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pathways in metastable dissociation of K *(CH,=CHCN),, photoions
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Size-dependent stabilities and intracluster reactions of potassium atom and acrylonitrile molecules
(AN; CH,=CHCN) clusters were investigated. Previously reported magic numbetsnsity
anomalieg of n=3k (k=1-4) using photoionization mass spectrum ofAN),, and size-specific
elimination reaction$HCN elimination from clusters afi=3, and H elimination fromn=3 and 6
clusters were explained by a cyclohexane derivative formation in an intracluster trimeric
cyclization (anionic oligomerizationinitiated by electron transfer fro a K atom in KAN),. To
elucidate larger KAN), structures, unimolecular metastable dissociations 6fAf), photoions

were observed using a reflectron time-of-flight mass spectrometer. A metastable dissociation
pathway ofn—n—1 (AN-loss) was predominantly observed for all parent sizes; furthermore, for
parent ions withn=6, 9, and 12, pathway ofi—n—3 [(AN);-loss| was also observed. These
size-dependent dissociation pathways of photoions are related to structures of neutral clusters since
intramolecular bonds are expected to be formed in the oligomerization reactions in neutrals and to
be conserved in the photoionization process. Parent clusters that causeithel dissociations

have structures in which at least one AN monomer can coordinate without forming any chemical
bonds. The observation af—~n—3 pathways corresponds to the existence of isomens=of3k
(k=2-4) clusters havingk cyclohexane derivatives, which are formed by intracluster multiple
trimeric cyclization reactions withk3AN molecules in neutral clusters. The existence of at least two
types of structural isomei@cluding reacted AN or unreacted ANl these clusters is shown from
these experimental results, and is further supported by calculations of the microcanonical
dissociation rate constants for each pathway based on the Rice—Ramsperger—Kassel-Marcus
theory. © 2002 American Institute of Physic§DOI: 10.1063/1.1500732

I. INTRODUCTION cationst?° In the systematic studies by Garvey and co-
workers, and El-Shall and co-workers, magic numbarns
Successive bond-formation reactions of the constituenfensity anomaligsin mass spectra were found for cluster
organic molecules in ionic clusters, known as intraclusteications of several unsaturated organic molecy®sh as
ionic oligomerization (polymerization, have been exten- isoprene, isobutene, acetylene, or propeaed it was shown
sively studied in the past decade due to their importance ifhat these magic numbers are related to the formation
practical applications. The main purpose of these studies wag  cyclic compounds by intracluster  cationic
to understand, at microscopic levels, the geometrical congligomerizatior=®142°In contrast, intracluster anionic oli-
figurations and dynamics during the early stages of thesgomerizations have been studied by a relatively small num-
reactions in the condensed phase. There are two types Bbr of groups'—° Cluster anions of vinyl compounds that
reaction mechanism in ionic polymerizatiocationic poly-  were produced by electron transfer using high-Rydberg rare
merizations are initiated by an electron transfer from a vinylgas  atoms were investigated by Kondow and
molecule to an electron acceptor, wheraagonic polymer-  co-workers’*~2° For cluster anions of acrylonitriléAN;
izations are initiated by an electron transfer to a vinyl mol-cH,—CHCN), photodissociation, unimolecular, and
ecule from an initiator(electron donor Alkali metals, be-  collision-induced dissociations, and photoelectron spectrum
cause of their low ionization energies, can act as effectivgyere observed®~*° resulting in the observation of trimeric
initiators of anionic polymerization. Studies on intraclusterterminations for AN cluster anions. These studies confirmed
ionic oligomerizations have been carried out on cluster calthat the intracluster oligomerization of a trimeric unit is ini-
ions and anions for cationic and anionic oligomerization rejated by an electron transfer {&N)s, forming a stable an-
actions, respectively. Intracluster cationic oligomerizationjon ragdical with a ring structure, which was assigned as
has been studied by several groups by using electron impagt3 5_cyclohexanetricarbonitrilCHTCN).
or photoionization techniques for the generation of cluster  preyiously, we carried out studies of intracluster anionic
oligomerizations inneutral clustersl=3 In these studies,
3Electronic mail: misaizu@qpcrkk.chem.tohoku.ac.jp clusters of an alkali metal atorfM=Li, Na, and K with
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vinyl compoundgVC=AN, acrylic ester, methacrylate, and He (4 atm) Vaporization

methyl vinyl ketong were generated and detected using a s /'lase' e

photoionization time-of-flight mass spectromef€OF-MS). "\. "} Photoionization

In these MVC),, clusters, magic numbers of=3 were rou- AN

tinely observed in the photoionization mass spectra. We ~“**xare ST

found that the size-dependent stabilities of neutral clusters Skimmer \ Reflection
are reflected in the observed pattern of these mass spectra [Cluster source]  acceieration Deflector plate
Accordingly, the magic numbers were explained as the for- electrodes Dot erstion
mation of cyclohexane derivatives resulting from the anionic o ¢ GroundJ
oligomerization of a trimeric unit, initiated by an electron detector !
transfer from the alkali metal atom in neutral clusters. Magic

numbers an=6, 9, and 12 were also observed, along with $8f;lf:,1"s°n'type (7)
n=3 in the photoionization mass spectra ofAlN), (M=Na Refsction
and K).31*3From the periodicity of the observed magic num- electrodes

bers, formation of plural CHTCNs were expected. However,
definitive evidence of the structures of larger clusters have
been difficult to obtain using solely mass spectra data.

It has been reported that by using the fragmentation pafg a5 of K+ (AN), photoions and the existence of structural
terns in unimolecular metastable dissociation of size-select omers are discussed. Possible parent ion structures are also
cluster cations, information on the structure of clusters Callyamined from calculations of the microcanonical rate con-

H 8,34-40 : i X o .
be obtained:! For example, in the case of carbon giants for unimolecular dissociations based on the Rice—

clusters®® a neutral G-loss was mainly observed below, Ramsperger—Kassel—Marc(RRKM) theory.
whereas a @loss was the dominant channel abovg,.C

These results were interpreted in terms of the stable struc-
tures of both the parent ions and the neutral fragments, which- EXPERIMENTAL SETUP

have been predicted theoretica”y. Intracluster Oligomeriza- Present experiments were performed by using an appa-
tion reactions of alkene cluster ions have also been investiatus composed of three-stage differentially evacuated cham-
gated by the observation of metastable dissociatidhste-  pers: a cluster source, an ion source by photoionization, and
cent study on multiphoton-ionized thymine cluster ionsa home-made angular type reflectron TOF-MS. Schematic
showed that, in metastable dissociations, parent ions consistiagram of the experimental setup is shown in Fig. 1. Pres-

ing of an even number of molecules tend to lose two mol-sures of the chambers of cluster source, ion source, and re-
ecules, whereas those consisting of an odd number of moftectron were maintained at aboutx20~2, 2x 107, and
ecules lose one molecutd.it was concluded that the two- 8x 108 Torr during measurements, respectively. Clusters of
molecule loss is a single fission process of a dimeric unit thag K atom and AN molecules, (AN),,, were produced by a
is formed by intracluster photodimerization of thymine in the pickup sourc&334143yith a combination of laser vaporiza-
multiple absorption process. tion and pulsed supersonic expansion. After collimation with
Herein we report our investigations on the clusters of aa conical skimmer, the neutral clusters were ionized by irra-
K atom with AN molecules, KAN),, by photoionization diation with a pulsed laser beam in a source region of the
mass spectrometry using a reflectron TOF-MS. Similar to thefFOF-MS at 190 mm downstream from the pulsed valve
previous study, the magic numbers from the mass spectr@&eneral Valve, series 9, orifice diameter 0.8 mm
were observed an=3k (k=1-4).31% In addition, size- frequency-doubled output of a dye las@pectra-Physics,
specific elimination reactions were observed fofAK),.  PDL-2 and Inrad, Autotracker llpumped by a Nd:YAG
Discussions are presented for these observations in relatidaser (Spectra-Physics, GCR-150)1%as used as a photo-
to the formation of cyclohexane derivative by intraclusterionization light source. To avoid multiphoton processes, flu-
anionic oligomerization(trimeric cyclization initiated by ence of the ionization laser was kep0.2 W/cn? through-
electron transfer from the K atom in(KN),. Metastable out the measurements. By measuring the ionizing laser
dissociation reactions of KAN), photoions were also power dependence of cluster ion intensities, we confirmed
closely examined to elucidate the structures of larg&Nl),,  that photoionization is a one-photon process. Product photo-
clusters. The oligomerized constituents in neutral clusters rdons were accelerated ®U,=+3085 eV by static electric
main in photoions. Specifically, due to the small excess enfields between acceleration electrodes. After traveling a field-
ergy caused by one-photon ionizations, dissociation reactiorfsee drift region between grounded plates of acceleration and
of intramolecular bonds in clusters hardly occur following reflection electrodes, these ions were reflected back to an ion
photoionization. The observed fragmentation pathways ardetector by reflection electrodes. Two electric fie{dscel-
relatively simple due to the small excess energy, where therating and reflecting regionsvere made by three plates
metastable dissociations corresponding to the loss of a singlgrounded, deceleration, and reflection platek reflection
AN molecule were exhibited for all parent cluster ions, andelectrodes. Detection of cluster ions was carried out with a
additionally, the loss of atAN); group from the parent clus- dual microchannel plate(MCP, Hamamatsu Photonics,
ter ion was observed far=6, 9, and 12. Using these size- F1552-21% Mass resolution of the present reflectron
dependent fragmentation patterns, the stabilities and strud-OF-MS is about 950. In measurements of ionization thresh-

FIG. 1. Schematic diagram of the experimental setup.
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old (I, of clusters, each photoion yield was measured with @[T =0 3
scanning the photon energy of the ionization laser, while
abundance of clusters was alternately monitored by photo-
ionization with fourth harmonic of another Nd:YAG laser 9 12
(Lumonics, HY-400, 4.66 eV, 266 nmThel,, values of the AR
clusters were determined from the final decline of the photo- — |||11 o
ionization efficiency(PIE) curves. 4

Along with the above measurements, mass spectra of 5
K*(AN), ions nascently formed in the cluster source were K" 2 l
also measured. Cluster ions were generated by an ion— ol
molecule(cluste reaction between a Kion made by laser b

o . ; : 20 40 60 80 100

vaporization and neutral AN clusters in the expansion region TOF / us
of the free jet. These cations were introduced to the accel-
eration region of TOF-MS and were acceleratedetd,~ K*(AN)
+1150 eV by pulsed electric fields generated by high volt- cluster source
age pulse generato(BEI, GRX-1.5K-B). The timing of the 9 12
acceleration field pulse with respect to the others was opti- FTTTTTITIITT
mized by a digital delay/pulse generat@tanford Research
System, DG53p

In metastable dissociation reaction of €&N),, clusters,

K™ (AN);— K (AN)p+ (AN) ) 6

K +|
in the field-free drift region before reflection electrodes of y M

1 L L L 1 L 1

the reflectron TOF-MS, the daughter ions! (AN),,,, have 40 80 120
an averaged laboratory-frame kinetic energies, TOF /s

K*(AN),
photoionization

lon Intensity

6

—_
(o))
~
=
|
o
-

lon Intensity

L

160

my FIG. 2. (a) Photoionization mass spectrum ofAN),, obtained by one-
Ed:m—er, (2 photon ionization of 5.64 eV. The numberin the figure represents the

p K*(AN), ion. The acceleration and reflector voltages ldgg=+3085 and
Wheremd andmp are the mass of the daughter and the parenpk=+3300 V, respectively. K(AN),—HCN indicates ions with the loss of

; : . )
ions, respectively. Therefore, by setting a voltage of reflectiC\ from K'(AN), ions. (b) The mass spectrum of KAN), ions pro

X A duced by ion—molecule reaction in the cluster souftl~+1150 V,
tion plate (Uy) in the range betweetmy/m;)Uo and Uy, y,=+1220 V).
only the daughter ions are reflected back to the MCP detec-

tor. From the ionization laser power dependence, present dis-

sociation process is confirmed to be not due to the photogoyrce as shown in Fig.(. Size distribution in this mass
absorption after photoionization. Collision-induced dissociagpectrum is expected to depend on stabilities of ions. As
tion process of cluster ions can also be neglected under 104hown in the figure, a series of cluster ions of(KN), was
pressure condition of the drift regidn-8x10"° Torn inthe  gpserved up tm=20. lon intensities decreased monotoni-
present experiment. cally with increasingn, and the magic-number behavior at
n=3k in Fig. 2@ was not observed in this mass spectrum.
lll. PHOTOIONIZATION MASS SPECTRUM OF K (AN), Therefore, we can assume that the stabilities 6f(AN),
ions formed in the source does not depend sensitively,on
and that the magic numbers are related to the nature of neu-
tral K(AN),, clusters.

Figure Za) shows a typical mass spectrum ofAN), lonization thresholdél ) of K(AN), (n<6) were deter-
clusters obtained by one-photon ionization with a laser bearmined from measurements of PIE curves for these clusters as
of 5.64 eV(220 nm. A series of K" (AN), cluster ions was shown in Fig. 3. Thd, values are summarized in Table I:
predominantly observed up t6=20. lon intensities oh=3,  for n=1 |, was determined to be 3.48 eV, and for2<6
6, and 9 were strongly observed with respect to adjanent the values were 3.53—3.61 eV. In our previous stildize Iy,
ions, and an intensity gap betweer12 and 13 was also values of N&AN), (2<n<6) were found to be constant at
observed. These magic numbers @3k (k=1-4) in 3.63+0.14 eV. These low, values correspond to low ion-
K*(AN), were also observed in mass spectra ofAM), ization energies of alkali metal atoms, 5.14 eV for Na and
(M=Na and K in a previous study using a linear Wiley— 4.34 eV for K.

McLaren type TOF-MSY33 This magic-number behavior The following factors causing magic numbers in photo-
was independent of the photon energy of the ionization laseipnization mass spectra were already discussed in the previ-
in the region between 4.66 and 5.64 ¥\This behavior was ous papers>33 (1) size-dependent stability of neutral clus-
also independent of condition of the cluster souiingensity  ters,(2) ionization cross sections of neutral clusters at certain
of the vaporization laser, stagnation pressure, and §d/@é® photon energy for ionization, anB) evaporation process
have also measured a mass spectrum 6fAN), ions na-  after ionization. Among these, we can assume that the ion-
scently formed by an ion-molecule reaction in the clusterization cross sectiofpossibility (2)] is not sensitively depen-

A. Magic numbers in the photoionization
mass spectrum
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0.25 intracluster
~+ p=17[ 012 clustering and trimeric.
- n=2 electron transfer cyclization ~
0.20 - 7=3 + - NC_ T°
=\ +
" - n=4 . K+ ( CN)3 — K (=\CN)3 — K (DN
= - =6 = NC
3 0154 - 008 £
£ n=3 A (CHTCN)
= Q
f 0.10- :: FIG. 4. Reaction scheme of the intracluster trimeric cyclizatior{Adfl);
i : N initiated by electron transfer fm a K atom.
w - 0.04 =
- w
0-05_ D- . . . . . .
meric cyclization is initiated by an electron transfer(£iN )4
0.00 0.00 forming a stable anion radical with a ring structure,
34 3|.8 40 which was assigned as 1,3,5-cyclohexanetricarbonitrile

Photon energy / eV (CHTCN).?125-2839This trimeric cyclization is regarded as
S N one of processes of anionic polymerization, which is known
FIG. 3. Photoionization efficienciP|E) curves for KAN), (n=1, 2, 3, 4, i condensed phase. Therefore, observed magic numbers at

and 6. Left axis represents PIE values of1, and right axis represents " .
those of the other clusters. These data are fitted with straight lines obtainerd_3 in K(AN), are also due to the formation of CHTCN by

by least-squares method. The dotted line is usedfet, and solid lines are  intracluster trimeric cyclization initiated by an electron trans-
used for the others. fer from a K atom shown in Fig. 4, as concluded in the
previous papers-33

dent onn for all clusters in the present mass spectrum, be- S )
cause the photon energy is much higher tharof K(AN), B. Size-specific e_I|m|nat|on react_lon_s of neut_ral

clusters for Z2n<6 (3.53-3.61 eV. In addition, in the K(AN), clusters induced by cyclization reaction
photoionization mass spectra even at the photon energy be- In Fig. 2(@), fragment ions with a loss of HCN from
low 4.0 eV, the ion peak oh=3 was observed more in- K*(AN), were observed fon=3 along with the series of
tensely than those af=2 and 4, as depicted in Fig. 3. Be- K*(AN), clusters. Enlarged mass spectra of Figa)2are
cause we confirmed that the present photoionization is a onghown in Fig. 5. Inn=3 and 6, ions with a loss of Hfrom
photon process as noted in Sec. Il, excess energy deposited
in the photoion is less than the difference between the photon

energy and 4. With the photon energy below 4.0 eV, the (a) K*(AN) =3
excess energy is too small to induce evaporation processes photoio’;izaﬁon =

after photoionization(metastable dissociatiopn Therefore, > (j:) ~

the appearance of the magic number is little affected by > Q _ M»L T
evaporation process after photoionizatigrossibility (3)]. @ & g " lé/ Nf
After all, the magic numbers ait=3k observed in the photo- ﬁ 2 3 :z(‘ =
ionization mass spectrum of(KN),, are concluded to be due s :’ w3 1

to the relative stabilities of neutral clustdsossibility (1)]. T [X3 v K‘

Furthermore, photodissociation experiment of neutral
K(AN), clusters revealed that the photoion intensitynat3 \\
is enhanced after photodissociatiriThis result also indi- B T T P TR T PR
cates that theneutral K(AN); has an anomalous stability
. . TOF / ps
relative to other sizes of clusters.

Cluster anions of AN that were produced by electron

transfer using high-Rydberg rare gas atoms were extensively (b) n=
investigated by Kondow and co-workers. In the studies of n=5 n=6
mass spectrometry dAN). ,%?° magic numbers ab=3k o
(k=1-3) were observed. They concluded that intracluster tri- =y
5
=
TABLE I. Determined ionization thresholds;,) of K(AN), clusters. 5
n leVv
0 4.34
1 3.48
2 3.55
3 3.53
4 3.57
5 3.55 FIG. 5. Photoionization mass spectrum ofA), obtained by one-photon
6 3.61 ionization of 5.64 e\[(a) n=2, 3;(b) n=4-6]. The ordinate ofb) is scaled
up by a factor of 3 from that ofa). lons with elimination of H and HCN
®Reference 53. are denoted by —pHand —HCN, respectively.
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= =3 (AN)3 — NG
—h— n=3—H2 R CN + H
- n=3-HCN N? \C 2
£ AH=-1.40 —5— {O-cN +HCN
3 | R
§ -1.79ev | 086
w I 0.72
& 1.11 |
0.95
NG
(@Y
0.00 a8 T NC

| —t
34 3.8 4.2

Photon energy / eV FIG. 7. Schematic energy diagram of the heat of reactivid) forming

CHTCN from (AN); and elimination reactions of Hand HCN from

FIG. 6. Photoionization efficiencyPIE) curves for KAN);—H, and  CHTCN. Total energy of a CHTCNE[CHTCN]) and that of an(AN),
K(AN);—HCN along that for KAN),. cluster (E[(AN);]) were used for estimation ohH for the formation of
CHTCN (AH=E[CHTCN]-E[(AN)3]). In the estimation of heat of reaction
for elimination of H, or HCN from CHTCN,E[CHTCN] and total energies
of CqH;N3, CgHgN,, H,, and HCN were used. These total energies were
K*(AN), were also observed along with the series ofcalculated by quantum chemical calculations using B3LYP/&-31 level

K+(AN)n and W(AN)n—HCN.43 On the other hand, no With zero-point vibrational enerquorrectiqns.Thbl val_ues are qotsingle _
elimination reaction froorm=2 was observed. If excitation of \S'rlljfz rﬁ?;?gﬁzfcgg CrNOSaSS four different isomers owing to axial-equatorial
an AN molecule by absorption of the vaporization laser leads grotps.
to the observed elimination reactions, these eliminations will
be observed for all cluster sizes. Therefore, these size-
specific elimination reactions are thought to be independent EfCHTCN]|—E(AN);]. Vibrational frequencies calculated
of the vaporization laser. In our previous studies of photo-by HF/6-314+-G* level were scaled to perform zero-point vi-
ionization mass spectra of (MN), (M=Na and K using brational energy corrections. A scaling factor of 0.877 was
Wiley-McLaren type TOF-MS!33 these elimination reac- used in the corrections, which was obtained from an average
tions were difficult to be assigned because of its low massatio of experiment4f and calculated frequencies of normal
resolution. modes in AN. For simplicity, the K atom was omitted in
We have determined appearance energies ofhese calculations. The intracluster trimeric cyclization form-
K*(AN)3;—H, and K" (AN);—HCN by measuring the ion in- ing CHTCN was found to be exothermic by 1.40-1.79 eV.
tensities with scanning the photon energy of the ionizatiorEnergy uncertainty of 0.39 eV is due to four conformational
laser. Observed PIE curves for these clusters are shown isomers of CHTCN in which each of three substituents
Fig. 6 along with that for KAN)5;. The appearance energies (—CN) forms an axial or an equatorial conformation. We
were found to be 4.53 and 4.59 eV for'KAN);—H, and  have also estimated energies necessary focorHHCN elimi-
K™ (AN);—HCN, respectively. If elimination reactions pro- nation from CHTCN using the same method. These reactions
ceed in unreacted solvation-type clusters, eliminations arevere found to be endothermic by 0.86-1.11 eV for the H
expected to be induced by excess energy caused by photlwss and 0.72-0.95 eV for the HCN loss. The calculated
ionization. Because thk;, of K(AN); was found to be 3.53 results on the energetics, summarized in Fig. 7, show that the
eV, the minimum energy which is needed to induce elimina-elimination reactions can be induced by the excess energy
tion reactions will be~1.0 eV. However, in recent high level generated by formation of CHTCN\H). This is consistent
ab initio calculations on AN(QCISD(T)/6-311++G(d,p)), with the experimental result shown in Fig. 5 in which no
the HCN or H elimination reaction from an AN mole- elimination reaction is observed from=2, because no cy-
cule (CH,=CHCN—HCN+C,H, or CH,=CHCN—H, clization reaction takes place in(KN), due to the large ring
+HC=CCN) was found to be endothermic by 1.68 and 1.81strain. If we assume that elimination reactions proceed in
eV, respectively* Therefore, these elimination reactions do photoions containing CHTCN, the minimum energy needed
not proceed in the photoionization of solvationlike clusters. to induce the reactions is estimated to be 1.0 eV from the
As noted in the previous section, the intracluster cycliza-measurements of appearance energies, as noted above. This
tion reaction is found to proceed in(KN), (n=3) clusters. value is about 0—0.3 eV larger than those necessary jor H
Therefore, next we consider energetics of elimination reacHCN elimination. However, a reaction barrier of each elimi-
tions from CHTCN in reacted clusters. We have estimatedation reaction is considered to be much higher than 1.0 eV.
heat of reactiofAH) forming CHTCN by theoretical calcu- Therefore, these elimination reactions are expected to hardly
lations usingGAUSSIAN 94%° Total energies were calculated proceed in the photoions. In the mass spectrometric studies
on the basis of density functional theo3LYP/6-31+G*)  of cluster anions of AN!? the H, and HCN elimination
for structures optimized by HF/6-31G* level. The total en- reactions were also observed(N), for n=3, 6 andn=3,
ergy of CHTCN (E[CHTCN]) and that of AN trimer respectively. In their studies, it was also concluded that these
(E[(AN)3]) were used for estimation oAH. Because a elimination reactions are induced by the excess energy gen-
CHTCN molecule is formed by the intracluster cyclization of erated by the intracluster trimeric cyclization GiN); to
AN trimer, AH can be estimated by using an equatiai] form CHTCN . In the present KAN), clusters, the same
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reason can be applicable to explain these elimination reac- (a) 3

tions. K'(AN),
In Fig. 5, the H elimination reaction was observed only 4 6 photoionization
from n=3 and 6, while the HCN elimination was observed | w2 - Yo ~+3085V
from the clusters ofi=3. It is worth noting about these size- 2 o o0 o W Ug=rs100y
specific elimination reactions. In the HCN elimination reac- 8 Lhd \
tion, height of the reaction barrier against the total energy of e -
k=] i (i) +3080 v

CHTCN is considered to be lower than the value AH, x2 |
because this elimination was observed in all sizes=e3. In A R
the H, elimination, the reaction barrier is presumed to be X2 A ‘u .l |ox P A £:un):3160*v
higher thanAH except fom=3 and 6. The reason of this size L e e
dependence of the height of reaction barrier is unclear at 40 60 80
present. However, it may be due to a difference in geometri- TOF /us

cal structures of these clusters. As discussed in Sec. Il A and (b)
in our previous papery;®3 one and two CHTCK$) are ex-
pected to be formed by intracluster cyclizatignn K(AN);

and K(AN)g, respectively. It is also confirmed that these
structural isomers with no unreacted AN monomer exist for
n=3 and 6 from observation of metastable dissociation of
photoions as discussed in Sec. IV. On the other hand, all of
the clusters with other sizés+3k) contain at least one un-
reacted AN molecules. This difference of structures is prob-
ably related to the Kelimination reaction.

lon Intensity

TOF [ us

IV. METASTABLE DISSOCIATION OF K *(AN),,

PHOTOIONS FIG. 8. (a) Photoionization mass spectra ofAN ), obtained by one-photon

oL ; ionization of 5.64 eV. These spectra are measured as a function of the

Qé?clyzcga?(e)ge(?fdehn;tg?gz\!ays in metastable reflector voltage(U,) with a fixed acceleration voltagd ,=+3085 V: (i)
Issociatl photol U,=+3100 V, (i) +3080 V, andiii) +3060 V. The numben in the figure

Figure &a) shows typical mass spectra obtained by onelepresents parent AN), ions. Peaks denoted by circles are assigned to
the daughter ions caused by metastable dissociation in the first field-free

photon 'Omzat'o_n of KAN)n by _'_rrad'at'on with 5.64 eV drift region of reflectron TOF-MS. Peaks denoted by asterisks are assignable
photon. From Figs. @)(i) to 8(a)(iii ), the voltage of reflec- 1o the daughter ions caused by fast metastable dissociation in the accelera-
tion plate(U,) was decreased front3100 to+3060 V with tion region of TOF-MS(b) Enlarged figure of the mass spectr(amwiii). The

the ion acceleration voltagJ,) fixed at+3085 V. In Fig. nTm indicatfs the daughter i_ons fo_rmed_ by meta_stable_ dissociation,
K™(AN),— K" (AN),+(AN),_, in the first field-free drift region. Peaks

8(a)(i), small peaks indicated by cwc;les Wer_e Observed. a‘dja‘('jenoted by asterisks are'KAN)g and K" (AN),; daughter ions caused by
cent to peaks of the parent'AN), ions. With decreasing fast metastable dissociation in the acceleration region of reflectron TOF-
U, from +3100 to+3080 V[Fig. 8a)(ii)], the intensities of MS.

these small peaks were almost unchanged while those of par-

ent ions decrease. Al,=+3060 V[Fig. 8a)(iii)], only the  gion. For larger clusters, the daughter ions caused by fast
ion peaks denoted by the circles were observed, while thdissociation were also observed as shown in Fig)(& ).
parent K (AN), ions were no longer reflected back to the Following the discussion in this section, we concentrate on
detector. Therefore, these ions observed in Fig)(i) are  the daughter ions caused by metastable dissociation in the
assignable to daughter ions caused by unimolecular metdirst drift region.

stable dissociation in the first field-free drift region. In gen- In the present experimental condition, excess energy in a
eral, two kinds of daughter ion signals are found in observaparent photoion was relatively small because photoionization
tion of metastable dissociation using reflectron TOF-MS;was confirmed to be a one-photon process. Therefore, mul-
sharp ion peaks are due to daughter ions caused by mettple metastable dissociation processes hardly occur from
stable dissociation in the first drift region, and peaks apK™(AN), photoions. Also in previous studies of metastable
peared at a shoulder of large TOF side of parent ions ardissociation following photoionization of atomic and mo-
assignable to daughter ions produced in the acceleration réecular clusters, a loss of single molecule from a parent ion
gion of TOF-MS?" In an enlarged figure of Fig.(8(ii)  was observed as a dominant dissociation pathway, and mul-
[Fig. 8b)], the series of daughter ions caused by metastablgple evaporation processes of more than one molecule were
dissociation in the drift region were observed. By calculatinghardly observed®“-2As shown in Fig. &), a metastable
TOF of these daughter ions, the observed peaks were adissociation pathway afi—n—21 (AN-loss) was observed for
signed to daughter ions formed by metastable dissociatioall parent sizes. In addition, daughter ions caused by a path-
reactions, K (AN),—K™*(AN),,+(AN),_,, which is desig- way of n—n—3 were also observed only from the parent
nated byn—m. In addition, peaks with asterisks in Figh® ions of n=6 and 9. Because the observed metastable disso-
were assignable to K(AN); and K"(AN); daughter ions ciation was a single process, this pathway is described as
caused by fast metastable dissociation in the acceleration réAN);-loss rather than (B\N)-loss. Observed linewidths of
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metastable dissociation peaks of-8 and 9-6 pathways B. Metastable dissociation of K *(AN), ions formed
were larger than those of—n—1 pathways. This is due to in the source by ion—molecule reactions
the difference of energy focusing effect in the reflection elec-

trodes for daughter ions and is not due to dissociation dy In order to compare the size-dependent pathways ob-
; . S di tastable di iation of ®AN),, photoions,
namics. From Eq.(2), the daughter ions caused by the served in metastable dissociation of N), photoions, we

. _ L have also examined metastable dissociation iitAN),, ions
n—n—3 dissociation has smaller kinetic ener@fyy) than AN,

that caused by the—n—1 pathway because of the large formed by ion—molecule reactions in the cluster source as

mass difference between the parent and daughter ions. In i OWI?tII’I F'g' 10. Pezkts) denc;te(: tl)))ll czples vyefre a'ss,ﬁlne(fj' t?
present condition, the daughter ions causedbyn—3 dis- augnter lons caused by metastable dissociation in the 1irs

sociations were reflected before the deceleration plateﬁeld'free drift region of reflectron TOF-MS. This mass spec-

Therefore, the energy focusing effect was ineffective in thesérum was mea_sureq at a condition _WiUkZ“LgOO Vv and
daughter ions. Uo~+1150 V, in which most parent ions were not reflected

Figure 9 summarizes the size distribution of the daughtePack to the detector. Thus the ratio of the daughter ions to the
ions, K"(AN),,, formed by metastable dissociation from Parentions was larger in Fig. 10 than in FigbR However,
each parent ion, K(AN),, in the drift region. The meta- due to relatively broad kinetic energy distribution of ions, the
stable dissociation pathway of—~n—1 (AN-loss) was ob- parent ions were also observed along with the daughter ions
served for all parent sizes. In addition, only from the pareng€ven with U,<U,. This is probably attributed to a long
ions ofn=6, 9, and 12, the pathway of-n—3[(AN);-losg  pulse width of cluster ions before acceleration. In other
was also observed. The pathway mfsn—2 [(AN),-loss] ~ words, broad positional distribution of ions in the accelera-
was also weakly observed fron=5 and 8. No daughter ions tion electrodes causes broad kinetic energy distribution of the
from K* (AN) and K" (AN), were detected in the mass spec- accelerated ions. In this mass spectrum, the daughter ions
trum (not shown in Figs. 8 and)9 caused by metastable dissociation pathway of rthen—3
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—K*(AN);+(AN); (6—3, @) as a function of the photon energy of the

FIG. 10. The mass spectrum of'KAN), ions produced by ion—molecule ionization laser.

reaction in the cluster source. This spectra was measurglg=at-900 V

and Uy~+1150 V. The number in the figure representsof parent

K*(AN), ions. Peaks denoted by circles are assigned to daughter ions

caused by metastable dissociation in the first field-free drift region of reflecues of K(AN)g was determined to be 3.61 eV as shown in

tron TOF-MS. Peaks denoted by are assignable to KAN),(H,0) (n Table |. Because maximum excess energy in the photoion is
=10-12 ions which arise from the presence of water impurity. equal to the difference between the photon energy and the
I, dissociation energy is estimated from the difference of

were not observed, but those causechbyn—1 pathway for the appearance energy of the daughter ion and 4ef the

all the parent sizes. Namely, tie—n—3 dissociation path- parent cluster. Therefore, the dissociation energy for the loss

way was observed only in the metastable dissociation of)f (AN)3 is determined to be 0.92 eV, which _is larger than
K*(AN), caused by photoionization ofeutrals that for the loss of AN monomer, 0.60 eV. This reveals that

As discussed in Sec. Il A, the intracluster trimeric cy- the metastable dissociation reactionref:n—1 occurs pref-

clization is initiated by the electron transfer finca K atom in erentially in the parent cluster ions containing of both unre-

neutral K(AN), clusters. In the photoionization of these clus- acted AN Monomers and cyclic trim_e(@KHTCNS_. There-
ters, C—C bonds formed by the reactions in the neutral clusf-ore' the observation of-63 pathway in K'(AN); indicates

ters are expected to be conserved, and dissociation reactiomat the ion includes two CHTCNs. The two CHTCNs are

of the intramolecular bonds hardly proceed. Thus, structurelMed by double trimeric cyclization reactions of six AN
olecules and thus there are no unreacted AN molecules in

of oligomers in the photoions are regarded to be similar td}? AN ol In th h : ibility th
those of the neutral clusters. As a result, structural informa- (AN)g clusters. In the same way, there is a possibility that

tion of the neutral K(AN), clusters is included in the frag- k CHTCNs are formed by multiple cyclization reactions with

mentation pattern of metastable dissociation of fieto- 3,k AN m‘?'ec,“'es in KAN), (n:3k;.k:3 and'z). S“?h 'mul-.
ions tiple cyclization has also been discussed in cationic oligo-

merization in styrene cluster catiohsBy contrast, the ob-
_ _ servation of n—n—1 pathway from n=3k cluster ions
g:f' ff?:ﬁ;”ﬁ:g;ﬂges and isomers indicates the existence of other structural isomers containing
n an AN molecule. In these isomers, one isomer contains un-
As discussed in the preceding section, the structures atacted B AN molecules, and others contain both CHTGN
photoions have a relation to the intracluster oligomerizatiorand AN molecules. Although we have no idea on what iso-
in neutrals. The observed pathways with the loss of AN,mer is most probable from the present results, this point will
(AN),, and (AN); in metastable dissociation of ‘KAN), be discussed especially far=6 in Sec. IV D by calculations
photoions are assignable to elimination of AN molecule, lin-based on statistical theory of unimolecular reaction. We have
ear dimeric oligomer and cyclic trimgiCHTCN), respec- summarized these pathways of metastable dissociation in
tively. CHTCN and dimeric oligomer are formed by the in- Fig. 12.
tracluster oligomerization initiated by the electron transfer ~ The K'(AN), (n=3, n#6, 9, and 12 cluster ions are
from a K atom in the neutrals. From=6, 9, and 12, both expected to contain unreacted AN monofsgrbecause the
pathways of AN andAN); loss were observed. In order to AN-loss was mainly observed in the fragmentation pattern of
discuss structures of KAN)g photoions, appearance ener- these cluster ionéFig. 9). The (AN),-loss was weakly ob-
gies of daughter ions were determined for the metastableerved along with AN loss in the fragmentation pattern of
dissociation of 6-5 and 6-3. Figure 11 shows plots of K*(AN), (n=5 and 8. The (AN), fragment is assignable to
daughter ion intensities vs the photon energy of the ionizathe linear dimeric oligomer. Although intensities of these
tion laser. From these plots, the appearance energies daughter ions caused by—n—2 fragmentation pathway
daughter ions were determined to be 4.21 and 4.53 eV fowere too weak to determine the appearance energies, the
6—5 and 6-3, respectively. On the other hand, thgval-  AN-loss is expected to occur more preferentially than
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n—n—1 pathway
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C{}CN
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( QCN
k
n—n-3 pathway

[po] el oo
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FIG. 12. Reaction schemes of metastable dissociation pathways of-1
andn—n—3 from K*(AN),, (n=3k; k=2—-4) photoions.

H
(AN),-loss. Furthermore, théAN);-loss is presumed to be
less efficient tharfAN),-loss. Therefore, in the same way as N °
the discussion on K(AN),, (n=3k; k=2-4), there is an an- N 120.0
other isomer in which the dimeric oligomer and CHTGN 2.782 k\ a2
are contained fon=5 and 8. The result thafAN),-loss is @ """"

hardly observed fromn=6, 9, and 12 implies that the

dimeric oligomer is not contained in'KAN),, (n=6, 9, and

12). This is explained by reactivity of dimeric oligomer and

CHTCN. CHTCN shows high stability due to a cyclic struc-

ture, while there is a reactive radical site in the linear dimeric

oligomer because it does not form the cyclic structure due to

large ring strain. Owing to this activity of the dimer, the

cyclic trimer is formed by a reaction between an AN mono-gig. 13. Optimized structures o) K*(CHTCN) (isomer 3) and (b)

mer and the linear dimer in=6, 9, and 12. K*(AN); (isomer 3') calculated with B3LYP/6-31G*. Bond lengths and
angles are shown in A and degrees, respectively.

D. Microcanonical rate constants based proven to explain experimental results quantitativelji-
on the RRKM theory crocanonical rate constants in the RRKM theory is written
In the discussion in Sec. lll, it is concluded that there isas’®
a structural isomer for KAN); containing a CHTCN mol- a N*H(E—Eg)
ecule as shown in Fig. 4. Thus the"KAN); photoion has a Kgsd E)= - ———
corresponding isomer consisting of & Kon and a CHTCN h o p(E)
molecule (hereafter designated as isomé}. 3However, the whereE, is the dissociation energy; is the reaction path
metastable dissociation 0f-30 expected from this isomer' 3 degeneracyh is the Planck constani*(E—E,) is the sum
was not observed whereas only that 63 pathway was of states in a transition state at enefgy E4, andp(E) is
observed, which proceeds from another isomer of &d the density of states in the reactant cluster. The reduced
unreacted AN molecule§somer 3'), in the present experi- phase space of the intermolecular vibrations were used to
ment(Figs. 8 and 9 Because energies deposited in the pho-evaluateN*(E—Eg4) andp(E). For evaluation of these val-
toions exceeds the dissociation energies for both of thesaes, we calculated optimized structures and intermolecular
isomers, the above observation should be explained by kinetdbrational frequencies of each isomer by density functional
ics of these decay pathways rather than by energetics. Faneory(B3LYP/6-314+-G*). Obtained structures of these clus-
this purpose, we have calculated rate constagtgE) for  ter ions are shown in Fig. 13. The dissociation energies for
the pathways of 3-0 and 3 —2 as a function of the internal 3'—0 and 3'—2 pathways were estimated to Eg=0.92
energyE, based on the restricted Rice—Ramsperger—Kasseland 0.68 eV, respectively, accounting for the zero-point en-
Marcus(RRKM) theory>* ergy correction. The frequencies of the transition states were
In this theory, statistical RRKM calculations are carried assumed to be identical with that of the reactant cluster ions.
out for the limited phase space of intermolecular modes. Thisntermolecular stretching vibration was considered as the re-
treatment is based on the assumption that vibrational redisaction coordinate and omitted for calculations Nf (E
tribution within a cluster from initially excited modes to in- —E4). N*(E—E4) and p(E) were calculated using a
termolecular modes is much faster than dissociation proces#vhitten—Rabinovitch approximatioi . The reaction path de-
In case of van der Waals cluster ions of polyatomic mol-generacies were chosenas-1 and 3 for 3—0 and 3'—2
ecules such as benzene, the restricted RRKM model wagsathways, respectively. Figure @&t shows the kgidE)

©)
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For the metastable dissociation of-@ and 6-5 path-
ways, we also calculatel i {E) curves by the restricted
RRKM theory. First we considered the following two iso-
mers; one consists of a’Kion and two CHTCN molecules
(denoted as isomer!' @vith analogy ofn=3) and another
contains a K ion and six unreacted AN moleculésenoted
as isomer 8). These isomers'@nd 6' are considered to be
reactants in the-6:3 and 6-5 pathways, respectively. Inter-
molecular vibrational frequencies of these clusters were es-
timated from those obtained far=3 in the above calcula-
tions. The reaction path degeneracies were2 and 6 for the
6'—3 and 8 —5 pathways, respectively. Dissociation ener-
gies for these pathways were obtained from the appearance
energies of daughter ion&ig. 11 and thely, of K(AN)g
(Table ). CalculatedkydE) curves[Fig. 14a)] shows that
daughter ions can be observed in present time window in
(b) both pathways. Fon=6 cluster ions, another isomer can be
considered which is described by "KCHTCN)(AN)s,
namely, consisting of a Kion, one CHTCN, and unreacted
m three AN moleculesdenoted as isomer"H. In order to
6—5 specify a dissociation pathway from this isomét,& i<l E)
------------------------------------------------------------------------------- curves for 8' =5 and 6'—3 pathways from this isomer
were also calculated as shown in Fig(li4 Internal energy
""""""""""""""""""""""""""""""""""""""""" needed for the '8—5 pathway was found to be about 0.6 eV
smaller than that for the'6—3 pathway in the present time
window. A decay rate constant for''6-5 was found to be

about three orders of magnitude larger than that fbr63.
2 06 10 T4 13 Thus, the 8' =5 pathway is considered to be dominant in
Internal Energy / eV dissociation from the isomer'6é From these considerations,
it is confirmed that the 6,3 pathway relates to metastable
FIG. 14. Curves of_ microcanonical rate consfaleiSS(E) cai— dissociation of the isomer'ﬁK*(CHTCN)z, whereas both
iuéa,:erCNbélﬁ]g), f‘i’t&ﬁg_) EB (m)zih:ﬁry-g)”_}i;)’(CKIiT(gED%I’fDZ the isomers of 6 and 8" have a possibility to contribute the
_K*(CHTCN)+CHTCN (6'—3), and K (AN)s—K™(AN)s+AN 6—5 pathway. In the analysis of metastable dissociation by
(6"—5). (b) KT(CHTCN)(AN);—K™(CHTCN)(AN),+AN (6" —=5) and  using the statistical theory as shown above, it is clearly
K*(CHTCN)(AN);—K* (AN)3+CHTCN (6" —3). shown that several different isomers coexist fier3 and 6
clusters, corresponding to the reaction products of propaga-
curves calculated by the restricted RRKM theory. Two dotteqtion steps in intracluster oligomerization. Plural strugtural
horizontal lines indicate the range of rate constants that lealjomers are also expected to exist generally for other sizes of
to a metastable dissociation in the first field-free drift regionK(AN)n clusters.
in the present reflectron TOF-MS setup. In other words, this
range corresponds to a time window of the present experi-
ment. Although this time window is slightly shifted towards
lower rates with increasing mass of the parent cluster ion, it/, CONCLUSION
can be approximated to be constant for all parent ions in the
logarithmic scale. Obtained dissociation ratesdE) were In the present study, intracluster bond-formatiofigo-
found to increase abruptly with increasing internal energiesmerization reactions initiated by electron transfer have been
From akg.{E) curve of 3'—2 pathway, metastable dissocia- investigated by photoionization mass spectrometry of clus-
tion from the isomer % with an internal energy 0f-0.9 eV  ters d a K atom and AN molecules. In the photoionization
was found to be observed in the present setup. By contrast, imass spectrum of (AN),, magic numbers were observed at
the 3—0 pathway, fast dissociation procesékyes n=3k (k=1-4), as in the previous studié5®By compari-
>10° s 1) was found to proceed when the internal energyson with the previous studies of(AN), cluster
of the isomer 8is larger thanE4 (0.92 eV}, and thus this anions?:?>%3%hese magic numbers are found to relate with
process cannot be observed in the present time window. Thikie formation of a cyclohexane derivatit@HTCN) in intra-
behavior is explained by small number of intermolecular vi-cluster trimeric cyclization initiated by electron transfer from
brational degrees of freedom of the isoméirBcomparison a K atom in KAN),. In addition, size-specific elimination
with that of the isomer . Therefore, missing of the-30 reactions in KAN),, were also observed; HCN elimination
pathway is related to metastable dissociation dynamics anfilom n=3 clusters and klelimination fromn=3 and 6. The-
does not indicate the absence of isomen3" (CHTCN), in oretical calculations showed that these elimination reactions
n=3 clusters. are found to be induced by an excess energy generated in

12
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