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We investigated the ionization and dissociation processes of ammonia clusters ranging from dimer to pentamer in-
duced by 800-nm femtosecond laser fields. Time-of-flight (TOF) mass spectra of the ammonia clusters were recorded over
a range of laser intensities from 2.1x10'2 W/em? to 5.6x10'> W/cm?2. The protonated ion signals dominate the spectra,
which is consistent with the stability of the geometric structures. The ionization and dissociation channels of ammonia
clusters are discussed. The competition and switching among observed dissociation channels are revealed by analyzing the
variations in the relative ionic yields of specific protonated and unprotonated clusters under different laser intensities. These
results indicate that the ionization of the neutral multiple-ammonia units, produced through the dissociation of cluster ions,
may start to contribute, as well as the additional processes to consume protonated ions and/or produce unprotonated ions
induced by the femtosecond laser fields when the laser intensity is above ~ 4 x 1012 W/cm?. These findings provide deeper
insights into the ionization and dissociation dynamics in multi-photon ionization experiments involving ammonia clusters.
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1. Introduction

Significant efforts have been devoted to the study of
molecular clusters for decades with particular emphasis on
hydrogen bonds. Investigating hydrogen-bonding aggrega-
tions is essential for understanding fundamental effects such
as solvation!"? and energetics on reaction dynamics.!>*!
Among hydrogen-bonding clusters, ammonia clusters have at-
tracted special attention due to their significance in fields, e.g.,
physics, biology, and interplanetary chemistry.>) Mean-
while, ammonia can also be used to synthesize nitride film
and to make synthetic fibre.!'%! In addition, ammonia clus-
ters offer valuable insights into the behavior of dense states
of matter governed by hydrogen-bonding interactions.[!!=13]
For instance, studying the behavior of ammonia clusters under
physiological and pathological conditions can help elucidate
the pathogenesis of diseases, offering a fundamental basis for
diagnosis and treatment.!1%15]

Many research groups have extensively studied the struc-
ture stability of ammonia clusters for years. These investiga-
tions have explored spatial structures of neutral and protonated
ammonia clusters and the corresponding infrared (IR) spec-

[4,16-19

tra, theoretically I and experimentally.?*-%?! 1t is found

that protonated cluster ions exhibit high stability. The time
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required for proton transfer depends on the distance between
ammonia molecules within the cluster and the rate increases
with cluster size, approaching saturation around n = 5.1 Nu-
merous studies consistently reveal that the primary ionic prod-
ucts of ammonia clusters are protonated cluster ions in the
ionization and dissociation processes.!>>~28 The formation of
the proton-transferred products ((NH3),_>H3;NH™...NH;) in
(NH3);" (n = 2-4) have been discovered utilizing vacuum ul-
traviolet (VUV) photoionization and infrared predissociation
spectroscopy (IRPDS-VUV-PI).[?12°] While in pump—probe
experiments with dimer, it has been demonstrated that proton
transfer occurs in a sequence of events, beginning with hydro-
gen transfer and subsequently followed by charge transfer and
that the proton-transferred dimer reconfigures the ground state
through relaxation of inverse proton transfer, resulting in dis-

301 Recent studies

sociation into two NH3 neutral fragments.
employed coincidence measurement to identify proton trans-
fer in multiply ionized dimer to tetramer ions during Coulomb

[3132] These investigations have provided more in-

explosions.
sights into the complex ionization and dissociation processes
of ammonia clusters, which need further investigation to en-
hance our understanding.

This work investigates the ionization and dissociation
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processes of ammonia clusters induced by femtosecond laser
fields. Time-of-flight (TOF) mass spectra were experimentally
measured at moderate laser intensities ( 10'2 W/cm?). Based
on the observed relative yield ratios of specific protonated and
unprotonated ions of dimer to pentamer under different laser
intensities, we discuss the origin of these dissociation chan-
nels, and the corresponding competition and manipulation sce-
nario under different laser intensities.

2. Experiment methods

The experimental setup is briefly described here, with de-
tailed information available in our previous works.!3?! Am-
monia clusters are formed from a supersonically expanding
molecular beam with a gas mixture containing 25% NH3 in
Ne, and a stagnation pressure of 0.05 MPa, which is intro-
duced into the source chamber through a 150-um diameter
supersonic pulsed piezo-valve.?*! The valve operates with an
opening time of 80 ps and a repetition rate of 100 Hz. The gas
jet is then directed into a detection chamber through a 1 mm
diameter skimmer. The linearly polarized (parallel to the de-
tector) laser beam (800 nm, 50 fs), produced by chirped-pulse-
amplified Ti:sapphire femtosecond laser (Libra HE, Coherent,
Inc), is focused into the cluster beam using a spherical mir-
ror with a 275-mm focal length, intersecting the center of the
cluster beam. The radius of the beam waist before the focus-
ing mirror is ~4 mm, and the laser intensity can be varied from
2.1x10'2 W/em? to 5.6x10'> W/em?. The generated photo-
ions travel approximately 500 mm in a velocity map imaging
(VMI) spectrometer operating in TOF mode. The detection
system consists of a pair of microchannel plates coupled with a
P47 phosphor screen. A photomultiplier tube (PMT) converts
the light signal from the phosphor screen into an electrical sig-
nal, which is then sent to the oscilloscope for processing. Fi-
nally, the signal is transferred to a computer for analysis.

3. Results and discussion

The TOF mass spectra of ammonia clusters triggered by
800-nm femtosecond laser have been measured, as shown in
Fig. 1 partially. The cluster size distribution, ranging from
monomeric ammonia to clusters containing up to 40 ammo-
nia molecules, is roughly estimated based on the ionic distri-
butions presented in Fig. 1(a). Based on the observed ionic
populations, the average size of the ammonia clusters is es-
timated to be (n) ~ 6. Therefore, the sizes of the ammonia
clusters discussed in the present experiment are mainly n < 5.
The spectra show predominant features of protonated clus-
ter ions, besides monomeric ammonia ions, with some minor
contributions from small unprotonated cluster ions. This is
mainly attributed to the larger probability of unprotonated par-
ent cations (NH3):,r undergoing dissociation along the cation

potential energy surface in the laser fields, leading to proto-
nated products (NH3),,—1H' which are more stable than that to

35,361 Tn addition, the smaller fragmen-

unprotonated products. !
tal ions NH;r and NH™ cannot be observed under the relatively
low laser intensities, due to the high appearance energy.!’]
A significant variation in the relative ionic yields from pro-
tonated dimers to pentamers under different laser intensities
has been observed: at low laser intensities, these yields re-
main relatively consistent, but they progressively turn into a
decreasing trend at high laser intensity, as shown in Figs. 1(b)
and 1(c).
by Castleman et al. using 266-nm nanosecond laser!?! and

This trend is consistent with the result reported

has been attributed to the increasing occurrence of substantial
fragmentation with rising laser intensity. It is noted from the
mass spectra that the protonated pentamer signal appears as a
“step”, indicating the magic number in ammonia cluster-size

distributions, 2! consistent with previous studies.*>!
(a) . . . . . ,
x100 (NHg), H*
30 32 34 36 38 40 42
5.6 x10'2 W/cm?
5 10 15 20 25 30 35 40
’Q (b) NH; I
g NH,H*
-é (NH;),H" (NHy)H"
&
= (NH3); (NH3)5
(=l
.90
@ 3
(=1
9 LL\\ 2.1 x10'2 W/cm?
C by NH;H* +
( ) t NH; 3 (NH3),H (NHy);H* 4
. oy |\ (v
NH;
3
5.4 x10'? W/cm?
)

6 8§ 10 12 14

Cluster size n

Fig. 1. The TOF mass spectra for | <n <42 (a)and 1 <n < 15[(b), (c)] of
ammonia clusters under different laser intensities, wherein the insets show
the zoomed-in views for 30 < n <42 (a), and 1 <n <3 [(b), (¢)].

[\
N

In the femtosecond laser field, unprotonated ammonia
cluster ions can undergo proton transfer, forming a spatial
structure with the NHI ...NH, core configuration. >8] Thus
the protonated cluster ions can be formed through further los-
ing NH;. Figure 2 shows the spatial structure for the neu-
tral clusters (NHj3), , unprotonated cations (NH3) ", and proto-
nated cations (NH3),H™" for n =2 and 3, calculated at MP2/6-
311++g(d,p) level. Table 1 lists the obtained bond for all hy-
drogen bonds N...H and distances of nitrogen—nitrogen (NN)
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within each cluster. The results show that the hydrogen bond
lengths decrease from the neutral clusters to the cluster ions,
as expected that the spatial structure of a cluster would shrink
during the removal of an electron. Besides, it can be seen from
Table 1 that the hydrogen bond lengths for protonated cluster
ions are shorter than that for unprotonated ions, for example,
the length of hydrogen bond is 2.260 A and 1.693 A for neu-
tral and ionic dimer, respectively, while the length for the pro-
tonated dimer is 1.574 A. The result indicates a more stable
protonated cluster can be favorably formed after ionization,
taking into account the dissociation energy of parents ions

(NH3);" (n > 2) into protonated ions (NH3), H* is higher
+

relative to that into unprotonated ions (NH3), ;, due to one

photon energy of 800-nm laser (hv = 1.55 eV) is high enough
to overcome these dissociation energy barriers (in the case of
(NH3)3 , the dissociation into (NH3); and (NH3),H", the re-

quired energies are 0.36 eV and 0.7 eV, respectively 3336381,

(NHs),, }JiJ “‘4
(NHs)y J?,J . _‘J J/;&J
5 N

Fig. 2. Optimized geometrical structures of the neutral cluster, proto-
nated cluster ion, and unprotonated cluster ion, for ammonia clusters
with cluster sizes of n = 2-3 at the MP2/6-311++g(d,p) level. Dotted
lines denote the hydrogen bonds between the atoms of the nitrogen (blue
balls) and hydrogen (grey balls).

Table 1. The intermolecular NN distances and N...H hydrogen bond lengths in Angstroms (A), of ammonia clusters.

R(NN) R(N..H)
Present work Reference Present work Reference

(NH3), 3.261 3.2520181 2.260 2262038
(NH3)4 3.173 3.1721181 2221 22180381
(NH3)5 2.768 2.174131 1.693 1.6920381
(NH3)7 2.876" 27521331 1.720, 1.827 1.736,1331 1.8550331

(NH;),H* 2.694 2.70613% 1.574 1593033

(NH;),H* 2.818" 2.83313] 1.750 17691331

T The one in line with the hydrogen bond direction

To quantitatively analyze the variation in the ionic yields
of ammonia clusters with laser intensity, we extracted the ac-
tual relative yields of several specific ionic species and pre-
sented them in Fig. 3 on a log-log scale. The ionic yields
of protonated ammonia cluster for different sizes in Fig. 3(a)
exhibit a dependence on laser intensity with a slop ~ 4 for
n = 5-10 in log—log diagrams, which suggests that the occur-
rence of the resonance with the excited A state!2030391 via the
absorption of four 800-nm photons. While the fitted slop is
~ 4.5 for the ammonia clusters with n = 1-4. This may be due
to the dissociation of relatively large-sized protonated cluster
ions (as further illustrated by Eq. (3) later). This is also consis-
tent with the observed trend for the relative yield change from
dimer to pentamer protonated ions with increasing laser inten-
sity in Fig. 1. On the other hand, the ionic yields of unproto-
nated clusters show different dependence on laser intensity. In
Fig. 3(b), though NHgL increase with a slop about 4, the yields
of (NH;); and (NH3); exhibit a faster growth tendency with
increasing the laser intensity. In particular, these data show a
bending at the laser intensity around 4x 10'2 W/cm?, into two
parts, with the fitted slopes being ~ 4 and 6 for the laser inten-

sity below and above this laser intensity respectively. These

unusual trends suggest complex ionization and fragmentation
dynamics of ammonia clusters sensitive to laser intensity.

109 (a) n= 1«;:’:1\% (b) e
AN -
/"
A&
.
el s |
2 & o
5 10 ‘,r ~ ‘/"‘
) - ya
g e
= . I!’ //
g B X
&b : X
7 102 F .
3 PR s J/
- [l AN +
a7 & NH;
A e (NH3)j
103 o -4+ (NHa)3
3 4 5 6 3 4 s

Intensity (10'2 W/cm?)
Fig. 3. Ionic yields as a function of laser intensity (log—log scale):
(a) for protonated ions (NH; )nHJr (n = 1-10), and (b) for unprotonated
ions (NH3)," (n = 1-3).

Considering the ammonia clusters interacted with fem-
tosecond laser fields, the neutral clusters tend to undergo
ionization followed by dissociation.!?”] The first ionization
energies!>*) for n = 1-5 are 10.18 eV, 9.54 eV, 9.3 eV,
9.0 eV, and 8.7 eV, respectively. Firstly, the ionization process
of the neutral species preferably occurs with a four-photon res-
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onance via the intermediate state.[?0#11 Afterward, it under-
goes a three-photon or two-photon ionization process, e.g.,

(NH3), +4hv — (NH3)" +3hv — (NH3)F + e,

then, the ionic ammonia clusters may absorb another one 800-
nm photon, leading to dissociation from two possible chan-

nels, producing unprotonated and protonated products,!?74?]
as shown below:
(NH3)," +hv — (NH3),", +mNHs, (1)

— (NH3),_,H" 4+ (m—1)NH3+NH,, (2)

wheren >2,m=1,2,...,n— 1. In particular, once the proto-
nated ammonia cluster ions are generated via the dissociation
channel (2), they are more likely to undergo further fragmenta-

38,43]

tion through molecular decay! assisted by laser fields, in-

volving the loss of one or several neutral ammonia molecules,

(NH3), , H'" — (NH;) H' + aNH;3, (3)

n—m-—a

where a =1, 2, ..., n—m — 2. These dissociation processes
induced by femtosecond laser fields intrinsically differ from
the nanosecond laser case. In the typical infrared femtosecond
laser case,[?%! the ionization of neutral clusters usually hap-
pens at the beginning with multiple probable ionization chan-
nels, followed by dissociation, while in the typical ultraviolet
nanosecond laser case,[?®#4! the hydrogen transfer of neutral
within the clusters, producing neutral protonated clusters, is
more likely to occur first, followed by ionization resulting in
the protonated ionic products.

Furthermore, we extract the ratios of ionic yields for sev-
eral specific protonated and unprotonated clusters originat-
ing from two distinct processes. These results demonstrate a
competition between dissociation channels with varying laser
intensities. In Fig. 4, the ratios of (NH3),H*/(NH;3); and
(NH3),H"/(NH3); in the beginning increase. However, as
the laser intensity further increases from ~4x10'2 W/cm?,
these ratios decrease threefold, while the ratios remain above
one. These unprotonated clusters ions (NH3);, (NH3)7, and
protonated clusters ions (NH3),H™, (NH3)3H™, originate pri-
marily from channel (1) and channel (2) respectively. 3343 We
take the ratio (NH3);H'/(NH;3); as an example. (NHj3);
is primarily produced either along with one ammonia unit
through the dissociation of (NH3);, or along with two am-
monia units via the dissociation of (NHz)4 .13 (NH;),H" is
mainly produced either along with one NH, fragment through
the dissociation of (NHg)j{, or along with the loss of one NH,
and one NHj fragments during the dissociation of (NHz) .18
Additionally, the relatively larger protonated ion products,
e.g., (NH3),H", are preferable to undergo further dissocia-

tion through channel (3) into smaller-sized protonated ions, (3]

e.g., (NH3);H™, with increasing laser intensity. These pro-
cesses synergistically lead to an increase of the protonated
ions (NH3);H™, and the ratio of (NH3),H"/(NH3); under
the low laser intensity. When the laser intensity is above
~ 4 x 10" W/cm?, the decreasing trend of the ratio im-
plies that unprotonated ionic products are promoted rapidly,
compared with the protonated ions. Taking into account the

135.38] the neutral

low dissociation energies of the cluster ions,
three-ammonia unit can be formed through three dissociation
channels: the dissociation of (NH3), along with NH3" prod-
uct (1), the dissociation of (NH3)< along with (NH3)H* prod-
uct (2), and the dissociation channel (3) of (NH3),H™ along
with (NH3)H™ product (3). The typical timescale for these
dissociation channels is within 100 fs,!*®! these produced neu-
tral ammonia units are very likely to be further ionized within
the same femtosecond laser pulse, contributing to unproto-
nated cluster ionic products, resulting in an increase of the un-
protonated ions (NH3); . Meanwhile, the femtosecond laser
fields may induce additional processes to consume (NH;3)3H™
and/or produce (NH3)§L, leading to the decrease in the ratio
(NH3);H"/(NH3)7, e.g., the much greater degree of frag-
mentation of the protonated cluster ions (NH3);H*,[? and
the ionization of the neutral ammonia clusters (NH3)3 with-
out further dissociation, via the absorption of more than the
minimum photon numbers required for ionization.”8! These
results highlight the complex competition between the dis-
sociation channels of multiple-sized ammonia clusters in-
duced by femtosecond laser fields at moderate laser intensities
(1012 W/ cm?). The database obtained in this work facilitates
further investigations based on advanced theoretical models or
sophisticated experimental approaches.

-m (NH;);H/(NH;)$
-e- (NH3),H+/(NH3)3

) %/ : E.\_%\\

3 b
] % % i
I

10 -5__-{,»«% i I SR

S

Ratio

25 30 35 40 45 50 55
Intensity (10" W/cm?)

Fig. 4. The ratios between the protonated and unprotonated cluster ions,
red squares for (NH3);H* to (NH3)7, and blue circles for (NHz),H*
to (NH3); .

4. Conclusion

In summary, we investigated the ionization followed by
the dissociation processes of ammonia clusters, from dimers to
pentamers, induced by 800-nm femtosecond laser fields. The
TOF spectra with varying laser intensities exhibit pronounced
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protonated ion signals, which are attributed to their relatively
high structural stability with the NHI...NHZ core configura-
tion. The ionic yield ratios of (NH3);H' to (NH3); and
(NH3),H" to (NH3); under different laser intensities, indi-
cate the competition between different dissociation channels.
When the laser intensity is above ~ 4 x 10'2 W/cm?, the neu-
tral multiple-ammonia units, produced from the dissociation
of cluster ions, can be further ionized, as well as the addi-
tional processes to consume protonated ions and/or produce
unprotonated ions induced by the femtosecond laser fields, via
the much greater degree of fragmentation of the protonated
cluster ion and/or the absorption of more than the minimum
photon numbers required for ionization. These complex dis-
sociation processes lead to the change in the ratios with laser
intensity. These findings provide deeper insights into the ion-
ization and dissociation dynamics of ammonia clusters, sug-
gesting the laser intensity may serve as a potential control for
manipulating ionic products, possibly extending this approach
to other hydrogen-bonded clusters, such as water or methanol
clusters.
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