View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Xiamen University Institutional Repository

R gmig. 10384 NRE G
%¥5. B200425005 uDC

B r3
Mot % B # X

B HIE R Z NG IR LS L
M BER

Studies on the Synthesis and Separation of
Fullerenes and PAHs from Flame

HEBS A FF ISR HE @

=

A 2 &K

%ﬁ ST L FEM HIZ

i WHE R

g + ¥ gz R £ A F

% X 8 2008 £ 4 A

" WA FENTE]: 2008 &5 A

= v e -

é@ 2A54%F 8 21 2008 5 A

®

I BIRERERETE:
]

j( ANY /3 X .
2 ¥l A

2008 &£ 4 H


https://core.ac.uk/display/41409795?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Studies on the Synthesis and Separation of
Fullerenes and PAHs from Flame

A Dissertation Submitted to the Graduate School in Partial Fulfillment of

the Requirements for the Degree of Doctor Philosophy

By
Zhi-Yong Gao

Supervised by

Prof. Rong-Bin Huang & Prof. Su-Yuan Xie

Department of Chemistry
Xiamen University

April, 2008



B IR SR 8 1 = B

AW I, AANAE TR T R AL SEIATTTRR o
ARNAER LEAR S 2% (A NSERIAR IR, Bae S0 AW
77 AR o AR ANV AT R R 18 S0 AR R RCR A B AT

PN (40
F A H



B TREEANLR AR H = B

ARNGEA TR VR A R . A A A e SR RE « TR
FABCOR B I ) [ 5K AT ) B LR S HILAR AR AT 18 ST A 4R 5 iR H
TR ABCK A e SCH AR H 2D DT e vrie SO
BB, AR F AL SCI N 2 A AT S A TR R
ABCRE A SRR AR A S G0 H R o DR PR S5 6 10 SCAE A8 i i
HAFLE -

ENE AT

1. R C D, /£ TG AR AL

2. AMrE C )

GEELL EMMNFE S NI “ V7))

(R H 391 F H H
TR H 391 F H H



BB B et i
AADSEFACT ... e e e e e e e e e aaeeeas iii
i 1
Ll B B B B BT B oottt bttt 2
111 BR CAB) BRI oottt 2
L1 Ll A B T 25 ettt 2

L1 1.2 A B 2 TRV ettt 2

1113 A0 AR i BEL 2 T2 ettt 3
1114 A0 A R B S 25 T oo 3

112 BT oottt 3
L1210 KRIEIRIBET oo 3
1.1.2.2 Z IR RRFEIIBIE oot 5
1123 VA ELIIIZ oo et 5
1124 WEFCTBUTE oot 5

1. 12,5 B B0 T AT et 6

113 B B B B TTTE oot 6
L1301 A I et 6
L1322 VB THTE et 6

L LA BB TTVE oottt ettt 7
1141 FFEIE IR GE BT e 7

L1 2 e 7

L1 L0 et 7

1.2 A R B B BB oottt 9
12,1 “BSEFAITCER” FU APRERIUD oo 9
122 REIER I E BB IIIREE oo 10
1.2.3 JER BB BB IIAETZETT IR oo, 10
1.2.3.1 7T Cg0 BRI B BT oo 11
1.2.3.2 CoaCoos IR B I oot 11
1.2.3.3 B ARG LB BB oo 12

13 B BT B IR BT oottt e, 12
131 FLTCIRTEEE oo, 13
1.3.2 BHIIRTEER oottt 13
1.3.3 FRE B G R A TEIE oo 14
L4 R R B e 14
BRI STIIR oottt 16
FE ISR T B ATIRE] oo 28
2L BB ettt ettt ettt ettt ee et eeeereend 28
211 BRI BB EE TR oot 28



2111 BRIETT IR e 28
2112 RABIBIEE R oo, 29

2.2 BRIREE B FUZESR oottt 29
2.2.1 BEBEVRTFBIZERE oot 29
2.2.2 ARBEBE VT HIZEIR oottt 30
2.3 BRI IR A B AR T AT A s 30
2.3.1 BB B I B Y oot 30
232 BARIEE RO HEBRMB BRI .o 31
2.3.3 BRI B BRI AE TV oottt 35
234 BRIBZHAEIRIIR K oottt 35
24 AR B B R ettt 36
2.5 IS T MR BB AT REMT ..ottt 36
251 BAREZEXNE WL oo, 36
2.52 AR E BB IR oo 38
206 RN G e e 39
BRI STIIR oottt 40
F=F BREFEYBHPLC-UV-MSHO BRI EELE . 41
3L B ettt ettt e ettt r e erend 41
3 B BT e ettt ettt 41
3.2.1 SEBETRT oo 41
3.2.2 BRIKBIBTIR oottt 41
3.2.3 SIHTZRIEANLBE <o, 42
324 PRI AN BE AT oot 42
3241 BT AL e 42
324 ST AT 2 e 43

33 B R G T e 43
B3] T I 0HT ettt 43
3.3.2 A B AMEHITRZR oot 47
33201 I T RAEIRAEII TR oo, 47
3.3.2.2 Buckyprep-MAE I 8 B 2208 oo 49

3.3.3 Buckyprep-MEE —R 3B EH T BIHT oo, 50
3330 20 2 0 T e 51
3.3.3.2 20 3 0 T e 52
3.3.3.3 20 A 0 T e 53
33,34 20 5 0 T et 54
3.3.3.5 ZH 0 B 0 T et 55
3.3.3.6 20 T 0 T e 56
3.3.3.7 ZH 0 B 0 T et 57
3.3.3.8 ZH 1 O 0 T e 58
3.3.3.9 FE 10 B0 0 2T oot 59

33,4 K L T A BT oo, 61
B ZREEIINGE oo, 61
BEE TR oottt ettt ettt eenan. 63

II



e gy Dea ey N 64
AL B oottt ettt e ettt ettt ee et e ee s 64
B I BB e 64

4.2.1 FAFEIIEI R BEFIRI oot 64
43 B R G T T oot 65
A3 B T ettt 65
43.1.1 5T A 200—300 Z A Z IR TS e, 66

4.3.1.2 A 300—400 Z I HIAL T oo, 67

4.3.2 ERIPTEIE (UV) oottt 70
B33 B IETIE oottt 71
4.3.4 CaoHua BIBBRGERIZRIE < oot 75
B35 BT B IR TE IR oottt 77
B4 ZREE NG oottt 79
BEE TR oottt ettt et 80

FRHE BRI ENEELES 83
5L BB ettt ettt ettt ettt 83
5 B BT ettt ettt ettt 84

5. 2.2 TR AT oottt 84

5.3 B R G T et 84
5.3.1 CooHa FRIZI B ... 84
5.3.1.1 CooHg FEIITTIE oot 85

5.3.1.2 RN I e 86

5.3.1.3 CooHg FEIATFITRIT wooeeeeeeeeeeeeeeeeeeeeee e 86

5.3.2 Coo BB oot 87
5.3.3 CoaHa I BRI G MITATE BAGTEPE oo, 88

5.3 30 B A T T 0 T e 88

5.3.3.2 R IR TG oo 89

5.3.3.3 CoqHa FIFRITEME oo, 90

5.3.4 BREEFEIIFEICo0 BITTEEM oo 91
5.3.5 JREEUINT 720 BIZEZY oot 95

SA ZREEIINGE oo, 97
BE TR oottt ettt eenan. 99

BARE ZHFREHSEEEBREFM o 101
0.1 Bl ettt ettt ettt ettt r e rens 101
0.2 B BT ettt ettt 102

6.2.1 FTRZE R FIIRT oot 102
6.2.2 TLEATEGAL oot 102
6.2.3 BMCIRFUGEATE oo 103
.3 B R G T oot 103
6.3.1 I LGNS IR BARFERIBREELEL oo, 103
6.3.2 HFFEEAIREERRAE I ZRAREIIPR .o 104

I



6.3.3 BEIKIRIPCIS A, oot 106
6.3.4 BEIKIIBMOCEA. oot 111
0.4 ZREEIINEE oot 114
BB STIIR oottt ettt 115
FLtE NAPEPREERSIARFTRZEEREIERTT 117
Tl B ettt ettt ettt ns 117
7.2 NI B T IR I oot 117
721 KIGFEIENE FIRTERIR ..o, 117
T2.2 BITTZENLIE <ottt 118
723 FUTTZEHLIE oottt 118
7.2.4 BRI IELE IR IR oo, 120

73 B B0 ettt ettt ettt 121
731 SEIEZEER TR oot 121
7.3.1.1 §HUKIE S TR KA ZER oo, 121

7.3.1.2 BRIE KIE I SERE TR M oo 123

7.4 KIEGTIEREEFNEAIFEEAIBHEN ..o 124
7.5 TRETEBTIEIRE ..o 127
To6 RTEIINGE oottt 128
7.7 R RS R BB TAERRBER oo 129
770 AR B T E IR G oot 129
772 BTG TAEBIFEEE oot 129
BB STIIR oo ettt 131

v



Table of Contents

Table of Contents

ADBSEract 1N CRINESE.........ooiviviviiiceceeecee e i

Abstract in English..........cococoooiiiiiiii e iii

Chapter INtrodUCHION.............ooviviieiiieceeeeeccee s 1

1.1 Synthesis and separation of fUllerenes..............ccoooveevevieieeeececciiceii, 2

1.1.1 Carbon (graphite) vaporization method............c.cccoeevvienieniiieniiiniienn. 2

1.1.2 Method from OFaniCs..........cccveeruieeiieniieeiieniieereeeiee s ereesnieciveeneeas 3

1.1.3 Other synthesis Method.............ccceeriieriiiniieiieeieec e 6

1.1.4 Separation of fullerenes.............cocueeeriieeiiiieiiiiesiieesee e 7

1.2 Non-classical fullerenes......... ..o e, 9

1.2.1 “Isolation pentagon rule” IPR.................oiiiiii . 9

1.2.2 Stabilizing method for non-classical fullerenes......................... 10

1.2.3 Exist mode of non-classical fullerenes.......................coooiii, 10

1.3 Formation mechanism of fullerenes................coooiiiiiii 12

1.3.1 Pentagon 10ad.........c.ooiuiiiiii e 13

1.3.2 Fullerene road ..........ccoiuiiiiiiiiiiii e 13

1.3.3 Ring coalescence and annealing..................cooeiiiiiiiiiiiiininn 14

1.4 The working-out of the SUbJect ..o, 14

RETEIBNCES. ...t 16

Chapter 2 Trial-construction of glass combustion setup.............ccccceueveneeee. 28

2.1 INtrodUCTION. ... 28

2.1.1 Some common information about combustion.. ...........ccceecveerveernnennne. 28

2.2 Object of the cOmMBUSTION SELUP ......ocvveevieieiieieeeeeeeeeeeve e 29

2.2.1 The base of the design of combustion device........................ 29

2.2.2 The object of our combustion SEtUP..........ceevviirieiiiniiniinnannn 30

2.3 Design and trail-construction of glass combustion setup................... 30

2.3.1 Parts of the SetUP.....cvviniiiii e 30

2.3.2 Detailed conformation and connection of all parts...................... 31

2.3.3 Operating method of combustion setup...............cooevviiiiiinn, 35

2.3.4 Anneal of glass COMPONENtS..........ooviviiiiiiiiiiiiiiiieieeiieinenn, 35

2.4 Merits and defects of the setup.............ooiiiiiii i 36

2.5 Effect of experimental conditions on fullerenes.............................. 36
2.5.1 Effect of vacuum on the formation of fullerenes............ccccccveerurennnnn. 36

2.5.2 Difference of fullerene between the two chambers...................... 38

2.6 CONCIUSION. ... ..t 39

RETEIENCE. .. 40

Chapter 3 HPLC-UV-MS analysis and preparative separation of flame

PTOAUCES ...ttt 41



Table of Contents

3.1 INEFOAUCTION......ciiiiiiieeeee ettt 41
3.2 Experimental SeCtion..............ciiiiiiiiii 41
32,1 ReAEENTS. ..ttt e 41
3.2.2 Synthesis Of SOOt.......ovuiitiiiiit i 41
3.2.3 Device and INSHUMENLS. .......ccceeveeriierieeriieeieeieeeee e ereeieeeaeeree e 42
3.2.4 Separation of products............ooeviiiiiiiiiiii i 42
3.3 Results and diSCUSSION. .. ... ..ot 43
3.3.1 Analysis of ProductS..........coevvuiiiiiiiiiiiiiiiii e 43
3.3.2 Exploration of separation condition.................c.eeevvuiineinnnnn.n 47

3.3.3 Analysis of the components of separated for the first round
by Buckyprep-M column...........cccccceevvevviienieeciiiciieee e v .50

3.3.4 Other rounds of separation..............cccooveviiiiiiiieeniiiiiieennann.. 61
3.4 CONCIUSIONS. ...t e e e, 61
RETEIENCES. ..o e e, 63

Chapter 4 Polycyclic aromatic hydrocarbons (PAHs) in flame..............64

4.1 INtrodUCTION. ... 64
4.2 EXperimental..... ... 64
4.2.1 Analysis of 1aw ProductS........ccceeeiieriierieeiiienieeieesre e seae e 64

4.3 Results and diSCUSSION. .........oiuie ittt e, 65
4.3.1 Mass Spectrometric analysiS........ccccecveerieriieerieeieenieeieeneeereeseveennees 65
4.3.2 Ultra-violet spectrometric(UV) analysiS........ccccccvevveevverieenieenneennen. 70
4.3.3 Fluorescence analysiS.........ccccocvveviiieiiiiieniieeiie e 71
4.3.4 Structural characterization of CsoHigeeoooviiiiiiiiiiiiiiii 75
4.3.5 OXIAIZEA PAHS. ...covviieeeeeeeeeeeee e 77

4.4 CONCIUSIONS. ..o, 79
R I ENCES. .. e 80
Chapter 5 Fullerenes species in flame products......................coooeeennl. 83
5.0 INtrodUCtioN. ... 83
5.2 EXPErimental..........cccooviiiiiiiiiiieeeeeeeeeee e 84
5.2.1 Synthesis and extract of products..............ccooeiviiiiiiiiiiiian 84
5.2.2 Separation of products............coeiiiiiiiiiiiiiii e 84

5.3 Results and disCUSSION..........c.oitiiiii e 84
5.3.1 Separation of CeoHg....oovvvniiiiiiiiiii e 84
5.3.2 Other hydride of Cep...vvvvinriiniiiiiiiii e, 87
5.3.3 Separation, structure comfirmation and stability of C¢4Ha............ 88
5.3.4 Ceo derivatives In flame......oooeeeeeieeeee e, 91
5.3.5 Other compounds with mass to charge smaller than720............... 95

5.4 CONCIUSIONS. .....eit e e 97
RETEIENCES. .. e 99
Chapter 6 Chlorination of PAHs and their mass characteristic........... 101

VI



Table of Contents

0.1 INtrodUCTION. ... ... 101
6.2 EXperimental....... ..., 102
6.2.1 ReagENTS. ...ttt e 102
6.2.2 Chlorination of PAHs by PCls.............ooooiiiiiiiiiiiii, 102
6.2.3 Chlorination method by BMC reagent.................c.covvvinn.nn. 103
6.3 Results and diSCUSSION.........c.iuititiiit e 103

6.3.1 Compare of the two chlorination method for standard PAHs...103
6.3.2 Correction curve and limit of detection of five perchlorinated

PAHS o, 104

6.3.3 PCl5 chlorination of SOOt......ooveieeeieeei i, 106
6.3.4 BMC chlorination of SOOt...........cc.ooiiiiiiiiiiiiiii i, 111

6.4 CONCIUSION. . .. .o 114
R I BNCES. .. i 115

Chapter 7 Discussion of the formation processes of fullerenes and PAHs

N flame. ... 117
7.1 INTrodUCTION. ..o e e 117
7.2 The present theories of fullerenes formation in flame..................... 117

7.2.1 The two formation areas of fullerenes in flame........................ 117
7.2.2 Kinetics MeChaniSm........cc.coovuiiiiiieeiiie et eeiee e 118
7.2.3 Thermodynatics mechanism..............coovviiiiiiiiiiiinniennennn.n. 118
7.2.4 Doubts of the two mechaniSms.............ccceeeevuiieeiieeeiieeciee e 120
7.3 EXPEriMENtal........occoooiiiiiiiiiiiiecieeeeee e 121
7.3.1 Results and diSCUSSION.........cooiiiiiiiiiiiii i, 121
7.4 Conjecture of the formation mechanism in flame......................... 124
7.5 Under-resolved problems.... ... 127
7.6 CONCIUSION. ..ottt e e 128
7.7 Summery and prospects of the synthesis of fullerenes in flame........ 129
7.7.1 Summary of the present Worki..........ccccoeeveviieiiieniiiiiienieeeeeeeeen 129
Y 5 (01 0 1S £ T PP PURRPPPPR 129
RETEIEINCES. ...ttt et e st e e e aae e snseeenee e 131

Vil






S

wm =

FI N 19854E-Coo KILLASK, AMTT—HBUI T & S R it R AL, K&
EATTRI P BRI BT LB AT TR 35 AN S 2 o T~ BAT 7 T BRI B )
JlNCeor Crof CEAREME R B R, X T R AT AR LT AR S I w )
LIATEY), BT el AT, EATRE B B ARAEH A IR Pk .
1 I 32 S 0 oy s RIS B A8 B R BN R 5, BT IRRGE TR IE
3. nTRABE, BTG ) R A2 A X R H B2 1 R IR AR
TR o Coo S 28 M0 Bl 2 AT 58 I SEIL T 2 S B B, KRR ) 7 v )
ST HUA A o 6 T AR MR A, SRRl IR BRI R TR G A
FIRESIL R AR ™ o AR AR AU R B K AE T & WE IR AT TR, A
REE 19 2 B AT A AT FLCER M AR 22 MU s W o A SO B IR B B MR T 4, 7
AT WG A G Lh Ay 857 T T e LA .

75 B ORI B B beke B L, T RS Bukbe . 2 IRINA s
R EIGR, AREEEIELF, WRTERE, AR/ NIUBLS B i, R
FERBURENS J7 (8 LI AT AL, 7E15-20 Torr, ZRZES U K 1.5L/min, Ot K
1.5-2L/minff 41 F (C/0=1.5-3) , & ¥hifi et A ko

BB, A T T i Buckyprep-MAE FIC18AEREAT 22 B 1K), XA
Ber=4) BA AR 57 B AR

WRREI = 1) £ B Z IR0 A s W, X2 IR 05 e B 16-340 kR 7
R T I PRI S AR B, T BRI G, AT R RO A
WEAG24/26 0, b CaoH A5 RIS 3 T 5L S RAE, J2 B 10N RER AL 1 2 34 05
K, SRPRIGHERSSAL T F B . i ST I RENE 2 IR0 R 1A 23 1 RS 1
TRk, T HL AU 2 B0 D e B AT AR A PR RS T R A

BRBEF= MR IR & BIEER T Coor CrofMERIECoo A, ATEYZELL R
(K18 8 CoaHa Lo N, (AR (R B I i) LS OGR4, mT Al 5 i gs
B CoaHas& [F7] P, FEA S T RCHFR, HAT = FAHARI HLtHR . Coo MIA
AR 1) CooHs AT CooH 12 AR 1T BE 2 Iy Coo 28 1L Stone-Wales 5k 1) 57 #4) 44 (1) &L AL
), BRI RAEIE TFERANBAT o LEIRBE ) rh il AT — 28 T 1 600-720-2 1]
I, EATTATRe e — KRB, X s B I BT R A O . — 4



S

FEERIGIRN, BT T Es il 824, 878, 932, HEEMREIEATIM IS 5,

n]REAE JURRF IR (10 8, A6 U K70 B I RE A 7 225 RS ORYE

ASCH I ARZE SR B AR O AL, IR BENS T L G SR A R4
REAHE R SR, B A SRS IR G e RN E IR AR 28 L s
58 4 ATl e I KAETA G o IR AR 28 S I 1) O VAR A A
MR E X

X T w I T AR, A SCHY SIS SO FA T AL, RIA D 7 B £
TE AR T S 4% B2 1 BB I 75 sUAE A, A il b BB AHIRDT F 2R %

BRI 1 IR 2 RS A S TR S R R RN TR B, — At v i FE2 1 1
TR, £ KA AL E B AR N B ACRE I 4R 18 A AT i 380 LA R [ £ v 1]
(s

KHRIR): w A RS TRIRHLER: RS s B

ii



Abstract

Abstract

Since the discovery of Cgp in 1985, the effort of scientists have been devoted to
the discovery and characterization of new species of fullerenes, as well as the physical
and chemical properties and their applications in a wide range of fields. The fullerenes
obeying the isolated pentagon rule, such as Cg and Cy etc., can be produced in bulk
already. For the non-classical fullerenes with abutting pentagons, the synthesis,
separation and characterization are of great challenge because of their instabilities.
The present methods for synthesizing them are mainly based on endo- or exo-hedral
derivatization so as to stabilize them in traditional Kridtschmer—Huffman plasma.
However, synthesis in macroscopic quantities is required for further understand and
application of these fullerenes. The classical fullerenes such as Cg can be synthesized
macroscopically from the arc method, while the flame method can realize the
continuous production in industrial scale. If non-classical fullerenes can also be
formed from flame, the largely synthesize the non-classical fullerenes is possible. The
present works explore the formation of fullerenes in benzene/oxygen flame at reduced
pressure, aiming to obtain some non-classical fullerenes with fused pentagons. In this
dissertation, the works include the construction of a combustion setup, the exploration
of synthesis and separation of fullerenes. Benzene/oxygen combustion at low pressure
was performed using the homemade glass setup. Repeated experiments indicate that
the vacuum condition is well and the flame condition allows the synthesis of
fullerenes in lab scale and the combustion condition can also be observed and adjusted
conveniently. Fullerenes containing soot was produced at the vacuum of 15-20 Torr
with the benzene vapor flow rate of 1.5L/min and oxygen of 1.5-2L/min (C/O=1.5-3).

In this dissertation, the separation of fullerenes are mainly performed on a
Buckyprep-M column and a C18 column, the products from the flame are both
separated well using the two kinds of stationary phase.

The products in flame consist of PAHs and fullerenes. These PAHs contain 16-34
carbon atoms, some of them were identified by mass spectra and UV spectra. Most of

the PAH structures are planar. Their masses basically obey the 24/26 rules. A molecule

il



Abstract

of Cs;Hys, characterized by single crystal X-ray diffraction, is composed of 10
six-membered-rings having the intermolecular stacking similar to graphite. The
molecular composition of PAHs can be confirmed exactly through chlorination
method, and the chlorinated PAHs have high sensitity.

Besides Cgp and Cyo, the fullerenes produced from flame include Cgp derivatives
(e.g., Coo hydrides) and other fullerenes. Among them, C¢4sHs4 has been characterized
by UV spectrum and retention time in the chromatogram. It has a C;, symmetric
structure with tripled abutting pentagons, as the same compound produced in arc
method. It is possible that CsoHg (CsoH12) 1s the hydride of an isomer of I;, Cep, which
may be formed from Stone-Wales rearrangement. Further characterization should be
performed later. Other important compounds with mass-to-charge (m/z) between 600
and 720 should be important for understanding of formation mechanism of fullerenes.
Some species such as the compounds of 824, 878 and 932 m/z, are probable novel
fullerenes. For these fullerenes, only mass spectra are observed at the present time,
they should be paid attention in future separation processes.

Non-classical fullerenes formed in flame are revealed in this dissertation for the
first time. If their content in raw soot of the flame can be improved by optimizing the
conditions, the realization of bulk production of them is desirable. Other non-classical
fullerenes may probably form in the flame also. All of these will have certain
guidance for not only the synthesis method but also the large scale production of
non-classic fullerenes.

As for the formation mechanism, the experimental data support the
thermodynamics mechanism. Bimolecular addition reactions predominate at relative
lower temperature, while unimolecular rearrangement to the form cage and
dehydrogenization of cage dominate at high temperature. Hydrogenized fullerenes are
the intermediates during fullerenes formation. The soot and fullerenes have the same

intermediates, and the soot particles grow when the flame temperature decrease.

Key words: fullerenes; flame synthesis; formation mechanism; non-classical

fullerenes.

iv



Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways:

1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library.

2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.



http://etd.xmu.edu.cn/
http://etd.calis.edu.cn/
mailto:etd@xmu.edu.cn

