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Fig.1  MPI TOF mass spectrum of C,Hs;N - Fig.2 MPI TOF mass spectrum of C;H;N - (NH;) »
(NH3), at 355 nm(M =60 -160) at 532 nm(M =40 -180)
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C'IHBN - (NHJE)V1 C4H5N - (NHS):;

CiH;N — (NH; )

C.H5N — (NHs)s
B3 M- SFAKERSYHNEEMERESSLASH
Fig.3 The stable structures of the pyrrole-ammonia cluster species calculated
at the HF /STO-3G and HF /6-31G " levels

F1 M- SAKERSYHHREMRRILASE
Table 1 ~ The stable structures of the pyrrole-ammonia cluster species calculated at the HF/STO-3G
and HF/6-31G™ levels

Species Geometry Parameter (nm, °)

C4H;N-NH;* (1) Ni-C1 =0.1331; Ci-C2=0. 1443; C,-C;=0.1354; Ni-H:=0.1034; C;-H,=0.1071; C,-Hs;=0.1070;
N2-H, =0. 1841; N.-H,=0.1005; £2N,C,C>=108.6; £ CiC.Cs=106.8; £NHN,=179.6;
Z HiNoH =113, 05 ZHUNoNICi= =1, 1; £ZHsNoNiCi=119.0; £ HNoNICy = =121, 2

C4H;N-NH; (1) Ni-Ci =0. 1359; Ci-C:=0.1360; C»-C3=0.1425; Ni-H, =0.1002; Ci-H>=0.1070; C»>-H3=0.1072;
N2-Hi =0. 2140; N»-H,=0.1003; £N,CiC:=108.6; £ CiC:Cs=106.9; £NHN,=179.9;
/Z HiNH, =111. 5; LH4N2N|C1 =-90. 0; AHsNzN\C| =29. 9; LH‘,N2N|C| =150.0

CyHsN-NH;-H* (1) Ni-H, =0. 1184; N»-H, =0.1330; C;-H>=0.1095; Ci-H3=0.1095; 2 N-H\N,=179.9; £ H.C\C:=
112.6; £H3CiC:=112.6; £ N:N,C,C.=180.0; £ H.C,C:N=-118.4; £ H3C,C.N=118. 3;
ZHNoNCr=-2.2; £H:NoNCr=122.1; £ZHNoNCi= =117, 6.

CyHsN-NH;-H* (1) Ni-H, =0. 1261; N;-H:=0.1039; N.-H, =0.1253; £ZNH\N,=179.7; £ZHIN,C,=111.8;
/ZHNICi=111.0; ZNoNCiCo=-116.7; ZHN,CiCo=122.9.

C,H;N-(NH;). Ni-Hi =0. 1056; N»-Hi =0.1654; N»-H>=0.1039; N;-H>=0.1877; ZNHiN: =179.1; ZN:H:N;=
178. 5; / H2N2N\C, =-79. O; Z HsNoN,Cy =41. 0; /. N3N2N,C, =-79. 0.
C4H5N—(NH3)3 N]-H] =0. 1069; Nz-H] =0. 1590; Nz-Hz =0. 1047; N,;-Hz =0. 1762; N:s—H:s =0. 1040; Nq-H:& =

0.1872; Hi-N1 =0.2410; £ N2HiINi =176.9; £ NoHoN3=172.1; £ NsHsNu=169. 7; £ Ni\HuN, =
161.8; £ H:NoNiCi=-90.2; ZN3:NN:Ci=-90.1; ZNiN3N:N; =0. 3.

C4H5N-(NH3) 4 Ni-H: =0.1075; N»-Hi1=0.1566; N,-H;=0.1053; Ns;-H>=0.1726; Ns-H;=0.1046; N,-H;=
0.1789; Ns-Hi=0.1041; Ns-His=0.1854; Ni-Hs=0.2326; £ NHiN, =179.0; £ N;HoN.=177.9;
/ N4H3N;=179.2; £ NJHuiNs=177.1; £ NsH;Ni=174.2; £ NsNoN/C1=109.5; £ NuN.N,C, =
98. 4; LN3N2N|C1 =94. 4.

C4H5N-(NH3)5 Ni-Hi1 =0.1077;  N.-H: =0. 1557; N»-H>=0.1055; N3-H>=0.1710; N3-H3=0.1048; Ni.-H;=
0.1773; Nus-Hi=0.1045; Ns-Hi=0.1807; Ns-Hs =0. 1041; Ne-Hs =0. 1865; Ho-Ni =0. 2431;
Z NoHINI=179.9; £ NsHoN2 =178.5; Z NuHsN3; =177.7; £ NsHiN.=178.7; £ N¢HsN5; =178. 7;
/ NeHoN1=154.9; 2 N:NoNiCyi=132.9; 2 NuNoNiCi=99.1; 2 N;NoNiCi =94, 0; £ NoN2N.C) =
92. 7.
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*x2 BYWZEEE(E)H FHEE(ZPE)WiITEE (4L : Hartree)
Table2  The calculated values of the total energies ( E) and zero-point vibrational energies

(ZPE) of species (in Hartree)

Species B3LYP" ZPE s?
NH: —55.872174 0. 019576 0.753
NH; —56. 5454379 0. 036040 -
NH. —56. 8936957 0. 052579 ---
C.HsN —210. 1643344 0. 089580 ---
C/H5N* —209. 8778821 0. 087170 0.763
(DCHsN —H* (a-C) —-210. 5183604 0. 102540 ---
(I1)C4H;N —H* (N) —210. 4816609 0. 102878 ---
n=1 C:HsN — NH;(1) —266. 7246376 0. 128662 ---
C,H5N-NH; (1) —266. 465568 0. 126659 0. 764
(I) C4HsN-NHs-H* (a-C) —267. 1046493 0. 142122 -
(I) C4HsN-NH;-H* (N) —267. 0890707 0. 144241 ---
n=2 CiHsN-(NH3)» —323. 2836234 0. 168761 ---
CiHsN-(NH;)» —323. 0412717 0. 167397 0. 767
(IDCsHsN — (NH3)2 —H* (N) —-323. 6822674 0. 184144 -
(I1)C4HsN — (NH3)2-H* (a-C) -323. 6784367 0. 182775 ---
n=3 CiH5N — (NH;)* (1) —-379. 8380191 0. 207593 -
CiHsN-(NHs)3(11) -379. 8450203 0. 208692 ---
CH:N-(NH)5 (1) —-379. 5786216 0. 207963 0.753
CiHsN-(NH;)3(11) —379. 5696547 0. 207565 0.753
(I)CsHsN — (NH3)s —H* (N) —380. 2599292 0. 224542 ---
(II)C4HsN — (NH3)s —H* (a-C) —380. 2548177 0.223175 ---
(I C4H5N = (NH3)5 —H* (a-C) —-380. 2464868 0.222116 ---
n=4 CiHsN — (NH3).(I) —436. 3902517 0. 245614 ---
C.H;N — (NH;).(11) —436. 4033864 0. 248464 ---
C,H5N- (NH;) (111) —436. 397499 0. 247059 ---
C.H5N — (NH;); —436. 1446277 0. 247492 0. 753
(II)C4HsN — (NH3)s —H* (a-C) —436. 8253596 0. 262652 ---
(IT)C4HsN = (NHs)-H* (a-C) —436. 8127625 0. 262390 ---
(IV)C4HsN = (NH3)4 —H* (a-C) —436. 8199523 0.263123 ---
(V)CiH:N = (NH3), —H* (N) —436. 8264299 0. 263891 ---
n=>5 CiHsN-(NHs)s —492. 9612697 0. 288863 ---

a)HF/3-21G* //HF/3-21G " values, N, a-C and B-C in the parentheses represent that the gain or loss of H (or H*) occurs on
N, a-C and B-C of pyrrole; b)B3LYP/6-31G* / /HF/3-21G" values

QR R CHN — (NH:) 57 e B M"Y, n = 4 MEE N HAMRKFRE .
CHN — (NH,) 5 WEFRRES . MRS R R (& 2), X TCH:N - (NH,) -+, H AT 3 A
LI, WASEEA *M(NH3)5H+ X R O B 2, NAEAELI RS . N3 2 AT LUETS &
3-1H EER LR . MARER A&, BIF-CHN — (NH,) 5 HEAEEE, PN H B e /)y
ﬁ%rﬁqﬂﬁﬁlfﬁ %% 3-2 AT A B & AN R 20 FECZ M RE e & . I e s
JITARAT I v 1 1A 2 1) i B BB R m (B AESC R LI 4. WT LA H, ClHN — (NH3) s HoA A R Y
fif% B HE, T CHN — (NHs) . Hif# B REH CHN — (NH,) s SR /N - FEERE 4 5181 AT UK,
CH;N-(NHy), (n =1 F| 5)ff B 68 #h & 5 40 N 1) 25 79 B (0 AR fL LA A b AL . B R 3 i
SEAEFFS T, XFF CoHsN(NH:)s, BR T —A4 NH; 4315 IS AP il — S T A ok, o 26 =4 >NH,
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®3 ATRXMN(niE )AKK KRR

Table 3  The reaction energies for different cluster size (n) (kJ * mol ")
Table 3-1 CiHsN = (NH3), — CHsN — (NH)%-1 + NH;
n 1 2 3 4
Dy 102. 7 68. 4 33.3 45.8
Table 3-2 CiHsN = (NHs),— C/H:N = (NH3),-1 + NH;
n 1 2 3 4 5
Dy 31.0 26.0 32.7 25.2 22.4
Table 3-3 C.HsN — (NH,), + H* — CHsN — (NH,),H'
n 1 2 3 4
PA(a-C/N)”  965.2/919.4 1002. 8/1009. 6 1021. 6/1051. 2 1041.2/1073. 5
Table 3-4 C.HsN — (NH;),Hiny) —CiHsN — (NH3),H* (a-C)
n 1 2 3 4
AE 45.8 -6.8 -29.6 -32.3

a) Dy = E(reaction product )- E (reacting substance ) ;
(a-C or N) of the pyrole molecule respectively, which are kept apart by /" ;

b)PA (a-C/N) stands for the proton affinities on the different location
¢)AE=E CHN- NH; \Hbn) -E

C.H;N - NH; JHbto ), the former stands for the proton links with the ammonia molecule, while the latter stands for that links
with the a-C atom of the pyrrole molecule.

304
284

54
f=2)
L

AE/K] - mol™!
> 23

16

B4 7AE nERME - SHEABENESFRE

Fig. 4

Hp

3.4

(S}
=
N L

C4HsN-(NHj),—> CiHN-=(NH,),,_+NH,

T B—A H 48 [ S IR | A% NH; 43

TEHWKA 7 BT — A X—K

LB () 25 R FRATT RS 7E CWHN — H.O Tt
AR R WFFE rh eI @, 2Bl , % F k1A

L& RE

Dissociation energy of C;H;N — (NH;).

versus n

C,H;N - (NHs),, + ihv — [C,H5;N = (NH;), ] *—C,H;N = (NH3),, + NH, _
C,H;N — (NH:) o + khy— [C;HIN — (NHs) 1" + e~

# C/HsN — (NH;) 4 M CH:N — (NH3) 5, 7158 i
25 AL R R A R R TR A AT BB
SEMEEH BTN NH, 2 FHER 3 Y NH, 431
[ — AR T SRR I R, S 7

FIE R A . M CHN — (NHy) . A WA

NH; 731, B FHER A, A REIE OB B 45

¥y, FECH A B BES ClH:N — (NH,), /NS 2 .
CH5N — (NHs)s * B 15 CH;N(NH; )5 FUXT R e R KB | XA O ] BE J2& SR 25 5 HeL

B [CHN - (NH; ), ] 2T CHN — (NHy), ELEZH B 977 . 7E 355 nm BOLIE
T M B S B, 0 SR AOE 220 A 2R K, CHGN = (NHG) 5 B Tl B S 3 K, AR 2
BT R CGHN - (NH) . A FEE, 3 B AL . T CHN - (NHs) 5 AH X 52, il
C.H:N - (NH,) 5 FEHK .
FEARTRIHOE N K T RV HLBEARTE . 78 532 nm #8506 F 3A WL E] R B 80 5 # A
FUITE 355 nm Al 532 nm BOGEAKAEH T, JGr 2 W LR AR E . 78 532 nm B4 ]
B S B S A B

BRFHU A% C.HsN- (NH;) H*
ik 5 — A R LG R REE n (BB, AR BTk W T 3 R ARG, T

Acta Phys.-Chim. Sin. (Wuli Huaxue Xuebao) 2000

815



6771 [C.HN — (NH,) H1 15 53 B85 218 . P4k i B R — D&+ R &
— A H R, O LS T A - s R
C.H;N — (NHy),, + khv — [C{H;N — (NH,),H]* + (NH3),,—, -1 +NH: + e~

FIHIFE 2 th AR AT 15 3] CuHN — NH, T TR A9 H 25 S A 125 R N I RE R G 2 . T4 Bl
GIFE 4. NRERE, CHs —NH; LB - iR 5, FE7 Y02 AR 16 CHN Y
NH:. 1B n =3 FFiR, A B0 T4k W) (B0 46 T FH2 76 NH, 43 _F AR Y ) 1 3 30K oy 222
) i 25 38, R DE B 208 18 AT BN RE S . 7EXT 28 5 & A A R CH.OH - (NH>), 1
BRI FHERE LRI T P, Zewail %5 A U0OVL BUAAE— DR R ST RME . RATEA N &
SRR =, TR RO A R R | X G AT AR R 2

FIAZ 2 PR R, v LIS 2, B o (E A3 I0, CHN — (NH), R 16 5T 5% g
BEE S . AR TR SRR e . LR 3-3. X IE SR SLIR R AR B B 4. RIBE
B n AHMEOI . B W 5 AR A 0 8 K

i FALr= Y T [CHN — (NHy) H 5 FREV RBIE 2 NH, /0 1 1 . tnl BB 7
MEME Y o-C J5F b . TCIRHETEMR L | Bk W) i AR R PRt S - S flE . S b
Tl —E MREL: . NBEE F R, HAR H AR MM 1Y o-C 1 119 BB S A AR, (HL AR K
T EE 2N T FiER: T NH, 25 . 3R 4 85 TR o (GRS, 16" 9
[C.HsN-(NH,) H]*H1, BT 3% #2705 NH; 43 F SHEAEME o-C F AR R A RE i 22 A E R I
AN 3-4 ML IRERIA BEE o (HAIE N, B 725 A e = i) TEEE NH, 0 F L 2K
lahiz A FE i B A5 8, i AR R e B R B4k ™4 . Bl n (B (935, BTk L
FGAE T 14 0 7 B 52 At P AR A T

K4 AEKM nfE)BHEBEFCH:N - (NH:) , ATHERIRRESEIE R H AL 2 (B2 B4 : Hartree)

Table 4  The possible dissociation channels and energies for the different cluster size (Energy unit: Hartree)

n Channels E

n=1 C,H:;N-NH; + NH; HF = - 322. 8657157 “unprotonated
C.HsN =NH; —H* (I, -C) + NH. HF = - 322. 832427
C,H;N = NH; —H* (II, N) + NH, HF = - 322. 8149561

n=2 C,H;N — (NH3)5 + NH; HF = -379. 4050404 “unprotonated
CiHsN — (NHs). —H* (I, N) + NH. HF = —379. 3725194
CiHsN — (NH3)»-H* (I, @-C) + NH. HF = —379. 3699112

n=3 C:H:;N — (NH;); +NH; HF = —435. 9061648
C.H5N — (NH;3)s5-H* (I, N) + NH. HF = —435.9141058 * protonated
CiHsN — (NH3)s-H* (I, «-C) + NH. HF = —435.910215
CiHsN — (NH3)s-H* (11, (a-C) + NH. HF = —435. 9028298

n=4 C,H5N = (NHs). + NH; HF = —492. 4368715
CiHsN = (NH3).-H* (I) + NH. HF = - 492. 445504 * protonated
CiHsN - (NH3).-H* (II) + NH. HF = —492. 4331408
C.H5N — (NHs).-H* (II1) + NH. HF = —492. 4396761
C.H5N - (NHs),-H* (IV) + NH: HF = —492. 4454678

stark ( # ) stands for the lowest energy dissociation channels

4 &

1E 355 nm Al 532 nm BOEH KAER T, F TOF i {XF5E T CuHsN — (NHs), 8 A 7% 74
RMEZNTHE . LR RN, K THESE—F5] (CHN) .- (NH:) ;- &R 4=y
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CH;N — (NHy) H*. #OGH KR 355 nm B & A WO T PR f 2o B2, AEASIZ 0K T ik B4
KRB 55 B0 532 nm Y HL A B 3558, CHN - (NHs) » RIS <
R AR, B (CHGN) — (NH.) 5 B 038 B A CHN — (NHL) 57 851/ . stk ki3
ZERRM, ik M R TR SRR 2RSSR . A =3 JFIR, CHN-(NH,), A%
H R 2 LA, A P i 14 20 43 5 I 43 4 D LA U, X[ A AT AR e M
. B R S AR AR DI G A R S T S N T RS SR LS B n (LAY
I, C/HsN — (NH,), R 500 5T o5 M e 3, 5 805 14k S 0 5 35 571 S8 9 43 52 FL B 1
Tt
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Multiphoton lonization and Ab Initio Calculation of CsHsN — (NHs)
Hydrogen-bond Clusters*

Li Yue Hu Yongjun Lii Richang Wang Xiuyan
( State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese Academy of
Sciences, Dalian 116023)

Abstract  Multiphoton ionization of binary clusters (C;HsN) —NH; at 355 and 532 nm have
been investigated using a TOF mass spectrometer. The experimenal results showed that normal clus-
ter ions and protonated cluster ions were produced at both laser wavelengths. The protonated products
came from the intracluster proton transfer reaction. The existence of NHs in the clusters increased
the ionization cross sections of the clusters. The higher ionization efficiency at 355 nm results from
the (2 + 1) resonance multiphoton ionization of the pyrrole molecule. A peculiar low abundance of
C,H;N — (NH;) 5 was observed, ab initio calculations indicated that when ammonia number n = 3,
two hydrogen bonds between ammnia chain and pyrrole ring can be formed, and the cluster become
more stable. The channel ratio for the formation of protonated and unprotonated products increases
with the increase of n, in agreement with the trend of proton affinity of (C:HsN) — (NH;)...

Keywords:  Multiphoton ionization,  Pyrrole, ~ TOF-MS,  Binary cluster
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