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The multiphoton ionization of the hydrogen-bonded clustefidsN—(H,0), was studied using a time-of-

flight mass spectrometer at the laser wavelengths of 355 and 532 nm. At both wavelengths, a sggs-6f C
(H20)," and the protonated £sN—(H,O),H" were obtained. The two-photon resonance ionization processes

at 355 nm make this wavelength produce obviously more abundant ions of pyrrole and the clusters than 532
nm. Ab initio calculations show that in the protonated products, the proton prefers to link with-@ef

pyrrole rather than with the N atom. The production of the protonated products requires an intracluster proton
transfer reaction. The protonated products obtained at 532 nm are suggested to arise from an intracluster
penning ionization or a charge transfer process. The abnormally higher intensitigid Hf-&H,0)," (n >

1) than those of gHsN* are attributed to the stabilization effects of the cluster formation on the dissociation
products GH4N* of the pyrrole molecule.

Introduction al.?! have calculated the structure, vibrational frequencies,

The research of hydrogen-bonded clusters has received a grediotational constants, and dipole moments of the cluster using
deal of attention of many theoreticians and experimentalists. It @b initio calculation.
has been found that in the ionization processes (including Here we report the experimental results of the cluster using
multiphoton ionization, single-photon ionization, and electron a multiphoton ionization (MPI) time-of-flight mass spectrometer
impact ionization etc.) of many hydrogen-bonded clusters, the at 355 and 532 nm wavelengths. The experimental results were
predominant products were the protonated ones, and sometimesomplemented byb initio calculations.
they were nearly the only onés® These protonated products
are suggested to arise from an intracluster proton transfer Experimental Section
reaction accompanying the dissociation proce&sésProton
transfer is a fundamental process in life phenom@n®. The All experiments were performed on a time-of-flight (TOF)
investigation of these cluster systems may give us a chance tomass spectrometer. A schematic diagram of the TOF mass
deeply understand the mechanism of this process through aspectrometer used in the experiment is shown in Figure 1.
relatively simple system. Since clusters exist as isolated, finite Pyrrole- and water-mixed clusters were introduced through a
systems in the gas phase, they are amenable to study by man{-37 mm pulsed nozzle in the ionization region located 10 cm
of the same techniques that have led to great wealth of downstream from the nozzle without skimming. The laser beam
information on bimolecular gas phase reacti#hét is also (Nd:YAG with a pulse width of 10 ns, a maximum output power
possible to observe directly how chemical reactivity changes Of about 35 mJ for 532 nm and 9 mJ for 355 nm per pulse),
as a function of stepwise solvation by monitoring the changes focused by a quartz lens, intersected it. lons formed by the
in reaction channel versus the cluster $izé8 Thus, it can photoionization were accelerated in a double electrostatic field

provide the information on the effects of solvents on chemical of 1.0 kV and directed through a 1.2 m long free-field flight
reactions. tube, which was differentially pumped by one 15061 and
Pyrrole (GHsN) is a compound of five-membered hetero- two 450 L-s~* turbomolecular pumps. The base pressure in the
cyclic aromatic ring, in which a lone pair of electrons offered drift region typically raised from 8< 107> Pa to about 1x
by the N atom and the two double bonds form a delocalized 107° Pa to about 1x 102 Pa during normal operation, The
big z-bond. Many studies on the clusters of the aromatic ring ions were then detected by a chevron microchannel plate (MCP)
compounds and some small molecules (such &%) Have been detector connected with a fast preamplifier. The mass spectrum
performedt’-18 These aromatic compounds exist widely as Wwas recorded by a 500 MHz transient recorder (EG&G, Model
constituents of larger biomolecules. For example, pyrrole is a 9846-500) coupled with a microcomputer. The experiments were
building block of several important biological molecules such operated at 5 Hz and TOF spectra typically were accumulated
as amino acids (tryptophan), nucleotide bases and more.from 1024 pulses.
Tubergeret al1® have reported their microwave spectrum results  In the cluster formation, experiments were typically performed
about the cluster comprisingsBsN and HO. They suggested  with a gas mixture consisting of 1% pyrrole (British Drug
that the two monomers form a hydrogen-bonded structure, in Houses Ltd., 99.5%) and 1% water seeded in helium (Dalian
which pyrrole acts as a proton donor. Accurate rotational Chemical Industry LTD, 99.999%) which were expanded at 3
constants as well 84N nuclear quadrupole coupling constants atm stagnation pressure. All samples were used without further
are also presented for this system. N&@nd Martoprawircet purification.
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Figure 1. Scheme of the experimental setup.

Computational Methods 100 .
For all the molecules and clusters considered in this work, ' ,,
the initial geometries were fully optimized at the unrestricted 80 x10

Hartree-Fock level (UHF) with 6-31G* standard basis set using
the analytical gradient techniques. Stationary points and first- 3 ¢ -
order saddle points were confirmed through the calculation of &
harmonic vibrational frequencies, which were also used to obtain £
the zero-point energy. The frequencies and zero-point vibrational
energies were scaled by 0.89%r anharmonicity. For gHsN—
H,O", the[F[value was nearly 1.0, which is much higher than
the ideal value of 0.75 for a pure doublet state. It indicates the
existence of serious spin contamination for the UHF calculation. ol ! d =
The UHF method may lead to artificially low relative energies
for those isomers having large spin contamination. Thus, the 0 T o 200 30 w0
MP4(SDQ)/6-31G* single-point calculations at the UHF/6-31G* Mass Number
optimized geometries were employed to account for electron

correlation to obtain more reliable energies. The energies 300 - o ! 2 :
calculated by the spin projected PUMP3 are expected to be more l

reliable than the regular MP4(SDQ) method for those species
with serious spin contaminatidd. Therefore, in the present
study, the PUMP3/6-31G*//UHF/6-31G¥ 0.893x ZPE(UHF/
6-31G*) method was used to obtain the energies of all species.
For the dissociation energy of the neutraHeN—H,O cluster,

the basis set superposition error (BSSE) correction, which is

one of the major factors limiting the accuracy of ab initio y
calculation of van der Waals interaction in both Hartr€eck \\A\J
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and electron correlation energy calculations, was carried out I o
using the counterpoise (CP) method. To give an estimate about —
the accuracy of the results obtained at the present calculation — ° o T o o e

level, complete basis set methods (CB%t4)ere used to

calculate the energies such as the ionization potential and protoq:i ure 2. TOF mass spectrum of the pvrrole-water binary clusters
affinities of pyrrole. It was known that complete basis set ob%ained-at 355 nm- (aF)) mass numberpf)r/om 0 to 400" ({){m _
methods can achieve good results for the energy prediction, buty 2y ‘(2) Lot (M = 18), (3) G+ (M = 24), (4) CHN* (M = 28), (5)
the methods are less expensive than G2. All of the above cHst (M = 39); B, CiHsN—(H20)nt; W, (H20):H; (b) mass number
calculations were performed using the Gaussian-94w programfrom 60 to 150.

package? C4HsN—(H20)H*. At 355 nm, the protonated ions;EsN—
(H20)H* are less abundant than the unprotonated ones,
C4HsN—(H.0),*. At 532 nm, on the contrary, the protonated

1. Mass Spectra.The typical multiphoton ionization mass clusters have comparable ion intensities as the unprotonated
spectra of GHsN—(H,0), clusters at the laser wavelengths of ones. The dissociation products;HGN—(H2O),*, can be seen
355 and 532 nm are shown in Figures 2 and 3, respectively. at a high laser power at 532 nm, but not at 355 nm. The power
Both figures exhibit a sequence of4dzN—(H20),* and of the laser has a considerable effect on multiphoton processes

HO)H*

Mass Number

Results and Discussion
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100 - | mass spectra. Blankt al?” have investigated the ultraviolet
. photodissociation dynamics of the pyrrole molecule by photo-
fragment translational spectroscopy. Several dissociation chan-
nels and dissociation energies were also presented. The uni-
molecular decomposition of ionic pyrrole were also investigated
with the photoion-photoelectron coincidence technique and
charge-exchange mass spectrometry by WAlleihd Teddeet
al.?® The appearance potentials (AP) of several fragment ions
were obtained. Pickéft and Baviaet al3! measured the UV
absorption spectra of pyrrole. The electronic spectra of pyrrole
have also been studied using multiconfigurational second-order
perturbation theory (CASPT2%.0n the basis of their results,
of - two photons of 355 nm wavelength can excite the pyrrole
. . . . ! . L L molecule from the ground state to a vibronic state of the excited
0 100 200 300 400 state 4A1(2b—3pr) (6.78 eV). Hence, the power index 1.2
Mass Number may indicate the production ofs8sN—(H20),*, which arises
from a near-two-photon resonance process through tAe 4
T o intermediate state of pyrrole. However, it should be noted that
e three photons of the 532 nm wavelength can also excite the
molecule to the excited state. Although the laser power of 532
nm is higher than that of 355 nm, the probability of a three-
photon process should be much less than that of a two-photon
process. Therefore, it is displayed that the ion intensities of
C4HsN—(H,0),™ measured at 355 nm are much higher than at
532 nm.

2. Protonated Clusters GHsN—(H2O),H™. In the above
mass spectra, a series of protonated cluster ioftdsXC-
(H20)H* are produced at both wavelengths. They should be
the products of the following ionizatiefintracluster proton

0 L . L - L : pp— transfer-dissociation reactions:
60 80 100 120 140

Mass Number C,HsN—(H,0),, + khw — C,H.N—(H,0),," +
Figure 3. TOF mass spectrum of the pyrrole-water binary clusters - B + —
obtained at 532 nm: (a) mass number from 0 to 400: (1Y@ = e CHN=(H,0)H" + (HO)y s + OH+ € (1)
12), (2) HO* (M = 18), (3) G (M = 24), (4) CHN* (M = 28), (5)
C3H3+ (M = 39), QH4+ (M = 52), Pn, C4H5N—(H20)n+; Wn, (Hzo)nH+;
(b) mass number from 60 to 150.
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Figure 4 depicts the calculated equilibrium structures and
parameters of both neutral and ionigHegN—(H,0) at the UHF/
6-31G* level. The energies of pyrrole and the cluster species
inducing ionization and dissociation. The maximum laser power are also listed in Table 1. Experimental structure parameters
of 532 nm was about 4 times higher than that of 355 nm. Thus, are available for the neutral pyrrole in the ground state from its
it is expected that pyrrole and the clusters are easier to dissociatamicrowave spectrufd and theoretical calculatiord$: 38 Takesh-
at 532 nm than at 355 nm. In Figures 2 and 3, the ion intensitiesita and Yamamot® have calculated the molecular structures
of the two series of clusters decrease with increasinvglue and the vibrational levels of the low-lying ionic statéa4, B,
and there are not any obvious “magic” numbers to be found. 2A;, and2B,) of pyrrole. The present results are in agreement
At both wavelengths, a series of protonated water cluster ionswith their for G4HsN and GHsN™ in the ground state.

(H20)H" and photofragments of the pyrrole can also be seen, For the neutral gHsN—(H,0) cluster, two initial structures
and the latter indicates that the dissociation of pyrrole occurs (I and Il) were optimized, in which pyrrole and water act as a
upon the ionization of the molecule. proton donor, respectively. Figure 4 shows that the neutral (1)

Comparison of Figure 2 with Figure 3 indicates that, at the has a linear hydrogen-bonded structure, in whigkigBl acts
same conditions of molecular beam and laser power, the ionas a proton donor and the two H atoms g+Hare located nearly
intensities of the gHsN—(H0),+ series (including ¢HsN™) symmetrically on both sides of the pyrrole plane, which makes
at 532 nm are 1 order of magnitude less than those at 355 nm.the cluster have an approximate symmetry of @ point
The ionization potential of pyrrole (8.21 eV) is lower than that group. The calculations show that the-N—O hydrogen-
of water (12.6 eV). Although the formation of clusters can make bonded structure, in which J® acts as a proton donor, does
the value a little red-shifte?f, it may be deduced that the not exist. An unexpected structure () was obtained, in which
ionization of GHsN—(H,0), needs at least three photons at 355 water lies over the ring of pyrrole and its two H atoms point
nm. The dependence of the ion intensities on the laser energyunsymmetrically to the aromatic ring. This structure is consid-
shows that all the power indices ofs@sN* and GHsN— ered to be the one in which theelectron cloud of pyrrole forms
(H2O)™ (n = 1) approximate to 1.2. It may indicate the two hydrogen bonds with water (as in benzemeatefd).
following two results: (1) At 355 nm, the ionization mechanism C4HsN—H>O(Il) has a higher energy than type I. Thus, it can
of C4HsN—(H20), may be similar to that of gHsN; namely be deduced that the stable configuration gfi§N—H,0O should
the ionization processes of the mixed clusters take place mainlybe type I. The conclusion is consistent with the experimental
on the pyrrole molecule; (2) the fact that the power indices are and calculational results of Tuberdénand Nagy°® The
not integers implies that some dissociation processes have takemydrogen bond in the pyrrotewater system is predicted to be
place upon the excitation or ionization. This conclusion can be comparable with, and even a little stronger than, that in the water
confirmed by intense dissociation fragments measured in the dimer.
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Figure 4. Obtained structures of the pyrrole-water cluster species calculated at the UHF/6-31G* level.
For ionic GHsN—H,O™, three kinds of conformations were  structure in Figure 4, the &atom of TS (the transition state of
obtained. Type | is similar to the neutral(l), but the-N bond the transformation from ionic type Il to Ill) has an approximately
length of the hydrogen bond increases and théHdond length equal distance from £and G. The Mulliken population analysis
decreases. It indicates that two monomers of the ionic cluster of ionic C4HsN—(H,O)* (1) shows that the total atomic charges
have stronger interactions than the neutral one. Types Il andof the pyrrole and water molecules are 0.956 and 0.044,
Il correspond to the structures in which one H atom @OHn respectively; i.e., the positive charge is located mainly at the
type | is transferred onto the-C andB-C atoms of the pyrrole  pyrrole molecule. It is in accordance with the fact that pyrrole
ring, respectively. Their two H atoms ow-C (or 8-C) are has a lower ionization energy.
located symmetrically on the two sides of the pyrrole ring. The  The calculated energy diagram for thegHgN—H,O binary
N, H, and O atoms form a bend angle, where theHDbond cluster and the energy changes of reactions for the system are
length is obviously longer than that of type I. In the sixth summarized in Figure 5 and Table 2. Table 2 also lists the results
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TABLE 1: Calculated Total Energies (E) and Zero-Point

Energies (ZPE) (hartrees)

species E(HF2  ZPE E(PMP3P E(MP4y
H —0.4982 0 —0.4982  —0.4982
OH —75.3823 0.0091 —75.5333 —75.5345
H,0 —76.0107 0.0230 —76.2020 —76.2046
CaHsNT(N)d —207.8927 0.0736—208.5369 —208.5457
C4H4NT(a-C)? —207.8533 0.0741-208.4989 —208.5090
C4HaN*(B-C)d —207.8373 0.0744—208.5041 —208.5137
C4HsN —208.8079 0.0888—-209.5003 —209.5070
C4HsN* —208.5691 0.0864—209.2272 —209.2307
C4HsNH*(N)d —209.1351 0.1035—209.8228 —209.8303
C4HsNH*(a-C)d —209.1733 0.1026—209.8533 —209.8618
C4HsNH*(B-C)d —209.1615 0.1019-209.8456 —209.8541
C4HsN—H0(l) —284.8271 0.1136-—285.7130 —285.7223
C4HsN—HO(II) —284.8245 0.1138-—285.7103 —285.7195
C4HsN—HO™(1) —284.6078 0.1124-285.4607 —285.4663
C4HsN—HO™(Il) —284.5726 0.1138-285.4061 —285.4157
C4HsN—H0™(I11) —284.5618 0.1119-285.3992 —285.4063
C4HsN—H,O% e —284.5938 0.1124-285.4451 —285.4522
C4HsN—H,O—H*(N)d  —285.1750 0.1290—286.0578 —286.0678

C4HsN—H,0—H*(a-C)! —285.2106
C4HsN—H,0—H*(3-C)! —285.2003
CsHN—H,0*(a-C)! ~ —283.8929
CsHMN—H,O*(B-CY!  —283.8770
C4HaN—H,0*(N)? —283.9529
TS(l<111) —284.5172

2 UHF/6-31G*//UHF/6-31G* values? PUMP3(SDQ)/6-31G*//UHF/

0.1284—-286.0859 —286.0970
0.1278—-286.0794 —286.0904
0.1001—-284.7343 —284.7470
0.1003—-284.7376 —284.7500
0.1067—284.8120 —284.8230
0.1097—-285.3600 —285.3686

6-31G* values® MP4(SDQ)/6-31G*//[UHF/6-31G* values$.N, o-C,

and -C in the parentheses represent that the gain or loss of the

hydrogen atom (or the proton) occurs ondC, ands-C of pyrrole,
respectively® The subscript ver indicates vertical ionization.

100 [
PrH+OH
TS(GA61.7) — N5
; “PrHO (G383 ——  -PC510)
= 50 Pr-H,0'(I350) P10 (DEES) --C(46.0)
§ Pr-H;0've(9.8) — Pr+H0(18.1)
g | _— Pr-H,0'(I)
= 0
>
o0
v -
5 -50 P
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.
= I
< -100
=4

| Pr-HO()-157.6) Pr-HO(IX-155.8)

-150

Pr+H,0(-151.9)

Figure 5. Energy diagram for the dissociation of neutral and ionic

Li et al.

has been extensively studied through experiment and theory.
In an ion cyclotron resonance study, Hourattal #-42 used
hydrogen-deuterium exchange between deuterated pyrrole and
a reference base to bracket the proton affinities (PA) of pyrrole
between 205 and 208 kcal/mol and suggested that protonation
occurs ata-C. However, protonation gf-C could not be
excluded. In this study, £1sNH"(a-C) has the lowest energy
and hence is the most stable protonated isomer. Therefete,
was the most basic site. The calculated PA in pyrrole are 194,
214, and 209 kcal/mol for protonation at M;C, andf-C,
respectively, which are in good agreement with the recent results
of Nguyenet al.*® but is slightly higher than the reported
experimental values for pyrrole (26209 kcal/mol)*~45

The structures of the protonated producisigN—H,0—H"
were also optimized based on the initial conformations corre-
sponding to those in which the proton links to &C, 3-C of
pyrrole, and the O atom of #, respectively. The calculations
show that the energy of the conformation in which the proton
links to a-C is the lowest, which is in agreement with the above
results for GHsN. The calculations did not obtain the equilib-
rium structure in which the proton links to O; thus we think
that the structure can not exist stably. Table 2 shows that the
PA of C4HsN—H0 for N, a-C, andg-C are 208, 226, and 222
kcal/mol, respectively, and increase by about 12 kcal/mol
relative to the pyrrole molecule.

From Figure 5, it can be deduced that whefHEN—H-0 is
vertically ionized, unprotonated productsHgN™ and HO
should be the predominant dissociation products because the
channel has the lowest energy. The protonatgds8H* should
have less abundances with respect to the unprotonated ones.
The results are consistent with the experimental results obtained
at 355 nm. The above discussions show that the produced
protonated cluster ions correspond to the structures whose
protons link with thea-C atom of pyrrole, but not the N atom.

In consideration of the fact that in the liquid phase reactions,
o-C of pyrrole has a very strong activity of electrophilic
substitution reactions (the transition statecobubstitution is
more stable and the electropositivity of the pyrrole ring can
disperse on three atoms (with three resonance structures, as
contrasted with thg-substitution which has only two resonance
structure®d)), the above conclusion is not unexpected.

The protonated gHsNH*(a-, 5-C) correspond to the dis-

CsHsN—HO clusters. The energies of all species were obtained at the sociation products of £sN—H,O0*(Il) and -(IIl), respectively.
PUMP3(SDQ)/6-31G*//UHF/6-31G* level with zero-point energy  Their production requires an intracluster proton transfer process

corrections. The values in the parentheses represent relative energie

and GHsN—H,O" (type 1) is set to be zero. Pr representgiN and
the subscript ver indicates vertical ionization.

tcorresponding to a rearrangement of the ionic structarell

or Ill) taking place in advance. Figure 5 shows that the
transformation of Il< Il need get through a transition state

obtained by complete basis set methods and other techniqued S and must overcome an energy barrier of about 30 kcal/mol.
for comparison. It can be seen that the calculation results 3. Mechanism of Formation of the Protonated Cluster lons
obtained at the present level of theory are in agreement with C4HsN—(H20),H™ at 532 nm. From Figure 3, it can be seen
other available calculational and experimental results, exceptthat at 532 nm, gHsN—(H.O),H have comparable intensities
the ionization potentials of £isN and GHsN—H,O were with C4HsN—(H.0),™ and the abundance ofJ@sNH™" is even
underestimated by about 20 kcal/mol when comparing with the higher than that of gHsN*. It was found in the experiments
experimental result of Williamsoet al*° and the calculational ~ that at 532 nm, the variance patterns of thgi§N—(H2O),"
results of complete basis set methods. Thus, we expect that théon intensities with the laser power were different from those
results given in Table 2 are of semiquantitative of accuracy. of C4HsN—(H,O),H*. Figure 6 provides the ion intensities

Table 2 shows that the ionization potential of thgHgN— variance of GHsN™, C4HsNH™, and HO versus laser power.
H.O cluster is red-shifted by about 12 kcal/mol with respect to It shows that the protonated products are more dependent on
that of the GHsN molecule. For protonated pyrrole, three the laser power than the unprotonated ones. At 532 nm, the
isomers are suggested and they correspond to the structures iinization of pyrrole and water needs at least 4 and 6 photons,
which the proton links with the Ng-C, or 5-C atoms of the respectively. The power indices ofs@N*, C4HsNH™, and
pyrrole ring, respectively. Protonation sites in the heterocycles H,Ot measured in the experiments are approximately 1.4, 2.5,
including the N atom are relevant to their chemical reactivity and 3.0, respectively. The facts imply that the formation
and biological functioning. Therefore, the protonation of pyrrole mechanism of gHsN™ is different from that of GHsNH™. The
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TABLE 2: Summary of the Reaction Energy Changes for Pyrrole and the Pyrrole-Water Binary Cluster Systen?

reaction energy (kcal/mol) other results (kcal/mol)
1 C4HsN — C4HsN* IP=170.1 173.6,189.29175.49189.1¢190.5
2 CsHsN* — C4H,NT +H Do=113.3 122.3,107.0
3 — CsH:NT(a-C) + H Do=137.4
4 — C4HNF(B-C)+ H Do=134.3
5 CsHsN + HF — C4HsNH*(N) PA=194.1 186.7,188
6 — C4HsNH*(a-C) PA=213.7 204.4,207" 208—-2097 205-208
7 — C4HsNH*(3-C) PA=209.3 200.0,202
8 CaHsN—H,O(l) — C4HsN—H0*(1) IP=157.6 180.8
9 — C4HsN—H,0™eP IPyer=167.4
10 — C4HsN + H,O Do=4.4 6.78
11 C4H5N—H20(II) - C4H5N + Hzo Do =21 563
12 CHsN—H,0*(1) — C4HsNT + H,0 Do=18.1
13 — C4HsNH(N)* + OH Do = 65.7
14 — C4HsNH(a-C)t + OH Do=46.0
15 — C4HsNH(3-C)" + OH Dy =51.0
16 CHsN—H,O™(Il) — C4HsNH(a-C)* + OH Do=11.0
17 CiHsN—H,O™(111) — C4HsNH(B-C)* + OH Do=12.7
18 CHsN—H,O™(Il) — TS(II==111) AE=26.7
19 CGHsN—H0*(111) — TS(ll<=l) AE=23.4
20 CHsN—H,0* (1) — C4H:,N—HO(a-C)* + H Do=136.2
21 — C;H/N—H0(B-C)* + H Do=134.3
22 — CsH:,N—HO(N)* +H Do=91.2
23 CHsN—H,0O(l) + H* — C4HsN—H,O—H*(N) PA=207.6
24 — C4HsN—H,0—H*(a-C) PA=225.6
25 — C4HsN—H,O—H*(5-C) PA=221.9

a2 PUMP3(SDQ)/6-31G*//UHF/6-31G* values (with zero-point energy correctibithe subscript ver indicates vertical ionizatisrReference
33.9Reference 35¢Reference 38.CBS-4 values?y Do(N—H) = AP(C,HiN') — IP(C4HsN). M Reference 41.Reference 42.Reference 43.

kReference 40.Reference 20.

]

HZO‘ n=3.0

C H NH* n=2.5
4s

In(Ion current)

24

25 3.0

T T
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Figure 6. Schematic illustration of the ion intensity variance of
CsHsN*, CsHsNH™, and HO™ versus laser power.

1.0

unprotonated pyrrole cluster ions should arise from the following
reactions:
C,HsN—(H,0),, + khw — C,H,N"—(H,0),, + &

(the pyrrole molecule is ionized)

— C,HsN—(H,0)," + (H,0),,._,+€e  (major process)
(2)
the following process may also occur:
C4H5N+_(H20)m_’ C4H5N—(H20)nH+ + (HO)mn1 T
OH (minor process) (3)

on the laser power of the protonated products indicates that their
production relates to the excitation or ionization of water. The
following intracluster penning ionization or charge transfer
processes are suggested:
C,H:N—(H,0),, + khw — C,H,N—(H,0),*

(the H,O molecule is excited)

— CH N —(H,0) + &
(intracluster penning ionization)

— CHN—(H,0)H" + (H,0),_ns + OH+ €&
(major process)

— C,HsN—(H,0)," + (H,0),,,+€  (minor process)

(4)

C,H;N—(H,0),, + khw — C,H.N—(H,0),," + €
(the H,O molecule is ionized)

— C4H5N+—(HZO)mjF +e (intracluster charge transfer)
— CHN—(H,0)H" + (H,0),,.ns + OH+ €&
(major process)

— C,HN—(H,0)," + (H,0),,.,+€  (minor process)

(%)

where the * means electronic excited state dnihdicates
vibrational excited state.

ShafizadefY and Atking® et al. studied the photodissociation
of H,O through two-photon resonance excitation of tH&B

i.e., the ionization process takes place on the pyrrole moleculestate using 266 nm wavelength laser. The resonance energy also
in the mixed clusters, and the predominant products of the corresponds to the four-photon energy of 532 nm wavelength.
dissociation are the unprotonated ones. The stronger dependenc&he energy is higher than the ionization potential of the pyrrole
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monomer. Thus, the production ofi&sNH* may relate to a the loss of H still occurs on the N atom of pyrrole, and H of
four-photon resonance excitation process of th® Ifholecule. H,0 is not easy to be lost. The distance betwegha@d O is
After that, an intracluster Penning ionization or ionization-charge 1.526 A in GHs,N—H,O"(N) and it indicates that a-€0 bond
transfer process follows, and the excess energy is released intdhas been formed.

the vibrational modes of the clusters that causes the clusters to For dissociation products of48sN—H,O™, the calculations

be dissociated. The obtained products correspond to the proto-show that GHsN—H>O"(N) has the lowest energy. The neces-
nated ones whose production, as shown in the above calculasary energy of its production is 91.2 kcal/mol, which is smaller
tions, needs higher energies than the unprotonated ones. Garvegy nearly 20 kcal/mol than that of 8;N*(N). Namely, the

et al*® have studied the ionization of argon/methanol mixed formation of clusters reduces the necessary energy for the
clusters using electron impact. They found that appearancedissociation of GHsN—H,O". The reduction of the dissociation
potentials of AR(CH;OH)m fall in the region of 11.3-11.8 eV~ energy can be thought to arise from the stabilization effects of
and suggested that the threshold ionization of the clusters isthe cluster formation on the dissociation productsiN™ of
mediated by the Ar 4s excited states; i.e., an intracluster Penningthe pyrrole molecule. It is to be explanation of why the
ionization plays a role on the ionization of the clusters. In the abundances of the sequence oHEN—(H,O)," (n = 1) are
photoionization of van der Waals cluster ArH€hn intracluster even higher than those ofy8;N*.

charge transfer and vibrational predissociation mechanism is |t is interesting to consider that when the clusters are ionized
also presented to interpret the obvious decrease of the photoand excited, the dissociation fragments are not the products of
ionization cross sections of ArHCI than the expected. Thus, this the break of the relative weaker bond between pyrrole and water,

kind of intracluster penning ionization and charge transfer pyt the O-H of water or the G-H bond of pyrrole. In a series
processes often occur in the ionization of heterogeneous clustersf experiments, Stacet al52-54 have made extensive studies

with weak interactions, in which different molecular subunits of unimolecular decomposition of molecular ions (SUCh as
can be selectively excited or ionizetiThese processes influence methanol) in association with inert gas (e.g., Ar and,CO

the photoionization and photodissociation mechanisms of the clusters using electron impact. In their study, the heterocluster

clusters. _ . _ ~ ions AR,CHO" (x = 0—4) were observed. Stace interpreted
The formation of clusters can increase effectively ionization these results in terms of an intracluster charge exchange
cross sections of monometThus, the participation of (¥D), ionization between argon and methanol. A model was also

in the ionization of the cluster species which is followed by the proposed incorporating competition between the unimolecular
intracluster Penning ionization, charge transfer, and vibrational decomposition of the methanol component and dissipation of
predissociation processes may be a reason why the intensitieshe molecular vibrational energy into the van der Wasls modes

of C4HsNH™ are even higher than those offGN*. of the cluster, which in turn lead to loss of argon from the cluster
4. Formation of the Photofragments GHsN—(H20)n*. via vibrational predissociation. For most of weak interaction
Figure 3 shows a sequence of photofragments gfl,8— molecules studied so far, the vibrational predissociation times
(H20)". These photofragments are thought to be produced should be considerably shorter than the time scales of any of
through the following dissociation reactions: the alternative deexcitation rout&-owever, if an excited van
der Waals or hydrogen-bonded clusters consists of a polyatomic
C,HN—(H,0),, + klw — C,H 4|\|—(|-|Zo)n+ + (H,0),,., + molecule with a low density of vibrational states at the excitation

energy complexed with other atoms or molecules, intramolecular
vibrational relaxation (IVR) may influence events by introducing
a time lag between excitation and vibrational predissociation.
Vibrational energy present in the excited mode may not flow
directly to that mode which is most strongly coupled to the van
der Waals bond or the hydrogen bond. This could have the effect
of reducing the vibrational predissociation time to a value where
it would be comparable with other slower processes, such as
fluorescence and unimolecular decay. Under such circumstance,
two or more of the deexcitation channels could operate in
competition and the relative time scale for vibrational predis-
sociation could actually be longer than that for covalent bond
fission. Thus, for the @HsN—(H20), cluster system, the
fragmentation of the NH bond or the G-H bond of pyrrole,

but not the hydrogen bond between pyrrole and water, is

H+e (n=0) (6)

Table 2 shows that for ££isN*, the dehydrogenation reaction
occurs most easily by removing the H atom from the N atom
because ¢H;NT(N) has the lowest energy. The unimolecular
decomposition of pyrrole has been investigated using photoion
photoelectron coincidence technici¥eThe measured AP of
C4HsNT is 12.85eV (296.2 kcal/mol). Using the IP value of
pyrrole and the equatio®o(N—H) = AP(C4H;N*') — IP-
(C4HsN), theDo(N—H) is deduced to be 107.0 kcal/mol, which
is consistent with the value 113 kcal/mol here suggested.

Figure 3 shows that with respect tgqigN—(H20),™ (n =
1), the abundances of;@sN—(H,0)," (n = 1) cluster ions are
even a little higher than those ofj@;N™* relative to GHsN™.

In the photodissociation of the clusters, the H atom linking with

. . . possible.
N forms a hydrogen bond with 4@, which makes its loss
difficult due to cage effect Thus, for GHs;N—H,O™, only three .
S o o . ; Conclusion
initial equilibrium structures were optimized, in which the H
atoms ona-C, 8-C of pyrrole, and HO are lost, respectively. The multiphoton ionization of the hydrogen-bonded clusters
As shown in Figure 4, gH,N—(H,O)* (a-C or 3-C) is similar C4sHsN—(H20), was studied with a time-of-flight mass spec-
to a complex of GHsN™ (a-C or 5-C) and HO. For the initial trometer at the laser wavelengths of 355 and 532 nm. The results

structure corresponding to losing H of,®, the calculations show that, at both wavelenghts, a series gH{N—(HO)n"

give GH;N—H,O™ (lll), in which the distances betweensH and GHsN—(H.0O)H* were obtained. The near-two-photon
Hs, and O are 0.965 and 0.963 A, bui,HHs, and N have the resonance ionization processes through th&;@b,—3pr)
distances of 2.549 and 2.683 A, respectively. Therefore, this intermediate state at 355 nm make this wavelength produce
structure should not be looked as a complex comprisitsE* obviously more abundant ions of pyrrole and the clusters than
and OH, GHsN—OH*, but a complex comprising £1;N(N) 532 nm. Ab initio calculations show that in the protonated
and HO, CHsN—HO™(N); namely, for GHsN—H,O", products, the proton prefers to link with theC, 5-C atoms
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rather than the N atom. The production of the protonated Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, J.

i ; i .; Gonzales, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart,
products requires an intracluster proton transfer process induce "3 P Pople. J. AGAUSSIAN 94W(Revision A). Gaussian. Inc.:

by laser. The protonated products obtained at 532 nm arepigshurgh, PA, 1995.

suggested to arise from an intracluster Penning ionization or

charge transfer process following the excitation or ionization
of water. The abnormal intensities oftuN—(HO),™ (n = 1)

are attributed to the stabilization effects of the cluster formation
on the dissociation products;@4N* of the pyrrole molecule.
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