89 1.59 _16781
20C,Cl 74.61 1.37 -188.32 20CyClio 205.28 1.74 _167.14
22CyCl 81.31 1.32 —222.61 22CqClio 112.92 1.65 ~193.8]
290, Cl, 94.24 1.22 ~194.44 29C4,Clyo 153.53 1.37 _182.63
4 PICClL 0.00 133 -201.30 12 #CClys 0.00 1.64 _177.52
ICCl, 95.25 131 —145.41 0CCliy 163.79 1.03 _147.46
25CCl, 97.47 1.29 ~160.61 256CyClis 155.41 1.89 _154.28
24C,Cl, 100.90 1.49 -179.11 24CLCle 144.03 1.55 ~162.91
29C,Cl, 96.92 1.57 -181.12 29C,Clys 147.79 1.82 ~162.28
220, Cl, 72.18 1.25 -213.95 22C,Clys 57.28 131 _184.22
2OC,Cl, 89.72 1.46 -197.58 29C,Cliy 95.63 1.71 ~175.30
6 "CyCly 0.00 1.71 ~200.55 14 M CyCly 0.00 1.92 _166.43
#7C,Cly 126.69 1.45 -152.78 C4,Clyg 106.39 0.89 _148.84
295C5,Cly 119.87 1.16 -165.92 29C4,Clyg 130.96 1.50 _149.97
PHCLCl 135.02 1.54 ~174.38 2HCyCly 118.28 1.80 ~15759
20C4Cl 127.70 1.63 -176.81 20CyCly 131.47 1.83 _155.71
2204 Cl 60.79 1.61 —212.77 22CyCly 9.04 1.63 ~179.07
290, Cly 87.34 1.60 -198.83 29C,Clyg 61.13 1.63 -169.44

AR, A2 R A M SRR, X R IRATEE I A, NCs FALAE 1 °CaClio, R JE 4T SW

Bl 2 FEAE IR SR A R AR, FE A SR
ST TSR, AR Je it AT SW HAE. X th 5H
HHEEE ) HCoo BT TS5 SR —E. W1 H

%Btgﬁzﬁi#mcsochoﬂﬁﬂaij(E@%&ﬁ#ﬁ%%'ri. ZS i)
T RATE R X S SW AR (13 .
3.2 C.E#% S48 Stone-Wales 4£25
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B WM S I8 IR SW e % I N 75 B N R
S N fig 22 KAEAE 5-7 eV 2 7], & A11H PBE/DNP it
T PCoo I PR IR SW i % A ™' Cso, 3147 B TE AL
RE 2273 I N 574.43 kI - mol ™' (5.95 eV) 1 564.80 kJ -
mol™' (5.85 eV). Z B I ES T EHIE T 18 F a2
g8 B R ¥ B E A, HSW i e 2 xR
fiK. 25 FE 3" CyyClyy B Cs,Clio A it KK #1122
SEME, FATE S5 T °CoClLo—*CsoClio—""'C5oClio
1) SW g % i A Re, B0 5 A S EH A A L S E A
L. TE A R 3 o, TR & EHE
F710C 5Clyg— 2% CoClyp F1Cs5oClio— """ C5oClio i) SW JiE
G AL BE 7 BN 451.76 11 445.06 kI - mol ™. 5%} B
175 58 SW e i AL BEAH L, 70 A BRAIC T 122.67 A

119.74 kJ -mol™". T A & EHHIE LT, *CsoClio—
295C o Clip F1™°CsyClio— "' CsoClyo F SWTT Jitg 1 1% 1k it
239959 393.98 F11365.09 kJ -mol ™. 558 M L, 75
AR 7 180.45 F11199.71 kI -mol™". 1 H& 5 KA
AEARITE LT, SW I i1k Ae tb A S = A
(RGO T 2K

W0, WATEE 7 ISR A0 SW e
G e MR, R AEXT T 7°CsoClay = P*CsoCla—
PCsCla, 2m=2-8, 12), 15 T B SW e 51k
HE.

ML 2RI LA H, AER KA A EA, SW ek
TE A RE AR LG 2 98 PRI, SR & AL RE A 290.6 kJ -
mol™'; [, BEAT SW HEFE I, 55— UCHE 5 A58 — Ik

#270,
CSOC|1O

Ee CsoClio(Cso)
0.0 (0.0) kJ-mol™’

#C5Clyo
-135.65 (+32.62) kJ-mol™!

271, Clio
-317.36 (+16.54) kJ-mol™"

arrangement

chlorine
SWi1 Tchlorine
arrangement

SW2

0 chlorine
D@ arrangement

107.60 (0.00) kJ-mol™’

-0.84 (+32.62) kJ-mol"’

19.26 (+32.62) kJ-mol™'

-164.12 (+16.54) kJ-mol™’

3 "CyCliy—"*C5Cli—>""C5Clio E"J SwW EE?F%
Fig.3 SW transformation from the *"C,Cl,, into *"'C5,Cl,, through **“Cs,Cl,,
The relative energy values (kJ-mol™) are provided for chlorinated and pristine cages. AE.: activated energy barrier

#*2 PBE/DNP/KFTIHHERIFRSW HEdeiELae
Table 2 Two SW activated energy barriers calculated at the PBE/DNP level

Serial number Reactant Product Intermediate Intl Int2 AE(1)/(kJ-mol™)" AE(1)/(kJ-mol™)* AE.2)/(kJ-mol™)" AE.(2)/(kJ-mol™)"
1 CuCL "'CsCl, #6C4Cl, 457.6 480.2 434.6 541.4
la #CClL - #"'CsCl, #%CxCl,  Int-la Int-1b 455.5 428.7 436.7 466.4
2 PCCly #"'CsCly #9C5Cly 456.8 429.1 433.8 4442
2a PCyCly ®"'CsCly “C%Cl;  Int-2a Int-2b 290.6 342.1 339.1 456.8
3 CuCls #"'CsoCls #6C5Cls 535.9 578.2 486.9 576.9
3a PCCls #"'CsoCls #%CyCls  Int-3a Int-3b 321.1 439.2 3144 488.2
4 PCCly #"'CsoCls #9C5Cly 374.3 393.1 391.9 450.5
4a PCCly #"'CsoCls #%CxClg  Int-4a Int-4b 428.7 591.6 429.1 645.2
5 PC5Cly ™'CsoClia P*CsoClia 444.2 551.4 469.8 600.0
Sa CuCli, ™'CsClia ™°CsCly,  Int-5a Int-5b 331.2 427.9 318.6 399.8

Series numbers (1-5) represent non chlorine arrangement, and series numbers 1a—>5a represent chlorine arrangement.

"forward reaction, "back reaction
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Jre e ) A BE 22 S AR /IS, JF B 1) Jié % BE IE 1 e e
WAL RE K, R E B AT A AL R v, T AR R
P Cs (K17 T e, SRR EAN 2 TR A SW e A 45 R

PAE &5 3R R, 1R A°Co 723 58 A B CsoClio
ST L R b, — g% RE ] AR A R AR
&, Cs B I H S AL, 13 BIAFEPTCs "L, X
BE2T0Cs, SALPIBEAT W IK SW TR, S 25 3R4577'Cso S
A, XL Cy ALY B HE T 3R A5 47 2 A5
J1% L RRE RIS CaCls.

4 & iR

X5 w A AT AT CsoClo B B 53— 25 T8
PUELHEAT T % B2 o PR /KPR TH 5. 45 R R,
#Cs0Clio AT LI 1 E 5 5 A58 1077°Cy 25 8 WAL A5
. #Cs B R S WAL, 15 BIAFCs EALY, i
AT PRI SW e % (1 A T i Ak i 22 SEAR AT T & —
SR BN EIAT I BR L. X L 5 AR A s R 1 SR IG B
B, R 1 s B AT E T L
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