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Abstract Multiphoton ionization of the hydrogen-bonded pyrrole-water clusters ( C,HsN),(H,0),, is studied
with a reflectron—time of flight mass spectrometer at 355 nm. With increasing partial concentration of pyrrole in a gas
mixture source, a series of poly-pyrrole-water binary-mixed cluster ions can be observed, including unprotonated cluster
fons [(C,HsN), (H,0),1*, protonated cluster ions [(C,H;N), (H,0),H]* and dehydrogenated cluster ions
[(C,H,N)(C,H;N),(H,0),]* . Ab initio calculations of their structures, bond strengths, charge distributions and re-
action energies are carried out. Stable structures of these clusters are obtained from the calculations. A probable forma-
tion mechanism of the cluster ions [(C,H,N), (H,0),1", [(CH;N), (H,0),1H" and [{CHN) (CH;N),
(H,0),]1" is supposed to be the ionization of clusters followed by dissociation.

Keywords: multiphoton ionization, time of flight, ab initio, pyrrole, proton transfer.

Proton transfer process in hydrogen-bonded clusters has attracted great interest of many chemists
in the fields of physical chemisiry and biochemistry. It has been found that in the ionization processes
of many hydrogen-bonded clusters, such as the binary-mixed clusters C;Hs;N-H,0, C,H;N-NH, and
NH,-CH,0H, the dominant products were the protonated jons!! 5] These protonated cluster ions
were supposed to come from an intracluster proton transfer reaction accompanied by dissociation pro-

cesses'>"® . Proton transfer is a fundamental process in life phenomena, and pyrrole is one of the

(91 The investigation of this kind of cluster systems

building blocks of some important biomolecules
may provide a relatively simple prototype to help understand the proton transfer process in biochemical

systems.

Pyrrole ( C;HsN) is a compound of five-membered hetero-cyclic aromatic ring, in which a lone
pair of electrons offered by the N atom and the two double bonds forms a delocalized big & bond. We
have carried out a study on the multiphoton ionization of the clusters C,;H;N-(H,0) 151, and made it

clear that the protonated cluster ions are produced via intracluster proton transfer reactions.

In the present work the measurements were performed using a modified apparatus. Because of a

new reflectron the resolution of mass spectra was improved by an order of magnitude. It is possible
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to detect the dissociation processes of the cluster ions in metastable states and investigate the larger
size clusters. To produce larger size clusters containing more than one pyrrole molecule, the relative
concentration of pyrrole in the beam source was increased. In this paper some new results of the for-

mation mechanism and structures of the clusters will be presented.
1 Experimental and computation

All the experiments were performed on a homemade time of flight (TOF) mass spectrometer
which has been described in detail in Ref. [5]. And the incorporation of the reflectron has improved
the resolution of the mass spectrometer. The reflectron consists of 30 stainless steel circular plates.
The diameter and thickness of these plates are 100 and 2 mm, respectively. There is a hole 30 mm in
diameter at the center of each plate. The plates are assembled parallelly and coaxially, at equal inter-
vals of 8mm. The 30 plates are electrically divided into two groups in order to build two electric fields
with different intensities. The resistance values of the resistors that are used to connect the plates are
equal in each group, but are different between the two groups. The voltage across the 30 plates is
1010V, which builds a two-stage electric field in the reflectron space.

The stagnation pressure of the gas mixture in the beam source was 1.5 x 10° Pa in the present
experiments . The output of the Nd: YAG laser was 355 nm, 10 ns pulse width and 13m]/pulse. The
pyrrole (95% , from British Drug Houses Ltd.), water (deionized) and helium (99.999% , from
Dalian Chemical Industry Ltd.) were used without further purification.

The computation methods were the same as in our previous paperm. The B3LYP/6-31G™ //
HF/6-31G™ + 0.893 x (ZVPE) (HF/6-31G”* ) method was used to calculate the energies of all

species. All the calculations were performed using a Gaussian-94W program package[w] .

2 Results and discussion

2.1 Mass spectra
The typical mass spectra obtained are shown in Fig.1. The application of the reflectron has pro-
vided the possibility to distinguish the daughter ions after they are produced from dissociation of their

[7]

parent ions on the way to the detector '’ . The fact that no daughter ion is observed in the mass specira

implies that the probability of dissociation of the cluster ions during the free flight is minor.

As is clear in Fig.1(b), two sequences of pyrrole-water cluster ions are produced in the ioniza-
tion process. They are assigned as the binary-mixed cluster ions [ (C,HsN), (H,0) y 1* and
[(C,HsN), (H,0) yH] *(x=2), respectively. Compared with the previous results!], the yield in-
crease of the cluster ions containing more than one pyrrole molecule is attributed to the increase of the
partial conceniration of pyrrole in the molecular beam. The mass spectra also show that a sequence of
dehydrogenated cluster ions [ (C,H,N),(H,0),]" is produced in the ionization process, which im-

plies that decomposition of pyrrole in the cluster ions occurs.
2.2  Poly-pyrrole-water clusters

As shown in Fig.1, the predominant products are the cluster ions of [ (C,HsN)-(H,0),]1%.

Meanwhile, a sequence of cluster ions (C,HsN) } with the number of pyrrole molecules as many as 5
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can be identified. In Fig.1(b), the sequences of binary cluster ions [(C4H5N)Z(H20)y] (xx=1,
y=0), [(CH;N),(H,0),H]* (222, y=0) and [(C,H,N)(C,HsN),(H,0),]* (x=1, y=
0) can be observed. Though these poly-pyrrole cluster ions ( x =2) are observable, their low intensi-
ties imply that the poly-pyrrole clusters (C \ - 4Hs;N),(H,0) , are not as stable as C,H;N-(H,0) .
The structures of the clusters (C,HsN), and (C,HsN),(H,0) and their relevant ions obtained from an

ab initio calculation are shown in Fig. 2.
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Fig. 1 Mass spectra of pyrrole-water binary clusters obtained at 355nm with a reflectron TOF mass
spectrometer (Pr: C,H;N; W: H,0).

~ " Fig. 2(a) shows the stable structure of the neutral dimmer (C;HsN),, in which the two pyrrole
i molecules are linked with a hydrogen bond N-H:**7t. One of the pyrrole molecules donates a hydrogen
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Fig. 2 Structures of pyrrole-water clusters calculated at HF/6-31G" level.
atom (H6 from N1), which is coupled with the x electrons of the other pyrrole molecule. Fig. 2(b)
shows the stable structure of the neutral binary cluster (C,H;N),-H,0. The structure of (C,HsN),-
H,0 is different from the structure of C,H;N-H,0 shown in Ref. [5]. In Ref. [51, the water
molecule is the proton acceptor, forming a hydrogen bond N-:-H-0Q, while the cluster (C,HsN),-H,0
is constructed with two hydrogen bonds: N-H:*x and O-H*:*x, where the water molecule is the pro-
ton donor. The difference in bond energy between the two types of bonds is about 6.69 kJ/ mol!'
The hydrogen bond N-H:-+O is obviously stronger than the bond of N-H--x or O-H:*n. The struc-
ture of the cluster ions (C,HsN); is similar to the neutral dimmer (C;H;N),. In the structures of the
protonated cluster ions [ (C4HsN),H]* , the two pyrrole rings are linked by the bond N1-H6:+-C13,
combined by hydrogen atoms transfer: one (H21) is transferred to the o-C (C2), and the other
(H11) to the nitrogen atom (N12) (Fig. 2(d)). The structure of the dehydrogenated cluster ion
[(C,H,N)(C,HsN)]* is shown in Fig. 2(e), in which one of the pyrrole molecules loses an H atom
bound with the N atom. The two pyrrole rings are bridged by a C-C bond between the a-carbon atoms
of the two pyrrole molecules.
From the discussion on the structures, it is understandable why the yields of the clusters of
(C4HsN), and (C,HsN),-H,0 are much smaller than that of C,H;N-(H,0) .
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2.3 Ionization and fragmentation of (C,HsN),(H,0)

The ionization and fragmentation of C,HsN-(H,0), have been investigated and discussed in
Ref. [5) which suggested that the formation of the protonated cluster ions were through the ionization
of pyrrole molecules in the cluster, followed by intracluster proton transfer reactions, and the dehydro-
genated cluster ions [ (C,H,N)-(H,0),]* were produced from the decomposition of pyrroles, in
which the bond of N-H was broken. In the present experiments, all the above cluster ions can be ob-
served in the mass spectra. We are interested in the poly-pyrrole-water cluster ions, including
[(C4H5N), (H,0),]* (x=22; y=0), [(CHsN), (CHN) (H,0),]* (x20; y=>0) and
[(C4H5N),,(H20)yH] *(x=2; y=0). By checking the mass spectra obtained at 355 nm in Fig. 2

(5] , there are small shoulders on the left side of each peak of [C4H5N-

of our previous paper
(H,0) .1*, which represent the fragment ions of [ C,H;N-(H,0) n] * . Since the concentration of the
pyrrole is increased, the laser power used in this experiment is higher and the resolution of the mass

spectrometer has been improved, so these small signals can be better resolved in this work .

The energy of a photon at 355 nm is 3.49 ¢V, which is enough to excite a pyrrole molecule up
to the 4'A, state (6.78 eVv) 12! through near-two-photon resonance excitation. The ionization potential
(IP) of pyrrole is 8.21 eV. Although the formation of the clusters can make the pyrrole’s IP red-shift
a little!"*!

cess energy of about 2.26 eV kept in the cluster ion after ionization. These nascent cluster ions with

, at least three photons at 355 nm are needed for the ionization. As a result, there is an ex-

excess energy are unstable, leading to the fragmentation of them. The species containing C,H,N are

produced and stabilized in the decomposition after the excess energy is released.

With this consideration, the ionization and decomposition processes of the binary clusters
(C,HsN) , (H,0),, upon laser excitation at 355 nm can be described as follows:
(Pr),(H,0),, +3w—>[(Pr),(H,0),1*" +e” formation of excited cluster ions,
[(Pr),(H,0), 1" —~[ (Pr)n_j(HZO)m— o+ (Pr)j + (H,0), dissociation ,
[(Pr),(H,0),, 1" =[(Pr),_ ;(H,0),,_ H]* + (Pr); + (H,0),_, + OH proton transfer,
[(Pr),(H,0),,1*" —=[(Pr),_;_,(Pr-H)(H,0),_,]* + (Pr); + (H,0); + H dehydrogenation,
where (Pr) stands for C,HsN, and (Pr-H) for C,H,N.

There are three reaction channels for the decay of the excited cluster ions of [(Pr),
(HZO)m] ** . In the first channel, the detected species are the decayed binary mixed cluster ions
[(C,HsN),(H,0) y] *; in the second channel, proton transfer occurs and protonated cluster ions are
produced. The dehydrogenation occurs in the third channel, where the bond N-H of the pyrrole
molecule is broken. It is obvious that these three channels are competitive. From the viewpoint of en-
ergy, it seems that the breakup of hydrogen bonds should be the dominant channel. The experimental
results show that the cluster ions [(Pr)x(HzO)y] * are the dominant products. However, we do see
a pretty amount of the decomposition products [ (Pr-H) (Pr),(H,0),]"* . Stace et al. (14] investigated
the unimolecular decompaosition of van der Waals cluster ions such as ArCH, 0", and found that the
intramolecular relaxation or the intramolecular energy flow played an important role in the dissociation

processes. In other words, the speeds of energy flow are not equal for different vibration modes in a
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polyatomic cluster and the time for predissociation in different vibration modes is different also. Be-
cause of this difference, the predissociation in the N-H vibration mode still may probably occur, form-
ing the dehydrogenated fragment ions [ (Pr-H) (Pr),(H,0) y] *.

2.4 Protonated cluster ions and dehydrogenated cluster ions

Fig. 1(b) clearly shows that there is a small peak on both sides of every big peak of [ C,HsN -
(H,0),]"* at unit mass intervals. They are the protonated and dehydrogenated cluster ions produced
through the second and the third reaction channels respectively. As discussed above, the protonated
ions are produced through proton transfer and the dehydrogenated ions are generated from the breakup
of the N-H bond. The signal intensities of both sequences of products decrease with the increase in

the number (n) of the water molecules in the cluster ions.

As shown in the mass spectra in Fig. 1, the yields of these two sequences of cluster ions are al-
most in the same order of magnitude, but the decreasing slopes of their signal intensities are different,
The decrease of signals of [ C;H,N ~ (H,0),]* is slower than that of [ C,;H;N - (H,0) ,H1]* . The
signals of the dehydrogenated ions are smaller than that of the protonated ions when n < 4, while the
situation is reversed when n > 4. What is the reason? It can be understood if we simplify the whole

reactions into the following reactions:
[Pr(H,0),] + nhv — [Pr(H,0) [} + 7,

(Pr(H,0),]1%, — [Pr(H,0) H]*+ (H,0),_,._, + OH, AE,, (1)
[Pr(H,0), 1%, — [(CH,N)(H,0) . 1"+ (H,0),_,._s + H,0 + H, AE,, (2)
AE, = E([PtW,_H]*) + E(OH) - E([PrW,]1}..),

AE, = E([(Pr-H)W,_,]*) + E(H,0) + E(H) - E([PtW,]}..),

here AE, and AE), stand for the reactive endothermic values of reactions (1) and (2), respectively.

The calculated reactive endotherms (AE,, AE,) of the two reactions versus n are shown in
Fig. 3, Tables 1 and 2. The endothermic values of the two reactions decrease with the increase in n .
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Fig. 3 Values of (AE,) and (AE,) vs. different number of water molecules included in the cluster
(Pr: C,HsN; W: H,0). @, AE; B, AE,.
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But their decreasing slopes are different. The endothermic value of reaction (1) decreases faster than
that of reaction (2). Contrary to the experimental results, we cannot find the reverse phenomenon in
the calculation of energy when n =4. It implies the endotherm in the reaction is not the only factor
that affects our experimental result. However, both the experimental and the calculated results show
that the dehydrogenation tends to occur more easily than the protonation does while the value of n is

raised .

The reaction energies are correlated with the geometrical structures of the products. The calculat-
ed structures are shown in Fig 4. For n =1, the stable structure of the dehydrogenated ion, the O
atom of the water molecule, is connected to the ¢-C atom of the pyrrole molecule. For n =2, the sec-
ond water molecule is linked to the first water molecule via a hydrogen bond. When n = 3, the hydro-
gen atom (H17) of the third water molecule is connected to the nitrogen atom (N1) of the pyrrole
molecule, forming a ring structure by hydrogen bond (016-H17:--N1) in the dehydrogenated cluster
ion. Our calculated results show that the ring structure exists for n =4. The formation of ring struc-
ture stabilizes these cluster ions. In other words, the products with ring structures are at lower energy
levels, and the exotherm of the reaction should be larger. Accordingly, similar structure does not oc-
cur for the protonated ions. This difference results in the change of AE;, AE, with the number n.

Table 1 Calculated energies ( E) and zero-point energies ( ZPE) of the cluster ions ( Hartree)

n Epw ZPE (p.py E ) ZPE (py) Ep: ver ZPEy, v,
1 - 285.7516 0.1065 - 287.0633 0.1282 - 286.4097 0.1135
2 -362.2538 0.1327 -363.5416 0.1545 -362.8623 0.1415
3 -438.7524 0.1606 -~ 440.0167 0.1808 - 439 .3402 0.1690
4 - 515.2446 0.1868 - 516.4906 0.2072 -515.8182 0.1965
5 -591.7225 0.2137 - 592 .9660 0.2348 - 592.2885 0.2241

E stands for the energies calculated at B3LYP/6-31G"* //HF/6-31G™" level; Pr-H stands for the dehydrogenated cluster ions
[(C,H,N)(H,0),]* ; ZPE stands for the zero point energies calculated at HF/6-31G " //HF/6-31G " level; PrH stands for the pro-
tonated cluster ions [ (C,H;N)(H,0) ,H] " ; Ep, ., stands for the energy of the cluster [ (C,H,N) (H,0),] after vertical ionization.

Table 2 The endothermic energies of the protonation and the dehydrogenation reactions containing

n water molecules in the cluster

n AE,/eV AE,/eV
1 1.79%4 5.357
2 0.877 3.754
3 0.835 3.059
4 0.88 2.509
5 0.747 1.872

n stands for the number of the water molecule contained in the cluster; AE, = E([PtW, _ H]*) + E(OH) - E([PrW,].1);
AE, = E([(P-H)W,_1*) + E(H,0) + E(H) - E([PW,].1.).

3 Summary

Multiphoton ionization of the hydrogen-bonded clusters (C,HsN),(H,0), is studied with a re-
flectron—time of flight mass spectrometer at a laser wavelength of 355 nm. As the mass spectrum res-
olution is improved and the pyrrole concentration is increased in the molecular beam, a series of new
binary cluster ions with more than one pyrrole molecule is observed. The ab initio calculations show

that the two pyrrole molecules in a cluster are linked by hydrogen bond N-H::-x, which is not as
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Fig. 4 Structures of protonated and dehydrogenated pyrrole-water cluster ions calculated at HF/6-31G" level. [ (Pr-H)
W,1* : dehydrogenated cluster ion; [Pr'W_H]" : protonated cluster ion.

strong as the hydrogen bond N-H'* O in the binary clusters C;HsN ~ (H,0),. This is the reason why
the yield of poly-pyrrole-water cluster jons is so small that they are difficult to be detected. A most
probable mechanism for the formation of the cluster ions [ (C,HsN), (H,0 )y 1*, [(CHsN),
(HZO)yH] * and [ (C,H,N)(C,H;N), (H,0) y] * is proposed. The ionization processes are accom-
panied by cluster dissociation, proton transfer reaction and dehydrogenation, which are three competi-
tive reaction channels. The dissociation is the main reaction channel, while the proton transfer reac-
tion and the dehydrogenation is also probable. The energy released in the reactions and the stability of

the cluster ions both play an important role in the reaction dynamics.
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