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The ICN molecule is a prototype for the study of dynamics at
conical intersections;! 266 nm photoexcitation to the A con-
tinuum® produces a bimodal distribution of CN photofrag-
ment rotations identified with different I-atom partner frag-
ments [Equations (1) and (2)]:

ICN + hv — I(2P3/2) + CN(CZY), (Eo) =041eV 1)
ICN + hv — I*(ZPI/Z) + CN(22+), <Em[> =0.04eVH (2)

Trajectory calculations that were run on high-level
potential energy surfaces!! established that bending motion,
which occurs along with the I-CN bond elongation, maps into
torque on the CN as ICN passes through a conical inter-
section, giving the notably high degree of rotational excitation
observed in concurrence with I1(?P;,). Condensed-phase ICN
photodissociation studies also observe this significant degree
of rotation,” and even in the strongly interacting solvent
water, the CN fragment is initially born as a free rotor.

In the absence of a conical intersection, the shape of the
excited-state potential energy surface still plays a large role in
the rotational-state distribution of the photofragments. An
isotropic excited-state surface simply converts any original
bending motion into rotation of the fragments upon bond
cleavage, resulting in a small degree of rotational excitation.
However, the presence of anisotropy on the excited-state
surface induces torque that initiates additional rotational
motion in the fragments and can lead to a much larger degree
of rotational excitation. These exit channel dynamics convey
the efficiency of translational to rotational energy transfer.
The photodissociation of H,O, serves as an instructive
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example, in which the OH rotational-state distribution
reflects both the torsional wavefunction of the electronic
ground state and the anisotropy of the excited-state surfa-
ces.”

In a confined environment, the relaxation of rotational
excitation will influence the subsequent dynamics. Molecular
dynamics simulations of ICN photodissociation in solid and
liquid Ar were performed on the two excited-state potential
energy surfaces (I, and 'TI,) that form the conical
intersection.®! These simulations found complete cage recom-
bination in the solid, along with differences in the cage-
induced isomerization dynamics; both ICN and INC form on
the °I1,, surface, while only ICN is found on the 'TI; surface.
In this model, which neglects nonadiabatic transitions, the
contrasting anisotropies of the ICN excited-state potential
energy surfaces give rise to different rotational-relaxation
dynamics. These relaxation dynamics, along with the CN-
rotation barriers, are responsible for the dissimilar isomer-
ization yields.

Herein we investigate the excited-state dynamics of
ICN™(Ar), for n=0-5 using excitation energies between 2.5
and 4.2 eV. Specifically, we focus on the role of CN fragment
rotation in the dynamics of photoexcited ICN~ with and
without Ar solvation. Figure 1 sketches potential energy
curves adapted from Ref. [9] for the electronic ground state of
the ICN™ and INC™ isomers (°Z", red) and the first optically
accessible excited state of these isomers (*I1;,, blue), along
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Figure 1. Potential energy curves (based on Ref. [9]) for the ICN™ and
INC™ isomers (*Z" red, “II, , blue) and the ICN and INC isomers ('Z*
black), as a function of the I=CN center of mass distance. The solid
and dashed curves for the anion represent the anion potential being
lower and higher than the neutral, respectively. The gray line shows the
probability amplitude of the ground-state wavefunction for ICN™. The
arrows illustrate photoexcitation (large gray arrow) and subsequent
detachment (3) or dissociation (4).
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with the electronic ground state of the ICN and INC isomers
('=*, black). Figure 1 also depicts photoexcitation of ground-
state ICN~, which undergoes either electron detachment
[Equation (3)] or dissociation [Equation (4)] through the
following channels:

ICN™(Ar), + hv — ICN(Ar), + e (3)
— ICN™(Ar1),,0, + (n—m)Ar (4a)
— I"(Ar),,<, + CN + (n—m)Ar (4b)
— CN™ +1+nAr (4c)

We investigate all four product pathways using a photo-
electron velocity-map imaging spectrometer to collect elec-
tron signals!'” or a secondary mass analyzer (10 ps flight) for
detection of ionic photoproducts.!'’!

Along with direct detachment, photodetachment produ-
ces neutral ICN together with low-kinetic-energy (KE)
electrons that have a KE independent of the photon energy.
Beyond the expected photodissociation products, the addition
of a single Ar atom (which is only bound by about 50 me V"))
results in the formation of recombined ICN™. The common
theme of these experimental findings is the large amount of
internal energy that must be deposited into the neutral or
anion product. For the photon energies used in these experi-
ments, most of the excess energy is in the [-C bond. Energy
transfer between the low-frequency I—C stretch and the high-
frequency C—N stretch will be inefficient. In contrast,
quantum dynamics calculations indicate quick and efficient
energy transfer into CN rotation following photoexcitation.
Thus, it is likely that CN rotation plays a vital role in storing
considerable amounts of internal energy.

The extraordinary energy-storage ability of ICN can be
seen in electron photodetachment from ICN ™. Direct detach-
ment produces a standard photoelectron spectrum that is
readily characterized in terms of neutral ICN electronic
states.'!! However, for photon energies between 2.5 and
4.2 eV, photodetachment produces additional discrete low-
KE electrons (5-10% of total).""! These photon energies are
insufficient for dissociative photodetachment and, as such, the
ICN product (EA(ICN)=1.35 V")) must contain 1.15 to
2.85 eV of internal energy. This high degree of internal energy
permits access to both the ICN and INC isomers. As Figure 2
shows, the indirect detachment signal in the spectrum has
a shape that is independent of the photon energy. Addition-
ally, the spectrum remains unchanged in the photodetach-
ment of ICN™(Ar). Electron ejection by an indirect process
must occur with a time delay following photoabsorption. The
relative cross-section (see Figure?2) for this process is
consistent with two peaks that are optically allowed ICN™
doorway states into a dense ICN~ bath, from which quasi-
thermal electron emission occurs. CN rotation, hindered or
free, will be essential toward obtaining a sufficient density of
states to allow the anion to act as a heat bath.

The 2.5 eV excitation of ICN™ yields predominantly I" +
CN products. For ICN™(Ar), (n=1-5), I"-based products
remain the dominant channel in the photodissociation but
with an unexpectedly high degree of fragment-ion solva-
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Figure 2. Partial photoelectron spectrum (PES) of ICN™ showing the
intensity for the most prominent region of low-KE electron signal as

a function of electron kinetic energy (eKE) and photon energy. Top
trace: PES at a photon energy of 3.7 eV showing the low-KE electron
features (indicated with arrows). Left-hand trace: relative cross-section
for producing the feature near 0 eV, over the photoexcitation range
shown (2.9 to 4.0 eV).

tion.'"”] For example, I"(Ar), is the most abundant product of
ICN™(Ar), photodissociation. This dominance of solvated
products requires that excess energy is transferred into
internal excitation of the fragments and not into solvent
evaporation. These results are in stark contrast to previous
studies on dihalides,'"? where the solvent loss from caged
products follows the evaporative ensemble model, dissipating
excess energy through evaporation of the neutral solvent.!’!

Our photodissociation studies also find a roughly 6%
recombination yield for ICN™(Ar),_s. Cage recombination for
a single Ar solvent is particularly surprising, especially for
such a weakly bound solvent. Moreover, the independence of
the caging fraction on n shows that a single, labile Ar is crucial
for recombination. The Ar—ICN™ potential is relatively
isotropic, allowing Ar to sample large regions of configuration
space about the chromophore. This leads to an occasional
collision between Ar and the departing CN fragment.
Recombination to stable ICN™ products cannot occur on
a dissociative state. Yet, ICN™ signal persists for more than
10 pus after photoexcitation, indicating that stable parent
anions indeed re-form. The weak binding energy of the Ar
solvent (ca. 50 meV) is insufficient to bridge the large energy
separation between the °I1,, state and the bound ground state
(800 meV). Meanwhile, ab initio calculations do find a shallow
(ca. 270 meV) potential well on the IT,,, surface of ICN~.")
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The only way that recombined anions can be trapped on the
excited ’I1,, surface is for a large fraction of the available
energy to be tied up in rotation of the CN moiety, forming
a complex between I~ and the trapped free rotor CN. This
[I"—CN] complex formation allows sufficient time for radia-
tive transfer back to the ground state, where a stable ICN™ can
form.

Additional evidence for the importance of the free
internal rotation of CN in [[T—CN] comes from quantum
dynamics calculations of the photodissociation of bare ICN~
on the °II;, potential energy surface.'” Promoting the
rovibronic ground-state wavefunction (J,,,=0) of the anion
onto the ’Il,, surface results in an increase in the I-CN
distance (R coordinate) owing to the dissociative nature of the
excited state. The calculations also show that the wave-
function spreads quickly along the CN rotational degree of
freedom (6 coordinate). The anisotropy of the *IT,, potential
efficiently couples R and 0, allowing the excited ICN™ to
explore both internal coordinates as it dissociates. As
illustrated in Figure 3, at r=0 the wavefunction only has
amplitude for values of 6 less than 50°; however, by 180 fs the
wavefunction has amplitude over all I-CN bend angles,
effectively making CN a free rotor. After 360 fs, the I-CN
separation has increased to about 12 A, and essentially all CN
orientations are equally probable. The calculations also show
that about 20 % of the available energy is partitioned into CN
rotation; furthermore, this fraction increases with initial bend
excitation. Additional calculations, artificially altering the
time scale of the CN rotation with respect to the ICN™
dissociation, illustrate that the longer CN samples the
anisotropic portions of the potential energy surface, the
more energy will go into rotation.
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Figure 3. Quantum dynamics calculation results for t=0, 180, and
360 fs following promotion of the ICN™ =" rovibronic ground-state
wavefunction (J,,;=0) to the ’II,, surface. Upper axis: propagation
times approximately corresponding to the increasing I-=CN distance.
The probability amplitude (black contours) is shown on the IT,,
potential energy surface (color) as a function of the Jacobi coordinates
R and 6.
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The calculations of bare ICN™ dynamics point to a mech-
anism for the one-atom cage effect that we observe in
ICN (Ar). In a small portion of the excited population,
collision of the CN fragment with Ar reduces the excess
energy remaining with the I” and CN components. Addition-
ally, the relatively slow dissociation of ICN™ allows ample
time to sample the anisotropic portions of the excited-state
potential energy surface, thus populating a reasonable degree
of rotational excitation in the CN fragment. Taken together,
these two processes tie up a considerable amount of energy,
allowing the [I"™—CN] complex a substantial excited-state
lifetime and, thus, a non-negligible radiative transition
probability. This mechanism gains support from photodisso-
ciation studies of neutral ICN in a cryogenic matrix, detecting
emission following cage-induced trapping on a weakly bound
excited-state surface.!""

Despite the lack of a conical intersection, the dynamics of
photoexcited ICN™ result in a highly rotationally excited CN
fragment. The ability of ICN™ to sequester substantial
amounts of energy in CN rotation enables both single-solvent
caging and the production of highly solvated photodissocia-
tion products. Additionally, this CN rotor allows the photo-
excited anion to serve as its own heat bath, thus enabling
quasi-thermionic electron emission. In all cases, CN rotation
(hindered or free) is a crucial part of the intramolecular
energy flow pathways and a major sink for internal energy.
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