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i F % JE 2 B B3LYP J5 7%, 7 6-31G* M1 6-311+G** = H K F L iF S F W F B & 7 T/ 3 %
(CH3COC2Hs), fl (CH3COC2Hs),t (n <7) FIFEE S5 M, FFHLEAS R R ~F [ 7% 2 18] AR X Rase k. d
FIBH B 7 T BR AR R S5 B M n = 378, AR RN T ERRIF35 U S 5O A M, B R
R BEE R R ST, SOR SR R e vzl b, 8 P45 & a8 — B £ 20 B8 . HOMO-LUMO fEBR
S E M AT S AEFTRIE T &R R ST B #E R, (CH3COC2Hs)s 2 feka i 6 M [ %, 5 S v 1) e i e ot
Ni; (CH3COC2Hs); A&k s 1 PH & 7 %, @i B ae iH H 380 T H 2 70 T E B B A 9.535 eV 55K
SOAB AR, [RIEIE B RO BH 2 7 T B s BRI S5 M AR AR, B9 4 SR D S50 v T B A R S T IR
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IS 20 T B F AR 8 7 (CH3COC2Hg) -
CH3CO™ {35 J5 B 32 [ Wi 7 5 ok 3 i A 4 1
% (CH3COCoHs) oy y M FRE PE P E 445 P2 15
355 nm WOEAE X T EREEAT 2 % H g o i sk
56 v 3 A I B B A R S S, RORI
T THAfRE G R AR RS 7. T
SO b ] 43 B 0K B A SRR B T IR, B et
BRI T B SRR SR, AR SO % R R R
WL T B B1#% (CH3COC,Hs),, Al (CH;COC,Hs);
(n = 2—7) Mgt R R, SR TR R AE K
R, RS ae b T R A B T R T
HUER PR — S R R AR 3

2 WEF*E

K % 32 o8 B3LYP J7 v 2524 i ] 6-31G*
F6-311+G** 5 20 73l AL T T B 43 - 1) 45 44,
RAF T IR, BB AR (AR AE NS R RS
B, %I T R T A 4 R H R R A
A AR (3152 0007 g & B, B3LYP/6-31G*
T E R R (£ & 1EF 7 0.9613 12 1E 5,
5y 9108 2913, 2906, 1747 e~ ) ML it (1E =
9.535 eV) 5521 (v =2902, 2892, 1739 cm ! 2],
IE = (9.54 £ 0.01) eV 20)) £ £ 15 5 4 {# I LA
IR R RSO PIRCE € T N S S

®1 THREZENGEER (B) FR8

B AN e AR B AR /N (D = 2.690 D, 2.696 D;
E = —232.47056 Hartree, —232.48190 Hartree).
LRE BT R BE AR, IR AR ] A B AR B s
Pl bk o BN 6-31GH HE A, i Al AT
B K IR 2H 6-311+ G AT UH . AT H
iz ] Gaussian 03 F£F7 27 52 k.

3 HRET®

TS T & T+, BA Cs xRt O
JEF— M R, 5O R FHER C R EHIE
PE. X PR 7Y BRI, 8 A — S
HLIEPE— AR SR, SO T 55 A48 2 1 BIAE A i o
AN TS F I 45 G TE— T, X85 F BTN
JUART 5 4638 5 5 9 4 AR AL 0L Rk, AT
Gy EER R, R AR (CH3 COCoHs),,
F(CH3COC, Hs) (n = 2—7) & Fl Al BE A7 75 1)
7.

3.1 T EERRY G

TSRS B T A A R B R (CH3CO-
CoHs)y (n = 1—7) &M AT 454, 40 lE 1 fros
(BEAH RS 1 1% R 31 RE B B A LA ),
RGN T 5 B AR R BT A R R RE &
TR AE FREEIE G S REE NN BE .

(ZPVE). A8 (TE) AR (AE)

Table 1. The energy (E), zero point vibrational energy (ZPV E), total energy (TE), relative energy (AE) of

(CH3COC2H5), and (CchOCQHs):;.

(CH3COC2H5)y (CH3COC2H5);T

e E/Hartree ZPVE/Hartree TE/Hartree AE/kcal-mol™! E/Hartree ZPVE/Hartree TE/Hartree
la —232.5429 0.1130 —232.4299 —232.1972 0.1104 —232.0868
2a —465.0896 0.2274 —464.8622 —464.7864 0.2275 —464.5589
2b —465.0891 0.2272 —464.8619 0.19 —464.7751 0.2254 —464.5497
3a —697.6404 0.3423 —697.2981 —697.3350 0.3393 —696.9957
3b —697.6359 0.3414 —697.2945 2.26

4a —930.1892 0.4566 —929.7326 —929.8925 0.4541 —929.4384
5a  —1162.7372 0.5710 —1162.1662 —1162.4431 0.5686 —1161.8745
5b  —1162.7352 0.5710 —1162.1642 1.26

6a  —1395.2848 0.6855 —1394.5993 —1394.9987 0.6831 —1394.3156
6b  —1395.2836 0.6854 —1394.5982 0.69

6c  —1395.2820 0.6852 —1394.5968 1.57

Ta  —1627.8321 0.7995 —1627.0326 —1627.5491 0.7971 —1626.7520
b —1627.8319 0.7998 —1627.0321 0.31

Tc  —1627.8313 0.7995 —1627.0318 0.50

7d  —1627.8307 0.7993 —1627.0314 0.88

*n = 1*7, T = a—d.
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Fig. 1. Geometry structures of (CH3COC2Hs5)n.

BT TR 3 A A A XS BRI, BT DA A% (1) 2a N JPAT S50, 18M (2, 3), R0 T B 1
R BN 2525 B8 T B ) 2 (R B R e D). 2 = 21, O THE2NCIET b, AWM T BHZZ M T B
B RBE N (m,n), m=2,3;n=2,3 K1 2% BN £ BE e 180°, FH4% 2 Hihidli i 4 e #% 180°
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JEREIR, OJR FESE 3A CIET L. X T &FAT
gER, (2, 3)F1(3, 2), (2, 2) A1 (3, 3) oNEIR, &
Ak (2, 2) BUARTRAE; X «2 7 FIRE5HM, (2, 3),
(3, 2), (2, 2) M1 (3, 3) X UM &5k 1) Re & AH R, AT
ISR [F—FP2RA. 2b R« 2" FIEEEHM (2, 2). H
Kl afBieE/ T 2o MAGEE, SH_
TG EANTR (“2 a5 i e ) 1O, Tl — o6
% 2a SCFAT S5 K BEASE

Hn = 30, FUH AR PRGN <2
TG, X PP R B35 AT R 2b A, (2,
2, 2) M1 (3, 3, 3) HRM I LS5 RERAHE], W& R
—2K, 3aHEFIC NIATE (2, 2, 2). HAWA A I
WAL G e e R E, Re s, & Fh
HEW 2 FvadtaeEmE, TEKR—Z, 3bK
HFAE N 27 7 (2, 2, 2). AAEAE 1 2a TE 18
PR Sk R AR HRSPAT” HEFI S5 44, 31X 5 79 i
5 0 15 AN ) D11 T R p T R AR 1 A 3
BRI, 3a B RERL L 3b I RE AR, BPFREE5 ML
“Z AR FRE .

Mn = AW, L5 da 1 HE S AR, X
FRERIRHAEF 77 KA R E .

Yn = 50, HIL T XIREE R 5b, X Fh4s fg ]
DL A2 AN 55 = J0 3K 3a 41 & 1 Bk, R) AH
B TSR M. sa bR E/NT 5b AR,
Wi B R EAHES A R RS E

Y = 6, BT HIRGEM 6a b, KB A71E PP
WIRZER: 6b 2Ll 1N F XRS5 1), AT LG
B 3+4 B B — AN = J0 36 3a Fl— AN DU J6 FF 4a 4 1K,
R AR () 73 1 R LTI 6 2L 24N 110
WUIREER, T LA 343 B AN =838 (2, 2, 2)
F1(3, 3, 3) A%, HaFL A BIPIAN 7 T U AT 45
(2, 3). MEeE &, SIHETIB & R RE & &
K, FLH—r FIRIRCRHEI I 7R R R R IR Z,
LB T XA S 7R R IR E i . Ui
X =P DL AR E PRI 9 6a > 6b > 6c.

M o= TR, BT B Tadl, EFE =
Pl XUFR &5 44, b Rl Te #BE 4L FH — A 4 7 1 B
GERE, 4 B A] DL K 444 B H 5 AN 25 DY S5 3E da 41
AN 543 Bl — N T IC R ba fl— A = I3 3a 2 i,
W A E R 0 S TR P, Td 2 BHA S
TG54, 7T LLE 4+3 Bl —ANP0 o3 (2,
2, 2, 2)Fl—A =703 (3, 3, 3) Ak, HiE I A
PIAS 7> T R CEAT 454 (2, 3). MAEE LA,
Era < Emy < Ere < Frq, YW BRI G AIR2 %
FoE R AL LIRS e PR = (2 RUOA 4 4, R

SR X AP SE XA R R B e oA e, B I DY i
DL E IR N Ta > Tb > Te > 7d.

T fi [ #% (CH3COC3Hs),, (n = 3—7) LA
W 450 & f2 o, 5 4 B H 7% (CH;COCH3),,
(n = 3—7) ¥ &5 #8002 3 Fl i vl th 4
o BLTE A A R P, K B % (He0), (n =
3—6) B H % (NHs), (n = 3—6)02,
% [ #% (CH3OH),, (n = 3—6) 311 H % [ 7%
(HCHO),, (n = 3—38) "9, {HX} ¥ (Hy0)g A7 1E
PN RS R 1 B 95, Liu 25 290 90 g 58 4R &5 4 #t
Fa5E, T SCHR 9, 30) MW AR B ES M iRk . IEAh,
K B EFI R B R S5 B L) B s 1, BE A AR R
P3N, IR e TR, NR1IETTE
tH 5b b ba BE B 1 1.26 keal-mol ™!, 6b Lt 6a REE =
0.69 kcal-mol =1, 7b Lt 7a fig EAY 55 0.31 keal-mol ~*.
B TR A RS B3 K, XA 25 ) P R TR IR
W T, T BE R A RT B R R, XA
SE R AT R B SRR 25 ) B BE R AR E ) [ A
A AR T P A s o DO AR . oAb, A
B 1 RTERCIR S 4G LS — AL T W o+ i AR e
PR

3.2 PAEFTERNHERAEN

5 e I A PTG B
BT TR R AR S AT 0 = 1B BR
C2—C3 8K (1.575 A) bk 4r 1 (1.526 A) 284k
BRAN, Hofth Bt K AR L #E 0.010—0.015 A 2 [H];
ZC1C2C3 F1 LC2C3C4 #B Mg KT w70 7 1
f1 /C1C2C3C4 = 161.4°, AN CIR T2 &R
=T E o= 28, 57 B840 5
Ji Sk Hp 1 A B 1) S AT 45 4 278 S P THIAE X
(2, 2) &5 2at, Hopr— AN THE 5 FH4NCIETF
ANTE— AP b, A £2C102C3C4 = 93.3°,
/C2C3C4 = 110.0°, Ro_o = 2.288 A. E 24!
T 2a, 2at, 2bM2bt &R R K, HT2bt 5
2b g5 KA L, IRl — R B EFRR. 54, B2H
2a, 2b 5 1 H ) 2a, 2b L@ A [FIHL M W 215 2
(IAHEZEHE. 2at BEEMLT 2bT BIREE (W& 1),
2at it RE. no= 3T, JUATSERAFE R
~EHR PR R A — Rk A, X2 BT e R
B —AN IE AT IS, 1% A R S AR C, H
FTO JEF 2 18] FH AL, PR i v i 2 T e e
Ko A SR A B AL, (BB AR S R I
R, TIARFEE T A5 1
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*j;..

J

2a 2a+

2b and 2b*

2 THd—JtH#% (CHsCOCyHs)s Al (CH3COCoHs) T 145 H
Fig. 2. The structures of (CHsCOC2Hs)2 and (CH3COC2Hs) .

3.3 [HELEHLLER

TP T H R AR T BT R T3 L
24, 3% C=0, C1—C2, C2—C3, C3—C4 4
K, St £C1C2C3, £C2C3C4, LUK & Ff%EHFHAR
T A5 T IR O—O FE 25, SHCFI5ME, KA
F A BN ER (R) FIBE (°). MR EIE T & H,
2T W 2H R b v R R R, =08 Kty
T (1.216 A) K, C1—C2 F1 C2—C3 K AR LL 5. 53
T (1.521 AF11.526 A)Ji, C3—C4K 58T
(1.527 A) HH[H, ZC1C2C3 5 H.50F (116.6°) B/,
/C2C3C4 B4y F (113.6°) WS K. AT I, 43 FEL R

BT, 431 (0 2570 2 5052 21 1 1 o FoAth 4y 1) 56
. n = 37BN L) 1) LA 2 Hbk
A, Hn =28 (PATEH) HEAR. O—0
PR 85 M 3.487—4.680 A, Fifi 25 1% R < 10 48 K i 1
K, BUEEH BT EA 41 B PR RE R K. [HAR
EREMZ, (CHsCOCoHs), 1 O—O0 g (3.487 A)
KT (Hy0)q fl (HCHO), 1 O—O B (3.05 A Al
2.74 A)O1 5 BT e [ % D) 14 A B AE 59
T AR AR SE (7K [ A R0 R AR > TR 2E BB
27 AR, 3 o=0 8Ky Ry (1.201 A)
K, C1—C2f1C2—C3 8K # Lk 5. 4 7 (1.530 A
A 1.575 A) Ji, C3—C4 5K Ly (1.517 A) K,

®2 THEREN LTS

Table 2. Geometry parameters of butanone clusters.

Cluster n C=0/A C1—C2/A C2—C3/A C3—C4/A ~C1C2C3/(°) £C2C3C4/(°) O—O/A
1 1.216 1.521 1.526 1.527 116.6 113.6 —
2 1.220 1.518 1.522 1.527 116.5 114.2 3.487
3 1.222 1.515 1.521 1.527 116.4 114.1 4.131
(CH3COC2Hs), 4 1.223 1.515 1.520 1.527 116.4 114.1 4.448
5 1.222 1.515 1.520 1.527 116.4 114.1 4.564
6 1.222 1.515 1.520 1.527 116.4 114.1 4.643
71222 1.515 1.520 1.527 116.4 114.1 4.680
1 1.201 1.530 1.575 1.517 118.2 116.0 —
2 1.230 1.510 1.515 — 118.9 — 2.288
3 1.218 1.517 1.524 1.525 117.5 115.0 3.393
(CH3COC2Hs)4 4 1.220 1.517 1.524 1.525 117.4 114.9 4.183
5 1.221 1.516 1.523 1.526 117.1 114.9 4411
6 1.221 1.515 1.522 1.526 117.0 114.7 4.548
7 1.221 1.515 1.521 1.526 116.9 114.5 4.648
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ZC1C2C3 Fl £C2C3C4 MR /N T B3 (118.2° Al
116.0°; n = 2Bg4h). S EBBEAHEL, n = 3—7
SR U S HIEAMIE, Hn =2 AH. O—O0FF
BN 2.288—4.648 A, [t # F A K, 5
R O—O B 28 22 BEAS BTk /N.  E A8 A PR P 2 1
THERBR TS5, RIER T n =2 4, BHET
7% (1) C=0 Fl C3—C4 5 35 L AR B 14 m 1 [ 7
/N, C1—C2 A1 C3—C4 #&. i £C102C3 F
ZC2C3C4 S5 LR R 1) H P A 5K

3.4 THEIHRREN

FHAXE,=(nE —E,)/nfl E,=[(n—1)F;
+Ef — Ef)/mBU Rt BT RR RS T
el A1 7 0 BH B T M [ A AR e A Y R - 38 46
G Re. T E AT v AR T 38 45 G e ER AR
/N, 1K 0.093 eV, [R5y 1 8] 45 & J8 Y 4l T
H8E.  Albrecht £ Boyd 2 i i ¥ ¢ i 5 3k 15
T (H20),, (CH30H), K (HCHO),, (n = 2—4)
-V 3 45 5 fe, B R T 8 oK g ok H
H1, (H20),, 1 (CH30H),, [ it 248 4k X [8] 43 75 A
0.132—0.339 eV f110.147—0.369 eV, bt T B 1 #%
G Re K15 2, 70 1 1A g T o A B A H.
1M (HCHO),, K~ ¥ 45 & 8 43 71 4 0.085, 0.116 Al
0.157 eV, BUAH A R~F T e [ 5% 1) ~F 24 45 & 6
(0.035, 0.078, 0.090 eV) W& K, 73 [] J& T~ 55 & 4t
TEF. B34 T P4 & rebl T iR 3% R~
Ak 2, 7 BT R ILE A 1178 RO R, v
P 45 G Re SRR R, (Hn = 4—7HIL
T 5 E % DO R A BIR G IR, w8 AR
(&5 45 e LU AR &8 1 A8 B [T K. BH 1T el 141 7%
fF 38 45 A BETE 0.335—0.574 &V 2 [A] Bl [ 7% )~
KT T/, AR R, T A E T
AR, P Gk, g, ik
TR 0 A% 2a R0 FH B 1 A% 22 1738 45 G R
(0.070 eV H10.574 €V) 73 7l KT 2b Al 2b ()7 1
L5418 (0.061 eV Al10.450 V), #E—BIEH T 2a f
2at Gk BAT S I AR 2 1.

RE & 1K — B 22 20 el e A ok ) i [ A 1)
o AR e P, LB K T 1 A e s B9
BRI HARXRAEM) = By + B,y — E, M
A'E(n) = By + Ef | — Ef Rt H T ARR
e TR [ A R0 BH S TR [ A A E A R —
rzEsrae. Bl Ags 7 B2 S ekl T R
AR L 2R, B R B XTI, f£n = 3

I A — AN UEAR, UGB S MRS E VR, X R FA TR 45
P TE 4R, SE56 I (CH3COCoH; )2 CH3CO™
B U R R d K U0 S i Y S R g v e
(CH3COC,Hs)s Wfa € thfmty, B HLERSE
ISP GARTF. n = 47 EIFRTI IR DL R IR S 4
NERAEE ML, HARE B FEAR, Hdn = 64t
TRIE, ez T E 7% —HhEs
AE Bl A1 7% RO 2 D0 A7 18 %35 A2 AL, 19 20141 7% b A

A ¥ 4 7N oy ~ Ny Sope
SBETHA R — B 22 73 BE K, U WA 25 A ) B8
0.6 °
N —B— Neutral clusters
0.5+ N - -®-- Cationic clusters
\'~ .
T -e.
04 r
> MRS .~ __.
< °
&
0.1
| L ] u
/./
]
0 1 1
2 3 4 5 6 7
n
K3 Tgs & RERE IR R AL
Fig. 3. Average binding energy vs. cluster size.
1.2
e —m— Neutral clusters
\
1.0 F Y --@-- Cationic clusters
0.8
>
]
-~
5 0.6
<
0.4
LN
- LN
v So -7 Sl
0.2 e Tve” e
./ \l\.\. =
0 1 1 1 1 1
2 3 4 5 6 7

n

4 —BrESRERERIE R A

Fig. 4. First-order difference energy vs. cluster size.

3.5 T HEFFEHIER F %R

HOMO-LUMO fe B A3 & i o5 95 0 7 i
SRR S TR Z B RE R 2, 2 R
P 7% f 7 Fe e 1 0 B 2 40 P%) HOMO-LUMO
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Abstract

The molecular clusters have attracted increasing attention in recent years due to their applications in areas of laser,
synchrotron radiation, molecular beam and time-of-flight mass spectrometry. The cluster structures can be speculated by
the mass spectrum measurement and predicted by the quantum chemical methods. It is very important for understanding
the solvation kinetics and nucleation to explore the formation and growth of clusters. Meanwhile, it is also beneficial to
understanding the atomic or intermolecular interactions in the clusters.

The molecular clusters have been studied in our previous work. The acetone clusters (CHsCOCHs),, (n < 12)
were observed by 355 nm pumping laser. The structures of (CH3COCH3), with n = 2-7 were calculated by density
functional theory, and some structures of clusters with low energy were given. Subsequently, several butanone cluster
fragment ions and protonated butanone (CH3COC2Hs, which is formed by taking a methyl change into ethyl from acetone
CH3COCHs3) clusters were observed by measuring the mass spectra under the irradiations of 355 nm and 118 nm laser
lights, respectively.

It is important to determine the stable cluster structures and explain the dynamics of the clusters by theoretical
calculation. The stable geometric structures of neutral and cationic butanone clusters are optimized at BSLYP/6-31G*
and B3LYP/6-3114+G** levels based on the density functional theory. The structural characteristics and stabilities of
butanone clusters with various sizes are also analyzed. The average binding energy, first-order difference energy, HOMO-
LUMO gap and ionized energy are further discussed systematically in the present work. The results show that the
structures of (CH3COC2Hjs),, and (CH3COC2H;);t have similar characteristics, single-ring structure is the most stable
for them when n = 3-7, and the structures also occur in some hydrogen bonded clusters, such as (H20), (n = 3-6),
(NH3), (n = 3-6), (CH30H),, (n = 3-6), and (HCHO),, (n = 3-8). Moreover, the stability of double ring structure
rises with cluster size increasing. The (CH3COC2Hs)s has the best stability in neutral clusters (CH3COC2Hs),, with
n = 2-7, and it corresponds to the strongest peak in experiment. In addition, the (CH3COC2Hs)] is the most stable
in the cationic clusters with corresponding sizes. Furthermore, the vertical ionization energy of butanone molecule is
9.535 eV via theoretical calculation, which is in agreement with the experimental data. At the same time, the structures
of (CH3COCgH5)3‘ and (CH3COC2Hs)2 are proved to be different by the ionization energy. The results provide a
theoretical basis for the formation mechanism of butanone cluster fragment ions in experiment, and it is beneficial to

the further study of growing the ketone clusters.
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