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The photochemical reaction of ammonia clusters in the first excited state was studied by a femtosecond
pump-probe technique and time-of-flight mass spectroscopy. Small ammonia clusters containing the NHy
radical were probed by a resonance enhanced two-photon ionization method. The NHy4 radical is formed
within 0.5 ps, and decomposes with a lifetime of 13 ps. The ammonia dimer ion was found to be formed mainly
through the one-photon ionization of a new photolysis product such as an excited-state NH4*~NH,. This
intermediate may correspond to a cage product in the predissociation process of larger ammonia clusters; its
formation and decay times are ca. 1 ps and <1 ns, respectively. We also examined the lifetimes of NH4(NH3)n
using the pump-probe technique with nanosecond lasers. The lifetime of NH4 was found to be elongated by
more than 10°% times in ammonia clusters. The mechanism of the formation and decay processes for these
species as well as for the resonance-enhanced two-photon ionization of ammonia clusters were discussed on
the basis of the present results in conjunction with theoretical results from literature.

The photoionization process of ammonia clusters has
been one of the central issues in cluster research for
the last two decades.) The ionization mechanism has
been extensively studied using various ionization tech-
niques, including electron impact,>® single-photon*—%
and multiphoton ionization.”'® Protonated cluster
ions, (NH;3),H*, were found to be produced domi-
nantly by the former two processes. In these processes,
the direct ionization of (NHj), generates (NHj),™T,
which are unstable, and are followed by a proton-
transfer reaction to form NH4*(NHj3),_2 including a
loss of NH,;. The latter reaction was also studied in
detail by ab initio calculations.!*%® The resonance-
enhanced two-photon ionization (RE2PI) of clusters
through the first singlet electronic state (A'A%) of the
ammonia molecule has also been examined. Kassab
and co-workers theoretically predicted a mechanism for
the production of NH,*(NH;), through the ioniza-
tion of NH4(NHj3),.'? Since the A-state ammonia is
predissociative (NH3—NHz +H, lifetime <200 fs),*1%
NH,4(NHj),, is expected to be formed efficiently through
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an intracluster reaction. This process may compete
with the ionization of (NHj3),™ by the second photon,
which is followed by a reaction in the ionization state
to produce protonated cluster ions. Recently, these two
mechanisms to produce NHs+(NHj3),, were experimen-
tally confirmed using nanosecond®'®) and femtosecond
pump-probe techniques.!®'” Although these studies re-
vealed the photoionization process of (NH3),, via the A
state, our understanding of the predissociation process
still seems to be incomplete; only the process to pro-
duce NHy(NH3),, involving a concomitant NHy loss,
has been determined. These results raise an interesting
question as to whether a cluster containing the NH,
radical is formed or not in the molecular beam after
photolysis. This issue seems to be quite important in
order to fully understand the photochemistry of (NHg3),,
on the A-state surface as well as the mechanism for the
RE2PI of (NH3),,.

As mentioned above, the clusters containing the NHy
radical are the key species in the RE2PI of ammonia
clusters. This radical has also been considered to be
an important intermediate in solution chemistry. The
possible existence of the NH, radical in the reaction
of the solvated electron and in electrochemistry has
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been speculated on for many years.!®—2Y The spec-
troscopic properties of NHy have been studied exten-
sively since the first spectroscopic characterization by
Herzberg.?*?®) According to these studies, NH4 has a
very shallow potential well in the ground state, and,
as a result, has a short lifetime. Porter and co-work-
ers have studied the stability of small NH4(NHjs),, by
a neutralized ion beam technique, and found that the
radical is extensively stabilized by complex formation
with ammonia.?* 2% Recently, the structure and stabil-
ity of ammoniated NH4 radical were also investigated
theoretically by Kassab and co-workers.'??” We also
examined the ionization potentials of ammoniated NHy
clusters in relation to an electron localization mode in
gas-phase clusters.?®) However, the experimental data
concerning the physical and chemical properties of am-
moniated NHy are still quite limited. A study on the
stability of these clusters as a function of the number
of solvent molecules may provide a clue regarding the
long-standing problems in bulk solution.

In the present work we studied the formation and
decay processes of ammoniated NHy clusters produced
by the photolysis of jet-cooled (NHj),, using nano- and
femtosecond pump-probe techniques. The pump-probe
curves for NH4*(NHg3),,, n=0—4, present multiple de-
cay components corresponding to the predissociation of
the A-state ammonia molecule and solvation of the NHy
radical in clusters. As has been reported previously, un-
protonated ammonia cluster ions, (NHj3), T, were rarely
observed, except for n=1 and 2. The curve for (NH3),"
was found to exhibit a clear rising feature with a time
constant of a few ps. This ion is formed by the one-pho-
ton ionization of a new intermediate having an ioniza-
tion threshold of 3.79 eV. From a comparison of these
results and theoretical predictions, we assigned the in-
termediate as being an excited-state NH,*~NHs; a cage
product of the intracluster reaction, and the final ionic
state has the form of NH,TNH,. We also examined the
lifetime of NH4(NHj3),, n=0—5. On the basis of these
results, we discuss the predissociation process of ammo-
nia clusters in the first excited state, and the formation
and decomposition processes of the produced clusters
containing the NHy radical.

Experimental

Details concerning the experimental apparatus used in the
present study have been described elsewhere.??) The system
consists of a three-stage differentially evacuated chamber
which includes a cluster source and a reflectron-type time-
of-flight (TOF) mass spectrometer. The ammonia clusters
were generated by the supersonic expansion of pure ammo-
nia (4 atm) from a pulsed nozzle (General valve, series 9).
Figure 1 shows the setup for the femtosecond pump-probe
experiment. Femtosecond laser pulses were generated by a
Ti-sapphire laser (Spectra Physics, Tsunami). The output
was amplified by a regenerative amplifier pumped by a 10 Hz
Nd: YAG laser (Quanta-Ray, GCR-150). The output wave-
length, pulse width, and energy were ca. 789 nm, 120 fs and
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Fig. 1. Setup for femtosecond pump-probe experi-
ments of ammonia clusters.

6 mJ/pulse, respectively. The pump pulses near to 197 nm
were generated by a phase-matched sequential conversion
of the 789 nm pulse in three BBO crystals arranged in a
nonlinear sum-frequency mixing scheme. The energy of the
pump pulses was typically 2 puJ/pulse. The pulse duration
of the pump pulses was measured by a down-conversion with
the pulse at the fundamental. A cross-correlation trace at a
signal wavelength of 263 nm gave a full width at half-max-
imum (FWHM) of about 360 fs. Assuming a sech® pulse,
the deconvolution led to a pump pulse width of 290 fs. The
third harmonic at 263 nm (ca. 20 pJ/pulse) was used as the
probe pulses. The pump and probe pulses were separated by
a 45° reflecting mirror; the latter pulses were sent through a
delay stage. Thereafter, both pulses were recombined using
another 45° high reflector. The laser beams were then in-
troduced into the interaction region without focusing, where
they intersected the cluster beam. Cluster ions produced by
two femtosecond pulses were accelerated and introduced to
the field-free region of the reflectron TOF mass spectrome-
ter. The ions were reflected by electric fields at the end of
the TOF chamber, and were detected by dual microchannel
plates (Hamamatsu, F1552-23S) after flying back into the
field-free region. The output signals were fed into a digi-
tal storage oscilloscope (LeCroy 9450) after being amplified
by a wide-band amplifier (NF Electronic Instruments, BX-
31). The mass spectra were measured at various delay times
between the pump and probe pulses.

The lifetimes of NH4(NHs), (1<n<5) were examined by
pump-probe experiments using nanosecond lasers. An ArF
excimer laser (Lambda Physik, COMPex) was used as the
pump laser; a laser beam of ca. 100 pJ/pulse and 1-mm
diameter was used without focusing. A far-field beam of
a XeCl laser (Lambda Physik, LPX205) at 308 nm was
used as the probe laser. In order to suppress the loss of
the NH4(NHs3),, clusters from the ionization region, a probe
beam with a large cross section (5 mm height and 15 mm
width) and an ArF laser beam were introduced colinearly
and counterpropergatedly to the acceleration region of the
mass spectrometer, as mentioned later. The lifetime was
measured by detecting the ion signals as a function of the
delay time between the pump and the probe pulses.

The ammonia (NHs, minimum purity of 99.99%, Nippon
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Sanso) was used without further purification.

Results

Figure 2 shows the typical TOF mass spectra of pro-
tonated, NHy*(NH;3),, and unprotonated, (NHs),™,
ammonia cluster ions produced by two femtosecond
laser photons with various delay times. The pump
wavelength at 197 nm corresponds to the excitation of
an ammonia molecule to the v;=5 bending vibrational
level in the A'A," state, while the probe pulse is at
263 nm. Since the ion signals were found to be eas-
ily saturated by the pump laser pulses (>10 pJ/pulse)
alone, the laser intensity was attenuated to less than 5
pJ /pulse. Protonated ions were detected dominantly in
the time region examined, while the unprotonated ions,
except for n=1 and 2, were weakly observed at the time
when two pulses temporally overlapped.

Figure 3 shows the pump-probe curves for the small
ammonia cluster ions through the A (v;=5) state with
a time step of 83 fs. These curves were obtained by
averaging the results of several pump-probe experiments
under the same conditions. The curve for the NH;* ion
shown in Fig. 3a exhibits a sharp spike with a FWHM
of 370 fs. The temporal profile is symmetrical with
respect to the delay times between the pump and probe
pulses; the base line is also at the same level for both
edges. The width of the spike is nearly the same as
that for the cross-correlation function of the pump and
probe pulses; the NH3™ ion signals give approximately
a time-response function of the experimental system.
Thus, the zero of the time is defined at the peak of the
NH3% ion signals.

As can be seen in Fig. 3b, the peak of the NH,*
ion signals is delayed by about 200 fs with respect
to that for NH3t. The curve exhibits the fast and
slow decay components; the features are clearly seen
in the pump-probe curve with a longer delay time, as
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Fig. 2. Typical TOF mass spectra of small ammo-

nia cluster ions generated by two femtosecond laser
pulses with various delay times; pump pulses at 197
nm, A (v3=5), and probe pulses at 263 nm.
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Fig. 3. Pump-probe curves of NHs% (a), NHst (b),

NH,TNH; (c), and (NH3)21 (d) with a scan step of
83 fs; pump pulses at 197 nm, A (v;=5), and probe
pulses at 263 nm. The signals, at the time when the
probe is ahead of the pump, are the background ion
signals from one color ionization by the pump laser
alone.

shown in Fig. 4b. The energy of the probe laser at
263 nm (4.71 e€V) is well above the ionization energy
of the excited-state ammonia clusters (ca. 3.9 eV),?
and also exceeds the ionization threshold of the NHy4
radical (4.62 €V).2®) Thus, these ions are considered to
be formed through the photoionization of excited-state
ammonia clusters, followed by the proton-transfer reac-
tion [absorption—ionization—dissociation (AID) mecha-
nism| as well as the photoionization of NH4 produced by
the intracluster reaction [absorption—dissociation—ion-
ization (ADI) mechanism]. Although the pump-probe
curve of NH;7(NH3) also shows fast and slow decay
components, the decay of the latter component is seen
to be faster than that for NH4t. The pump-probe
curves of NH, T (NHj3),, (n=2—4) also display two com-
ponents (Fig. 5). These results seem to indicate that the
decay time for the slow component becomes longer with
increasing n. Recently, the formation of NH4*(NHjs),
(n=1—4) through the A (v;=0—2) states was also
examined by Castleman and co-workers;'%!? the ma-
jor features that they reported are consistent with the
present results. These observations suggest that the
origin of the slow component of NH, " is different from
those for n>1. According to the aforementioned spec-
troscopic studies, NH; decomposes with a lifetime of
less than 100 ps.?*?® Thus, the slow-decay component
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Fig. 4. Pump-probe curves of NH;% (a), NHsT (b),

NH4tNH;3 (c), and (NH3)2+ (d) with a scan step of
330 fs; pump pulses at 197 nm, A (v3=5), and probe
pulses at 263 nm. All signals, except for NH3*, do
not fall back to the background level. The intra-
cluster reactions, which form the long-lived clusters
containing NHy, are responsible for these signals.

of NH4+ may be responsible for the decomposition proc-
ess of NHy. Assuming a single exponential decay, the
lifetime of NHy is estimated to be 1342 ps.

As shown in Fig. 2, unprotonated ions, (NHj),*, are
also formed when the pump and probe pulses are tem-
porally overlapped: the ion signals for n>2 decrease
rapidly with increasing the delay time, as in the case of
NH3*. On the other hand, the unprotonated dimer ion
shows a unique time response; the pump-probe curve
of (NH3)2™ consists of a rather weak spike and a ris-
ing curve, as schematically shown by the dotted lines
in Fig. 4d. The former component may correspond to
ion signals due to the RE2PI process, while the lat-
ter component indicates the existence of an interme-
diate species which is one-photon-ionized by the 263
nm pulse to form (NHj3)s". To obtain further infor-
mation concerning the intermediate, we carried out the
two-color photoionization experiments with nanosecond
laser pulses. The fifth harmonic of a Nd: YAG laser at
212.8 nm, which corresponds to the A state (vj=1)
of the ammonia molecule, was used as the photolysis
laser. On the other hand, the second harmonic of the
excimer-pumped dye laser was used as the probe laser
with zero delay time. Figure 6 shows typical TOF mass
spectra of small ammonia cluster ions produced at var-
ious probe-laser wavelengths (329—314 nm, 3.77—3.95
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Fig. 5. Pump-probe curves of NHs " (NH3)p, n=2—4,

with a scan step of 83 fs; pump pulses at 197 nm, A
(v3=5), and probe pulses at 263 nm.
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Fig. 6. Typical TOF mass spectra of small ammo-

nia cluster ions generated by two nanosecond laser
pulses with zero delay time; pump pulses at 212.8
nm, A (v3=1), and probe laser in the wavelength re-
gion of 329—314 nm. (NHjz)2"and NH, " NH; exhibit
threshold behaviors with appearance energies of 3.79
and 3.88 eV, respectively.

eV). The ionization efficiency of NH4(NH3), (n=2, 3)
does not change appreciably in this wavelength range,
while that of NH, ™ (NH;) exhibits a threshold behavior:
Note that the weak signals below the threshold wave-
length (ca. 321 nm) for the latter ion are from one color
ionization by the pump laser. These results are con-
sistent with those obtained in our previous photoion-
ization study; the ionization thresholds of NH4(NHgs),
(n=1-—3) were determined to be 3.88, 3.31, and 2.97
eV, respectively.?¥) On the other hand, the ionization
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efficiency of (NH3)2m decreases rapidly from 321 to 329
nm (3.862—3.768 €V) and gives the threshold energy of
the intermediate as 3.79 eV.

In order to obtain further insight into the mecha-
nism of the stabilization of NH, in clusters, we also
measured the lifetime of NH4(NHs),, using the pump-
probe technique with nanosecond lasers. Since long-
lived photolysis products are drifted downstream with
time in a molecular beam, it is difficult to probe the
concentration quantitatively using a probe beam with
a small beam diameter. To suppress the loss of clus-
ters in the ionization region, a top-flat laser beam with
a large cross section is required. For this purpose, we
used a far-field beam of an XeCl excimer laser at 308
nm as the probe pulses; the width and height of the
beam were ca. 15 and 5 mm, respectively. The uni-
formity of the laser fluence was examined by moving a
power meter with a 0.5-mm-width slit across the cross
section of the probe laser. The averaged fluctuation of
the probe laser was estimated to be less than £5%, as
shown in Fig. 7. To correlate the width of the probe
beam with time, we also measured the time-of-flight of
the photolysis product. The figures inserted in Fig. 7
show the experimental configuration and the velocity
distribution of NH4(NHj3)g, which is expected to have a
dissociation lifetime of >20 ps. In the velocity-distribu-
tion measurements, a probe beam with a cross section
of 1x5 mm was sent to the center of the acceleration
region of the mass spectrometer, while a pump laser
beam with a 1 mm diameter was introduced colinearly
5 mm upstream with regard to the probe beam. The
distribution was measured by detecting the ion signals
as a function of the delay time between the pump and
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Fig. 7. Schematic configuration of pump-probe exper-
iments for NH4(NH3), (upper case). Time-of-flight
of NH4(NH3)e and laser intensity at different portion
of the probe beam (lower case, see text).
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the probe lasers. The average velocity of NH4(NHjs)g
in the molecular beam was estimated to be 1130 ms™!.
Thus, the effective width of the probe beam (13 mm)
corresponds to that of a time window of ca. 12 us. Fig-
ure 8 shows the pump-probe curves for NHy+(NH3),
(n=1—3, 5). With increasing the delay time, the clus-
ters are ionized at the lower reaches of the stream in the
acceleration region, and, as a result, the resolution of
the mass spectrum changes significantly in the present
time window. Therefore, the integrated intensity for
each mass peak is plotted in Fig. 8 (open circles) as
a function of the delay time. We must also consider
an effect of the metastable decay of NH4*(NH;3), on
the observed decay curves. The unimolecular dissoci-
ation of these ions has been studied extensively using
the reflectron TOF mass spectrometer; these studies
predicted that the extent of dissociation increases with
cluster size.?® If this process occurs efficiently in the
first field-free region of the reflectron, the decay curve
examined should be distorted, especially for large clus-
ters. However, the metastable fractions for n<4 were
found to be negligible, and also, the fractions for n=5
and 6 were less than 10% under the present experimen-
tal conditions. Also, in the lifetime measurements of
each cluster, the TOF in the first field-free region is al-
most the same for the ions produced at different delay
times. Therefore, the observed decay curves for n<5
shown in Fig. 8 may not be seriously affected by the
metastable decay process. As can be seen in the figure,
the observed data for n=1 and 2 were fitted reasonably
in a single exponential function, from which the decom-
position lifetimes are determined to be 3+1 and 7+2
ps, respectively. On the other hand, the larger clus-
ters have lifetimes longer than 10 ps, and drift out from
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Fig. 8. Pump-probe curves of NH4+(NH3)n, n=1—3

and 5; pump pulses at 193 nm and probe pulses at
308 nm. Clusters with n>3 have a lifetime of longer
than 10 ps and drift out from the time window.



3314 Bull. Chem. Soc. Jpn., 68, No. 12 (1995) HEADLINE ARTICLES

the present time window of the probe beam as shown
in Fig. 8. These results as well as those for the fem-
tosecond experiments clearly indicate that the lifetime
of NH, is elongated by more than 106 times in clusters.

Discussion

The photoionization of ammonia clusters has been
known to produce protonated cluster ions predomi-
nantly both in the one-photon ionization and RE2PI
process via the first excited state.* 19 As for the forma-
tion of these ions in the latter process, two mechanisms,
such as the AID,

(NH3), 4+ hvt — (NH3)n* + hvg — (NHz),™
— NH4t(NH3),_2 + NH; (1)

and ADI processes were proposed on the basis of the
theoretical calculations.'®!® The latter mechanism is
considered to include the following dynamical processes:

(NHs),, + hvy — (NH3),"(A) (2)
(NHs)»n*(A) — (NH3)n—2°NH4" - --NHz (3)
(NH3)p—2-NH4* ---NHz — (NH3)n—2-NH; + NHy  (4)
NH4(NH3)pn—2 + hvgy — NHat (NH;3),—2 (5)

Here, NH,*.--NH, is an excited-state NH;~NHo, as dis-
cussed later. Process 3 corresponds to the predissocia-
tion of ammonia molecules to form clusters containing
NH,*---NH,, while process 4 corresponds to the forma-
tion of NHy in clusters. The competing process between
the AID and ADI mechanisms to form protonated ions
in RE2PI were supported by the recent studies using
nanosecond lasers.>!?) More recently, Castleman and
co-workers carried out femtosecond RE2PI experiments
to reconfirm these two mechanisms.'®'” The latter au-
thors examined the formation process of NH,+(NH;3),
(n=1—4) via the v3=0—2 levels in the first excited
state. In the present study we reexamined the RE2PI
process via the A (v3=5) state to gain further insight
into the photochemistry of ammonia clusters on the
excited-state surface as well as the cluster-size depen-
dence for the formation and decomposition processes of
NH4(NHj),,.

(I) Predissociation of (NH3),(A) and Forma-
tion of Ammoniated NH,. The mechanism
of the photodissociation of ammonia following exci-
tation to its first excited state has been extensively
studied.'#1%:31—33) Before discussing the results on clus-
ters, it is worth briefly summarizing the features for the
photodissociation dynamics of an ammonia molecule in
the A state. In a free molecule, an energy barrier of ca.
0.4 eV along the predissociation coordinate was pre-
dicted theoretically.??) The dissociation of NHz in the
lower bending vibrational levels is considered to take
place through a quantum mechanical tunneling of this
barrier. The topology along this dissociation coordi-
nate is complicated at a larger H-NH; distance due

to the presence of a conical intersection between the
X- and A-state surfaces of NH3. The product state
distribution has been extensively examined by Ashfold
and co-workers using a H-atom photofragment trans-
lational spectroscopy.’#3® According to their results,
the dissociation yields primarily the ground-state NHo
fragments, but with high levels of rotational excitation
about the a-inertia axis. For the lower v} excitation,
dissociation from those levels with even quanta yields
a much greater proportion of fragments in low rota-
tional quantum states, while those with odd quanta
yield NH(X) fragments with substantially higher levels
of a-axis rotational excitation. They also estimated the
partition of available energy in NH3(A)—NHy(X)+H
(Eay1=1.08—1.64 eV for v4=0—5). The results indi-
cate a rather small v, dependence of energy disposal
for the H-atom fragment kinetic energy (0.55 eV and
0.35 eV for v,=0 and 5, respectively).3® These features
concerning the dissociation dynamics of NH3 may to
some extent reflect those for clusters. In the following
paragraphs we first discuss the formation process of the
protonated cluster ions, and then discuss that for the
unprotonated cluster ions.

As shown in Fig. 3a, the pump-probe curve of NHz*
exhibits a nearly symmetric peak with the zero base
line. These features indicate that the NH3T ions
are mainly produced by the ionization of free NHj
molecules, and that the contribution of fragment ions
from larger clusters is negligible within the experimen-
tal error: The pump pulses at 197 nm excite NHs to
the first excited state, while the probe pulses ionize
the electronically excited ammonia. The FWHM of the
peak (ca. 370 {s) is close to that for the cross-correlation
function of the pump and probe pulses. This result is
consistent with an ultrafast predissociation rate of the
A (vj=>5)-state ammonia (>1/100 fs).!¥) Needless to
say, it is indispensable to define the zero of the time
of the experimental system to examine the cluster-size
dependence of the time evolution of the ions, the time
when the overlap between the pump and probe pulses is
maximal. However, it is rather difficult to determine the
zero of the time because of the lack of a suitable inter-
nal reference. Since the NH3™ ions exhibit an ultrafast
response, as mentioned above, the zero of the time was
approximated to the peak of the NH37 ion signals; the
present t=0 is quite close to the true one, but not the
exact one. As shown in Fig. 3¢, the pump-probe curve
of NH;*(NH3) shows two decay components, such as
a large increase in intensity, and, thereafter, a rapid
intensity drop, followed by a second slower decay to a
non zero value of intensity. The peak of NH4*(NH;)
shifts to the longer delay time with respect to t=0.
This feature as well as the rapid decay (<0.5 ps) of the
first component suggests that the spike is attributable
to signals formed by the AID mechanism. The rapid
decay indicates the occurrence of a fast predissociation
process in the A (vj=5) state. With increasing n, the
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time to reach the maximum is further delayed, as shown
in Figs. 3 and 5. Also, the decay time of the fast com-
ponent is seen to be elongated for larger clusters. These
results may suggest a slowing of the predissociation rate
with increasing n. Similar trends were also observed in
the pump-probe curves for the excitation at lower v, by
Castleman and his co-workers.'®'”) However, they did
not define the zero of the time properly, and, thus, we
cannot directly compare the present results with theirs.

As can be seen in Fig. 4c, the slower decay component
of NH4TINH; levels off to a non-zero value of intensity
for a delay time longer than ca. 5 ps. Since NH,4(NHs),
(n>1) have long lifetimes (>3 ps), as shown in the next
section, and have ionization threshold energies lower
than the probe-laser energy (263 nm),?® the signals of
the protonated ions in At>5 ps are ascribed to those
formed by the one-photon ionization of NH4(NHj),,; the
solvation of NHy (process 4) is expected to be nearly
completed in this time region. On the other hand,
the slow-decaying component in 1 ps<At<5 ps may
correspond to process 4. According to the theoretical
calculations by Kassab, et al.,'® the predissociation of
(NH3)2™ to produce NH, (processes 3 and 4) releases
an excess energy of ca. 0.9 eV. Most of this energy may
be removed by NH, fragments in a dimer, as in the case
of free molecule mentioned above. For larger clusters,
the amount of excess energy released may be greater
than that of a dimer, because an excess energy is also
generated upon solvation of NHy; thus, nascent clus-
ters containing NHy may be substantially hot. Since
the barrier height of the H-atom migration in ammo-
nia clusters is substantially low (as mentioned later),
the nascent H-atom trapped may migrate inside of the
clusters. Some of them loose kinetic energy through an
intracluster vibrational relaxation process to form a sta-
ble ammoniated NHy, though most of them may leave
from the clusters. These processes are considered to re-
flect the slow decaying signals in 1 ps<At<5 ps. These
processes may also include an evaporation of ammonia
molecules, which makes a quantitative analysis of the
observed curves difficult; the observed decay curve may
consist of multiple exponential functions. Because of
this reason, we did not make any attempt to convolute
the curve to reduce the time constant; however, the ra-
tio between the height of the first peak and the non-zero
value in A#>5 ps may give a measure of the quantum
efficiency of NH4(NHj3),, production.

As for NH4 T, the rapid-decay component is also fol-
lowed by slow decaying signals, which decay at a much
slower rate than those for the slow component of its
clusters. These results indicate that NH, seems to be
formed within <0.6 ps; NH, is expected to be formed
mainly from the ammonia dimer, and the excess en-
ergy generated in the predissociation process may be
removed by NHy fragments at a much faster rate than
those for the clusters. On the other hand, NH4 has been
known to be decomposed into NHs+H, and has an es-
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timated lifetime of <100 ps.?®) Thus, the slow-decaying
component of the NH* ion signals is reasonably as-
cribed to the decomposition of NHy. Assuming a single
exponential decay, the lifetime of NHy is determined to
be 1342 ps. In the next section we discuss this result
in more detail.

Except for n=2, unprotonated ions are not ob-
served in RE2PI with nanosecond lasers, as shown in
Fig. 6. On the contrary, (NH3),T are weakly ob-
served in pump-probe experiments with femtosecond
laser pulses. However, these ions are observed only
when the pump and probe pulses are temporally over-
lapped (except for n=2 as shown in Fig. 2). The unique
features for the formation of (NH;3)2™ were also pointed
out without any definitive interpretation by Nishi, et
al.’9 and Castleman, et al.'” in nanosecond and fem-
tosecond photoionization studies, respectively. In or-
der to clarify the mechanism for the formation of this
ion, we measured the pump-probe curves, as shown in
Figs. 3d and 4d. The temporal profile exhibits a weak
spike superimposed on rising signals. In analogy with
the above discussions, the spike may correspond to ion
signals generated through the AID process of ammo-
nia dimer. On the other hand, the latter, signals in-
crease up to a delay time of ca. 5 ps, and, thereafter,
decrease with a much slower decay time; a preliminary
pump-probe experiment with nanosecond lasers gives
a decay time of <1 ns. This feature indicates that a
new intermediate, which is one-photon ionized at 263
nm to produce (NH3)2™T, is formed by the pump laser
at 197 nm. This ion is also found to be detected in
nanosecond pump-probe experiments with the pump
wavelength at 212.8 nm, and has an appearance energy
of 3.79 €V as shown in Fig. 6. The appearance energy
obtained by using an ArF excimer laser at 193 nm as
the pump laser agrees with the above value. Misaizu
and co-workers have also crudely estimated the upper
limit of the ionization energy as being 3.99 eV, and as-
signed the intermediate to the excited-state ammonia
dimer [(NH;3)2™* in process 2].'®) However, their assign-
ment is inconsistent with the present results; if the in-
termediate is (NH3)2*, we could see no rising feature,
as shown in Fig. 3d. Hence, the observed feature sug-
gest us to consider an alternate candidate. Fortunately,
Kassab and co-workers,'? and recently, Iwata and co-
workers,'® have carried out calculations for the proton-
(hydrogen-) transfer surfaces in (NHs)2 and (NHj)o™.
They predicted that (NHz)2* has no local minimum,
and rearranges without a proton-transfer-barrier to give
NH,t-NH,. Iwata’s group also found that (NH3)2*
has a shallow minimum, but that it readily rearranges
to NH4*-NH,.'® Here, the latter species is an excited-
state NH4;—NHj; on the reaction pathway of (NH;z)2™ to
NH,+NH3(?B;), which is an A” pathway in C, sym-
metry. According to the calculations,'? the complexa-
tion energies for NHy*~NH, and NH,*-NH; are 1.07
and 0.32 eV, respectively, while the adiabatic ionization
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potential (IP) of NHy is 4.66 €V. From these values,
the adiabatic IP of NH,*~NH, is calculated to be 3.91
eV, which is close to the observed appearance energy
of (NH;3)2* (3.79 €V). As for NH4—NH,, Iwata and co-
workers have predicted that the ground-state NH;—NH,
has no local minimum, and dissociates into two am-
monia molecules without an energy barrier.>¥ Hence,
these results as well as the observation, that the inter-
mediate has a lifetime of less than 1 ns, seem to sup-
port the assignment of the intermediate as the excited-
state NH4—NH; (hereafter abbreviate as NH4*-NH,).
They also pointed out that there are at least four low-
lying excited states which give NH4(3p)+NH,(?B;) and
NH,4(3s)+NH2(2A;) at the asymptote, and that these
states and the aforementioned excited state are to some
extent mixed with each other. Therefore, an elaborated
theoretical calculation is indispensable to assign the ob-
served intermediate definitively. It is worth noting that
the ionization efficiency of (NH3)2™ increases rapidly
above the threshold as shown in Fig. 6. This result in-
dicates that the geometry of the initial state is similar
to that of the ionization state. The observed adiabatic
ionization is also compatible with the theoretical expec-
tations; NH4*~NH, has an electronic structure of the
Rydberg nature, and its geometrical structure may be
close to that of NH,t-NH,.

The above assignment seems to provide new insight
into the photodissociation mechanism of ammonia clus-
ters in the A state. The predissociation of ammonia
molecules generates both the H atom and the NHy rad-
ical in clusters. The H atom is trapped rather efficiently
in ammonia clusters. The high trapping efficiency of the
H atom is due to the fact that NHy formed in the intr-
acluster reaction is semi-ionic, and binds to NH3 with
a fairly large binding energy (0.34 ¢V) as mentioned in
the next section.?® On the other hand, neutral clusters
containing NH; and ion clusters, such as NHa(NH3),, T,
are rarely detected (see Figs. 2 and 6), because the IPs
of NH; and (NH3),, are much higher than the energy of
the probe laser at 263 nm.*%> The other possible rea-
son for the hard detection of the neutral clusters may
be due to the low trapping efficiency of NHy in ammo-
nia clusters. The nascent NH, fragments are expected
to have a high internal energy, as in the case of the
free molecule mentioned previously. Also, the bond-
ing between NHy and NH3 may be much weaker than
that for NHy;~NH3.'® These factors may make it diffi-
cult for NHs to remain in (NHg3),, after photolysis. In
contrast to these arguments, the above assignment for
NH,*-NH, suggests that both the H atom and the NH,
radical are confined within clusters under certain cir-
cumstances. As for larger clusters, an electric deflection
study supports a cyclic structure in the ground state.?
If this structure is retained in the A state (vertical tran-
sition), even one of the ammonia molecules takes place
the predissociation, the other molecules may attract the
fragments (H and NHz) to each other and prevent them

from fragmentation; the other molecules may play the
role of a cage. The slow rise time of (NH3)2" seems to
indicate that it is generated through the photolysis of
substantially large clusters.

As mentioned previously, only (NHj3).™ is detected
in nanosecond experiments. Moreover, in femtosec-
ond experiments, (NHj3),", n>2, are detected only
when the pump and probe pulses are nearly overlapped
in time. These observations are consistent with each
other, and may indicate that the precursor, such as
(NH3),,_oNH4*-NHy, n>>2, has a lifetime as short as
<1 ps. The possible reason for the fast decomposition of
these clusters may be due to the nature of the ground-
and excited-state surfaces of NH;—NH,. As is expected
from the predissociation of NH3 to NHs+H, the reaction
pathway of (NH3),* to NH4(NH3),,—2+NH3(2B;) men-
tioned previously shows a strong avoided crossing, origi-
nating from a conical intersection known in the ground-
state surface of NH3 to NHy+H. Therefore, a nonadi-
abatic transition to the unstable ground state may be
strongly enhanced upon complex formation due to these
features for the potential energy surfaces as well as the
ionic character of NH,*-NHs,.

The above arguments suggest that, though the ex-
cited-state (NH3),_2NH4*~NH; may be formed in pho-
tolysis as in the case of NH *-NH,, it rapidly re-
arranges to ammonia clusters via an internal con-
version (IC) process. If this is the case, in RE2PI
with femtosecond lasers, the IC process may compete
with the ionization of (NHj3),_oNH,*-NH, by probe
pulses to form (NHs),*. Hence, it is necessary to
consider that (NH3)n+ [le (NHg)n._2NH4+—NH2] is
formed through both the ADI and AID mechanisms as
shown in Fig. 9. The formation ratio of unprotonated
ions via these two mechanisms depends on the IC rate of
(NH3),,_2NH4*~-NH; and the rate of ionization (i.e. the
fluence of the probe laser). In fact, the ADI mechanism
operates dominantly for the production of (NH;3)s™ as
can be seen in Fig. 2. For (NH;3)," (n>2), both the
ADI and AID mechanisms may take part in the forma-

(NH3),,* INH,— NH*(NH3),,. |
hvy l -NH,»
th
(NH3),, > (NH3)n*m hvy NH4*(NH3),,.
HT I hv,

I
(NH,—NH*(NH3),,., s NH4(NH3),, 2
-NH,

Fig. 9. Possible schemes for the production of unpro-
tonated and protonated cluster ions in the resonance
enhanced two-photon ionization through the A-state
of ammonia clusters. PT; proton-transfer reaction
without an energy barrier. HT; hydrogen-transfer
reaction. IC; internal conversion followed by the dis-
sociation of NHy.
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tion of these ions.

(II) Stability of NH4(INH3),. The potential en-
ergy surface of the ground-state NH4 has been examined
theoretically by several authors.’*3¢:37) These studies
have predicted that the radical has a very shallow well
in the ground state, which arises from an avoided cross-
ing between the potential curves of the 3s state of NH,
and the valence-shell repulsive state of NHs+H. Porter
and co-workers examined the stability of NH4 by a neu-
tralized ion-beam technique and estimated the lifetime
as being less than 150 ns.?*) The present result (13+2
ps) is much shorter than their estimation and is con-
sistent with the observed diffused feature of the NHy
Schiiler band.?® The latter authors also determined the
heat of reaction (NH4—NH3+H) as being 0.103 eV from
measurements of the kinetic energy released in the H-
atom fragments. They also estimated the barrier height
along the dissociation coordinate as being 0.4110.7 V.
On the other hand, Kaspar and co-workers®® calculated
the potential energy surface having a barrier height of
0.64—0.75 eV, which agrees rather well with the above
experimental result. These authors also predicted that
there exists only one quasibound vibrational level (v"'=
1) with a lifetime of 2 ps for NHy; dissociation from
v” =0 is endothermic and may not take place. How-
ever, the result concerning the lifetime, as well as that
for the heat of reaction mentioned above, indicate the
metastability of NH4 and seems to be inconsistent with
their predictions.

As for n=1 and 2, the lifetimes were determined to
be 3+1 and 7+2 us as shown in Fig. 8. Gellene and
co-workers also estimated the lifetime of NH4(NHj)
as being >0.96 s,25?% which is compatible with the
present results. Thus the lifetime is elongated by
more than 10° times due to complex formation. In
a previous study we determined the ionization po-
tentials of NH4(NHs), from the measurements of the
ionization efficiency curves.?® Using these IP results
and the successive binding energies (AH,_;,) for
NH4*(NH3),, determined by equilibrium mass spec-
trometry measurements,3®3% we estimated the binding
energies (Dp_1,,) of the ammoniated radicals. As for
n=1, Kebarle and his co-workers®®) determined A Hp 1
as being 1.08 eV, while Futrell’s group®® reported a
value of 0.93 eV. From these values and the IP of n=1
(3.88 €V),?® Dy ; is estimated to be 0.34 and 0.19 eV,
respectively. These values are much larger than the dis-
sociation energy of the ammonia dimer [<0.12 eV4?],
and indicate that the bonding between NH4 and NHjy
is semi-ionic, as predicted theoretically by Kassab and
Evleth.?” Since the reaction NHy;—NH3;+H is nearly
isoergic [A H=0.103 eV*¥], the significantly larger bind-
ing energy of NH4 with NH3 comparing with NHj it-
self may cause a decrease in the heat of reaction, and
as a result, the reaction is suppressed as schematically
shown in Fig. 10. From these arguments, the reaction of
NH,4NHj is expected to be almost endothermic; the heat
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of reaction is estimated to be —0.12—0.03 eV. How-
ever, the result on the lifetime for n=1 (3 us) seems
to suggest that the reaction is still exothermic. For
n=2—=6, the successive binding energies (Dy,_1,,) were
estimated to be 0.12, 0.26, 0.30, 0.24, and 0.14 €V,
respectively.?®) The reason why D; 5 is so small com-
pared with its neighbor is not clear at present, how-
ever, the small binding energy is consistent with the
relatively short lifetime of n=2; the lifetime is elon-
gated only by a factor of two upon complexation with
the second ammonia molecule. Since Dj o is close to
that for the ammonia dimer, the exothermicity of n=2
and the rate of decomposition as well is expected to be
close to those for n=1. According to the calculations,?”
the optimal structure of NH4(NHz3), is Cs,; four NHg
molecules ligate to H atoms in NH4 and form the first
solvent shell, as in the case of NH4+(NH3)4. The rather
rapid decrease in D,,_1 , from n=4 to 6 seems to sup-
port these theoretical predictions. In the calculations,
they implicitly assumed that the excess H atom is lo-
calized on one ammonia molecule surrounded by the
other NH3 molecules. If this is the case, the clusters
with n>4 may be stable. Contrary to this expectation,
NH, T (NH;3)s has a finite lifetime as shown in Fig. 8.
This fact may imply that the excess H atom in clusters
is partially delocalized in clusters, because the clusters
are substantially hot due to the large binding energy.
To confirm this possibility, an accurate measurement of
the lifetime for larger clusters is underway in this labo-
ratory.

Conclusions

This paper describes the results of investigations con-
cerning the formation and decay processes of clusters
containing the NH,4 radical produced in the predisso-
ciation of the A (vj=>5)-state ammonia clusters. The
clusters produced by photolysis were detected by the
pump-probe technique with nanosecond and femtosec-
ond lasers. Although the predissociation rate in the A-

n=0

Energy

NH4(NH3),, (NH3),, .1 +H

R(NHy),—H

Fig. 10. Schematic illustration for the stabilization
mechanism of NHy in ammonia clusters.
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state ammonia clusters is reduced with increasing n, it
is completed within 1 ps even for n>4. The unique
time profile of (NH3)2" is ascribed to the formation
of a new intermediate, which forms an ammonia dimer
ion through one-photon ionization with the probe laser.
On the basis of the result of the IP measurement as well
as those of the theoretical calculations, the intermedi-
ate has been identified as the excited-state NHs*~NHo,.
The rise time of this species indicates that it is formed
through cage dynamics due to the predissociation of
large ammonia clusters. These findings give new in-
sight into the photochemical reaction dynamics of am-
monia clusters in the A state. Also, the results suggest a
new mechanism for the production of unprotonated ions
such as the ADI mechanism. This mechanism seems to
play an important role in resonance enhanced MPI with
ultrafast laser photons.

The decomposition lifetime of NH4 was determined to
be 13 ps, while that for NH4NH3 was found to be 3 ps.
Although the lifetimes of larger clusters are longer than
10 ps, that for n=>5 is finite. Thus the lifetime of NHy is
elongated by more than 10° times in clusters. The huge
stabilization is ascribed to the semi-ionic character of
the NH, radical. Since NH4(NHj), is expected to be
rather hot, and the energy barrier of H-atom migration
in clusters is substantially low, the excess H atom may
be to some extent delocalized over the cluster. The
fact that the lifetime of n>4 is finite may support this
possibility.
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