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How the neighbor effect plays its role in the fragmentation of molecular clusters attracts great attention
for physicists and chemists. Here, we study this effect in the fragmentation of N,O dimer by performing
three-body coincidence measurements on the femtosecond timescale. Rotations of bound N,O™" triggered

by neutral or ionic neighbors are tracked. The forbidden dissociation path between B2IT and “IT is opened
by the spin-exchange effect due to the existence of neighbor ions, leading to a new channel of N,O" —

NO + N* originating from B[1. The formation and dissociation of the metastable product N;O5 from two
ion-molecule reaction channels are tracked in real time, and the corresponding trajectories are captured.
Our results demonstrate a significant and promising step towards the understanding of neighbor roles in the

reactions within clusters.
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van der Waals interactions are ubiquitous in nature and
important to many physical and chemical phenomena [1—
4]. In contrast to isolated atoms and molecules, the
surrounding molecules in molecular complexes can serve
as environments by dissipating the transferred excitation
energy among the available degrees of freedom in the
system [5—7]. It is demonstrated that environmental effects
are widely present in various physical and chemical
processes. A prominent example is the interatomic
Coulomb decay (ICD) [8,9], where an inner-valence hole
state in a weakly bonded system can undergo ultrafast
relaxation and lead to electron emission from neighboring
sites by energy transfer. Research on the roaming mecha-
nism of H; shows that the chemical environment inhibits its
formation [10]. Ion irradiation of fullerenes or polycyclic
aromatic hydrocarbon clusters can promote the formation
of hydrocarbon compounds [11,12], which is an important
process in biochemical reactions induced by the ion-
molecule collision within clusters [13—-15].

Recently, the dissociation mechanisms of molecular
dimers have attracted great attention [16-27]. Among
them, it is demonstrated that the neighbor ions in a dimer
play an important role in molecular dissociation. The
presence of N, in (N;), affects the molecular fragmenta-
tion and shifts the potential energy curves (PECs) of the
dication [23]. The adjacent CO™" breaks the symmetry of
CO?* states, which induces an avoided crossing and
generates a new dissociation channel [24]. However, this
channel has been assigned to the contribution of higher-
lying excitation states that existed in the molecular
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dissociation [25]. The neighbor Ar cation in divalent
N, Ar changes the barrier width of the PECs, resulting in
tunneling with heavy nucleus transfer [26]. Ultrafast
rotation can be excited by a neighboring molecule in
dimers [27]. However, tracking how the neighboring ions
affect the molecular dissociation in the cluster, on a
femtosecond (fs) timescale, remains quite unexplored,
including the molecular rotational excitation, the forbidden
dissociation channel opening, and ion-molecule collision in
the dimer.

Here, we have tracked such neighbor roles on the fs
timescale by performing a pump-probe study on the frag-
mentation dynamics of N,O dimer in cold target recoil ion
momentum spectroscopy (COLTRIMS) (see Supplemental
Material (SM) [28] and our previous work [29-31]). With a
three-body coincidence measurement, the dissociation chan-
nels NO* + N and NO + N* from N,O™ are resolved and
the effects of neutral and ionic neighbors on the molecular
cation dissociation can be further compared. The dimer is
produced by expanding 2 bar N,O gas through a 30 ym
nozzle. Then, it interacts with a linearly polarized pump
laser (800 nm, ~40 fs, 1.0 x 10" W/cm?). The produced
fragments are ionized by an elliptically polarized probe
laser (3.5 x 10 W/cm?, ~40 fs, and € ~ 0.7) and are then
guided by an electrostatic field toward a time- and position-
sensitive detector. As a result, the time-resolved three-body
Coulomb explosion (CE) channel (N* + NO™ + N,O™) is
measured coincidentally.

Figure 1(a) shows the measured time-dependent kinetic
energy release (KER) spectrum from a three-body CE
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FIG. 1. (a) Time-dependent KER of three-body fragmentation

channel of (N,0),. (b) Time-dependent KERy_yo of the breakup
of the N-NO bond for channels B, C, D, and E. (¢)—(f) Corre-
sponding ion sum-momentum distributions along the z axis
(Pzgum) for channels B to E.

channel, (N,0),*" - N* + NO" 4+ N,O", wherein the
spectrum is split into five branches (denoted as channel
A, B, C, D, and E). As the pump-probe time delay
increases, channel A has constant KER (~13 eV) which
comes from the direct CE of (N,0),* produced by one of
the pulses. The KERs of channels B—F decrease gradually
as a function of time to the asymptotic energies, 10.0, 7.3,
4.5, and 1.2 eV at 6000 fs. These four branches correspond
to pump-induced dissociation of the dimer.

To interpret the neighbor effects during the inter- and
intramolecular fragmentation, we first need to identify the
charge states and dissociation pathways of these four
channels. For each channel, the charge states of the parent
ion are prepared by the pump pulse and measured by the
channel-resolved Pz, as shown in Figs. 1(c)-1(f), where
Pzam = Pino+ + Pan+ + Panyor = PZet + Pzes + Pzes.
Because the momentum of electrons released from the
linearly polarized pump laser mainly distributes along the
polarization direction (y axis) [32,33], and the one released
from the elliptically polarized probe laser mainly contrib-
utes along the minor polarization axis (z axis) [34-36], the
peak structure of the Pz, provides a clue for the number
of electrons ionized from the elliptically polarized laser
[29,37]. The double-peak and three-peak structures show
one and two electrons are released from the probe laser
[37], as shown in Figs. 1(c)-1(f). Consequently, this
indicates that channels C and E are generated from the
dissociation of (N,O),™, while channels B and D come
from (N,0),%".

The sequence of the breakup of the intermolecular
(N,O-N,0O) and intramolecular bond (N-NO) for these
channels can be determined by measuring the time-depen-
dent KER of N-NO, KERy. o (see SM [28,38]), as is
shown in Fig. 1(b) where the total KER is chosen between 0

and 11.5 eV. The diagram splits into two parts, where the
part corresponding to channels B and C shows time-
independent characteristics, indicating that there is no
stretching of the intramolecular bond after the pump pulse,
while the time-dependent part from the channels D and E
indicates that the N-NO bond is breaking. Together with the
identified charge states mentioned above, the pathways for

channels B to E can be expressed as
mhy

B: (N,0), = (N,0),>" +2e~ - N,0" +N,O" +2¢7,

nhy

C: (N;,0),—(N,0)," +e™ - N,O" +N,0 + e,
D: (N,0),"(N,0),2* + 2e= — N,0* + NOP*++
NU-P+ 4 2e,
nhy

E: (N,0),—(N,0)," +e~ > N,O+NO" +N+e",
where p =1, 0 for D; and Dy channels as mentioned
below. After dissociation, the fragments are further ionized
by the probe laser and lead to three ions N,O1, NO¥,
and N*.

Based on the assignments, the effects of charged or
neutral neighbors on bound and dissociating N,O* can be
studied separately. Three interesting phenomena during
fragmentation induced by the neighbors are studied:
molecular rotation, the opening of the forbidden dissoci-
ation channel, and ion-molecule collision in the dimer.

First, we focus on how the neighbors influence the bound
N,O™ to visualize molecular rotation in channels B and C.
Their rotational dynamics can be determined by the
corresponding Newton diagrams, as shown in Figs. 2(a)
and 2(b) (see SM [28] for the time-resolved Newton
diagrams). For channel B, the Newton diagram shows a
nearly isotropic distribution, which indicates the existence
of rotational excitations of the intermediate N,OV
[24,38,39]. Channel C shows a concentrated distribution
similar to the Newton diagrams of concerted fragmentation
[39], indicating that less rotational excitation of N,O occurs
in this channel.

The rotation of the molecules can be manifested as the
angle between the dissociation directions of inter- and
intramolecular bonds, i.e., #;, for channels B and C, as
shown in Figs. 2(c) and 2(d). The width of 6, for both
channels becomes broader when the time delay is
increased, indicating that the rotation of N,O?* occurs
during the intermolecular bond breakup. Notably, the
distribution of 6, for channel B is wider than that of
channel C at the same delay, proving that the rotation of
N,O™" also depends on the charge state of the departing
neighbor molecules. In the quantum view, the rotational
excitation can occur during the half-collision process of
dissociation [40,41], and the rotation of molecules is
accumulated from the total contribution of repulsion during
bond breaking. In channel B, the repulsion between the two
N,O" ions is stronger, while in channel C, the repulsion
between N,O™' and N,O is weaker. Therefore, the width of
0, distribution is narrower at the same delay time.
Moreover, we simulated the rotational dynamics of
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FIG. 2. Newton diagrams of channels (a) B and (b) C at 400 fs,
where the momenta of fragments are normalized according to
N,O" which defines the x axis; and that of the NO™ defines the
positive side of the y axis, the inserted Newton diagrams are from
simulations. Time-resolved distributions of 8,, for channels B (c)
and C (d), where the definition of 6}, is shown in (a).

channels B and C (see SM [28]), showing good agreement
with the experimental results. The observations demon-
strate that the influence of a neutral and singly charged N,O
neighbor molecule on the ultrafast rotation of molecular
ions can be observed by time-resolved CE imaging
measurements.

The other neighbor effects on dissociative N,O™ are
observed in the dissociation process of channels D and E,
which can be preliminarily determined by their Newton
diagrams, as shown in Figs. 3(a) and 3(b). There are two
subsets marked as D; and Dy for channel D, while only
one subset is observed for channel E. Figure 3(c) gives the
correlation map of the kinetic energy of NO* and N,O" for
channel D. The fixed energy correlation in the D; channel
indicates that these two ions are generated simultaneously,
i.e., the (N,0)," directly breaks into three fragments. In
Fig. 3(a), the arrow lengths represent the relative momenta
of the fragments. N* has the smallest momentum, which
means a neutral N atom is produced from the first
dissociation step, i.e., the dissociation can be expressed
as follows: D;: (N,0),2" - NOT + N + N,0".

For the Dy channel, the distribution along the red-dashed
line in Fig. 3(c) shows a total kinetic energy sharing
between NO™ and N,O™. It indicates that an intermediate
product, N3O,", which has been observed in VUV
photoionization of a N,O dimer [42], is generated during
the fragmentation process [22,30]. This identification is
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FIG. 3. Newton diagrams of channels (a) D and (b) E at
1000 fs, where the momenta of fragments are normalized
according to N,OT and N*, respectively, and the definitions
of coordinates are shown as arrows. (c) Kinetic energy correlation
of N,O" and NO™ for channel D at 1000 fs. (d) Time-dependent
KERy,0.n0 Of channel D, where KERy, .o is the KER of the
breakup of the (N,O - NO)?** in native frames.

further confirmed by a simulation of kinetic energy
correlation maps of the fragments (see SM [28]).
However, the formation and dissociation of this product
remains unexplored. Here, we can distinguish them by the
time-dependent KER spectrum of (N,O---NO)?*, i.e.,
KERy,0.x0» as shown in Fig. 3(d), where the time delay is
negative, i.e., probe before pump, and the KER is limited to
be 0—11.5 eV. In the negative time delay, the signal mainly
comes from the D channel, as shown in Fig. 1(a). The
branch from channel Dy shows that the KERy,ono
decreases with the time delay (also seen in SM [28] for
time-resolved correlation maps of KERy,o.no and 65).
This indicates that N;O," is dissociating before the
probe pulse arrives, and can be expressed as Dp:
(N;0),>" - NO---N,0" + N* - NO + N,O" + N*.
Similarly, the kinetic energies of NO* and N,O" for
channel E share a total energy and the Newton diagram for
channel E in Fig. 3(b) shows circular distributions, indicat-
ing the formation of intermediates N,O---NOT or
N,O:--NO occurs. The charge should be assigned to
NO after the first dissociation process since the momentum
of NO™ is larger than N (see SM [28]). Furthermore, the
binding energy of N,O---NO (0.04 eV) [43] is much
lower than the kinetic energy of NO (0.4 eV at 6 ps), hence
it is impossible to form N,O - - - NO. Thus, the intermedi-
ates are N,O---NO™ and channel E can be expressed
as, (N,0)," - N,O---NO" +N - NO" +N,O0 +N,
where N,O" dissociates through N,O™ — NO™ + N.
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N,O" —H, complex. The spin flip of H," changes all the
doublet states and the quadruplet state to triplet states. The
intermolecular distance is set to 10 a.u. in the calculation.
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These identifications indicate that the dissociation path-
ways of N,OT differ greatly when neighboring with a
neutral (channel E) or ionic (channel D) molecule. In
channel D, the dissociation occurs through two pathways
NO" +N (D;) and NO+ N* (Dg), (the yield ratio
N*/NO* is about 0.6) while only NO* + N appears in
the channel E. The product of NO" + N can be generated
both from BZI (lifetime ~30 fs) and C?Z* (~2000 fs)
states during molecular dissociation in the fs-ps timescale
[44—49], while the population of the BZI state is much
higher than the C>X" state because of the rate of strong-
field ionization [30]. The fast evolution of KER observed in
channel D also indicates that the dissociation occurs from
the B2II state. In a monomer, the dissociation of the B21
state ends to NO™ + N or N, ™ + O [47-50], while the ratio
N*/NO* from B2l is approximately zero because
the NO + N7 is the product of “IT state [47-49] and the
transition between other states (A2X", BT, and C2Z*) and
“M states is forbidden. The coupling between the “IT and
C2?T* state due to spin-orbit interaction can induce tran-
sitions, however, the yield ratio of N*/NO™ is less than
0.26 in molecules [44,51].

To interpret the observation of channel Dy,
(N,0),2* = NO - --N,0" + N*, we calculated the related
PECs of N,O™ by the complete active space self-consistent
field (CASSCF) method [52,53]. The results are given in
Fig. 4, where the neighbor N,O"/N,O is replaced by
H,"/H,. Comparing these two PECs, an obvious differ-
ence can be found, which comes from the spin-exchange
between N,O and H,. Under the influence of H, ™, all the
doublet states (X?I1, A2X*, and BZI) and the quadruplet
state (“IT) are changed to triplet states as shown in Fig. 4(a).
However, the PECs of N,O" neighboring to H, are the
same as the ones of a monomer, which indicates that the
neutral H, does not affect the breakup of N,O". As a result,
an avoided intersection can be formed between 21 and
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FIG. 5. Diagrams of KERy,o.no versus 6, for analogous

sequential channels (a) Dy and (b) E at 400 fs. The schematics
of the fragmentation process of (c) Dy and (d) E.

33 which proves that the doublet BT is able to transition
to the quadruplet “IT with a spin flip from the neighboring
H,". Similarly, the *£* formed by A’X* and H,* can also
transition to the 23I1/3[ and dissociate to NO and N* by
absorbing photons. The spin-exchange effect is expected to
be stronger when the neighbor is N,O™, while in the case of
a neutral neighbor N,O, the parity of states remains the
same as a monomer, which explains why the observation of
channel E only has NO™ + N products.

Moreover, both D, and E channels have metastable
intermediates (NO ---N,OT or N,O---NO™). To clarify
their formation and dissociation dynamics, we plot the
correlation maps of their KERs and the angle between the
directions of the two-step dissociation, 6,, as shown in
Figs. 5(a) and 5(b). 6, increases for channel Dy and
decreases for channel E' when the KERy,o.no decreases.
Note that, since the KERy,.no decreases as time increases,
we can conclude that the 6, decreases in channel E and
increases in channel Dy as the delay increases. The
decreasing 6}, in channel E indicates that the NO™ flies
away from N and is captured by N, O as shown in Fig. 5(d).
Furthermore, this is also confirmed by the time-resolved
measurements, where the KERy,o.no decreases and 6,
localizes to a smaller angle as the delay time increases (see
SM [28]). The dissociation schematic is shown in Fig. 5(d),
where the dissociation of the N,O™ gives an initial velocity
to NO™ and the attraction from N, O leads to the rotation of
NO™ around N,O. Nevertheless, the N,O fails to capture
NO* because the kinetic energy of NO* from BZI
(~0.4 eV at 6 ps in our experiment) is higher than the
binding energy of N,O - - - NO™ (0.2-0.3 eV) [42,54], thus,
two fragments flying away from each other. A similar
dissociation occurs in channel Dy as shown in Figs. 5(a)
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and 5(c). The different dependence as marked in the dashed
lines in channel E and Dj shows the rotation of the
N,O---NO™ is opposite to the channel E. Because the
repelling energy between N* and N,O™ is higher than that
from the dissociation of N,O" molecules, 6, increases
gradually as time increases as shown in Figs. 5(a) and 5(c),
this is also confirmed by the simulations and time-depen-
dent measurements (see SM [28]). These observations
demonstrate that the neighbors can interact with the frag-
ments generated from molecular dissociation.

In conclusion, we have tracked the neighbor effects on
the fragmentation of a dimer in fs time-resolved CE
imaging. When using a neighbor molecule as a reference,
the ultrafast rotation of stable N,O" induced by the
neighbors is imaged. A fast rotation of N,O™ is observed
when the neighbor is a molecular ion and the rotation is
slower when the neighbor is a neutral molecule. The
existence of a neighbor ion changes the yield ratio of
products by modifying the parity of states during molecular
dissociation because of the spin-exchange effect. After the
dissociation, the neighbor also interacts with the produced
fragments in the dimer, both N,O with NO*, and N,O"
with NO, which leads to the metastable product N;O5 . The
formation and dissociation dynamics of these products
have been captured on the fs timescale. These observations
contribute a significant step to understanding of how the
neighbor effect influences the fragmentation of molecular
clusters, DNA, and proteins, which also will have a strong
impact on controlling chemical reactions since the reac-
tivity strongly depends on the relative orientation and the
charge state of molecules and its neighbors.
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