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Observation of an isomerizing double-well quantum
system in the condensed phase
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Molecular isomerization fundamentally involves quantum states bound within a potential energy function
with multiple minima. For isolated gas-phase molecules, eigenstates well above the isomerization
saddle points have been characterized. However, to observe the quantum nature of isomerization, systems
in which transitions between the eigenstates occur—such as condensed-phase systems—must be studied.
Efforts to resolve quantum states with spectroscopic tools are typically unsuccessful for such systems.
An exception is CO adsorbed on NaCl(100), which is bound with the well-known OC-Na* structure.

We observe an unexpected upside-down isomer (CO-Na®) produced by infrared laser excitation and
obtain well-resolved infrared fluorescence spectra from highly energetic vibrational states of both
orientational isomers. This distinctive condensed-phase system is ideally suited to spectroscopic
investigations of the quantum nature of isomerization.

irect conversion of molecules between
their isomeric forms requires methods to
reorganize bonds between constituent
atoms. Such methods include thermal
activation, laser-stimulated excitation
(I-4), and electron-stimulated excitation (5-7).
Understanding the quantum nature of isom-
erization is still a missing cornerstone in
chemical science, as transitions between the
quantum states involved in isomerization have
never been detected. Stimulated emission
pumping spectroscopy (8, 9) has been used
to examine the eigenstates of gas-phase sys-
tems capable of undergoing 1,2-hydrogen
transfer reactions: e.g., HCN = CNH (10-12),
HC=CH = :C=CH, (I3, 14), and HCP = CPH
(15). Yet even for these systems, it is chal-
lenging to detect quantum states from both
isomers. Up to now, the most detailed quantum-
state-resolved study employed high-resolution
photoelectron spectroscopy to probe the
HC=CH = :C=CH, isomerization reaction
and showed that the eigenstates of the in-plane
rocking mode of vinylidene have appreciable
acetylenic character (16). For symmetric systems
that resemble chemical isomerization, such as
the geared tunneling motion of the hydrogen-
bonded HF dimer, HF:---HF = FH---FH, delo-
calized states can be unambiguously identified
from tunneling splitting (17).
Despite advances in understanding the vi-
brational character of these double-well sys-
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tems (I8, 19), isomerization requires interactions
with the environment that induce transitions
between states. Hence, it would be desirable to
extend quantum-state-resolved spectroscopy
to temporally evolving systems in condensed
phases. Unfortunately, the quantum states of
condensed-phase systems generally cannot be
spectroscopically resolved, and the theory
needed for comparisons to experiment is much
more demanding than that for small isolated
molecules. We recently reported infrared emis-
sion spectra from monolayers of CO adsorbed
at a NaCl(100) surface (20, 21) using a spectro-
meter based on a superconducting nanowire
single-photon detector (SNSPD) (22). Infrared
laser excitation produced vibrationally excited

CO by vibrational energy pooling (23), which

could be accurately described by a kinetic Monte
Carlo simulation (2I). The interactions of the
CO molecule with the NaCl lattice were de-
scribed by a Sommerfeld ground-wave limit in
which energy flow to the surface is dominated
by electrodynamic interactions instead of the
anharmonic interatomic forces that are nor-
mally much more important (27). These findings
reflect the importance of electrostatic inter-
actions in this system.

Here we present quantum-state-resolved in-
frared spectroscopy of two orientational iso-
mers of a monolayer of CO on NaCI(100)
observed in both absorption and emission.
The ground-state orientation exhibits a short
C-Na distance with the CO bond axis close to
the surface normal; a less stable orientational
isomer has a short O-Na bond with the bond
axis tilted farther from the surface normal.
Hereafter, we refer to these species as C-down
and O-down, respectively. Vibrational energy
pooling produces CO adsorbates with energies
up to 6 eV, leading to infrared emission from
well-resolved quantum states of both isomers.
In fact, infrared laser excitation converts a
substantial fraction of C-down to O-down. The
lifetime of back-conversion to the C-down
structure is short (S 10%s) at a surface temper-
ature of 7 K. If we bury this monolayer under a
weakly interacting CO overlayer, the lifetime
of the O-down isomer becomes indefinite.
From these data, we derived vibrational con-
stants for both isomers in the monolayer and
the buried monolayer. The shifts in the vibra-
tional constants of the two orientational iso-
mers referenced to the isolated gas-phase CO
molecule obey a simple electrostatic model

12F°

10

Intensity (arb. u.)

J

red-shifted

E

o

1 1 1 1
2800 3000 3200 3400

$
—: ] 982

3600 blue-shifted

Emission frequency (cm_1)

Fig. 1. Dispersed fluorescence spectrum from a monolayer of CO undergoing energy pooling.

Two vibrational progressions shown by combs obey the simple anharmonic oscillator formula of Eq. 4,

allowing derivation of precise vibrational constants for both progressions. One progression represents an
anharmonic oscillator with blue-shifted frequencies compared with those of gas-phase CO; the second progression
appears with red-shifted frequencies. The blue- and red-shifted oscillators are assigned to orientational isomers

of CO at the NaCl interface, atomic scale representations of which are shown. Only overtone emission (Av = -2) is
shown, and the emission signal is integrated during the initial 200 us after laser excitation. arb. u., arbitrary units.
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that also describes the stable structures of the
two isomers.

Figure 1 shows a section of the dispersed
infrared fluorescence spectrum in the region
of the first overtone obtained after pulsed IR
excitation of the *C'™®0(v = 0 — 1) transition in
a 2’80 monolayer sample. A process of rapid
vibrational energy pooling leads to infrared
emission from a manifold of vibrationally ex-
cited states of CO between v = 4 and 30. Pop-
ulating vibrationally excited states results first
from a sequence of energy transfer processes
shown in Eq. 1.

CO(1) 4 CO(1) — CO(2) + CO(0) + Ae(2)
CO(2) + CO(1) — CO(3) + CO(0) + Ae(3)

CO(v) + CO(1) —» CO(v + 1) + CO(0) + Ae(v+1)

1)

Here the integers represent CO’s vibrational
quantum number, v. These processes collect
or “pool” vibrational energy into a fraction of
the CO sample, eventually depleting the laser-
prepared CO(v = 1) population. The highest
value of v reached by these processes occurs
when Ae(v)—the energy release, which in-
creases monotonically with v—exceeds the
energy of the highest-frequency transverse
phonon of NacCl (21). This occurs above v = 7.
Slower but still important processes allow pool-
ing to even higher vibrational states.

CO(n) + CO(m) — CO(n + 1)+

CO(m — 1) + Ae(n, m) (2)
Again, only those processes in which Ae(n, m) is
less than the highest transverse phonon energy
are important; m and n are between about 7
and 25. The larger average distance between
these molecules reduces the rate of pooling.
With the use of an improved SNSPD-based
spectrometer (24), two spectral progressions were
resolved and assigned according to the combs
of Fig. 1. We fit these two vibrational progres-
sions using an energy expression for a harmon-
ic oscillator with two anharmonic corrections

E(v) = hewe(v+1/2) —

hewee (v +1/2)* + heweye (v +1/2)°  (3)

where £ is Planck’s constant, c is the speed
of light, w, is the harmonic frequency, and
weZe and wey, are anharmonic constants. The
anharmonic nature of the C-O bond leads to
an increasing shift of the overtone emission
wave number, v, to lower values with increas-
ing vibrational quantum number as can be
seen from Eq. 4

1 E(v)—E(v—2)
A he
(—4v + 2)0ee + (6'()2 — 60+ 7/2)0cye (4)

=20, +
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Fig. 2. Calculated dependence of the spectral frequency shift on the molecular orientation. (A) Changing
the orientation of CO at NaCl results in frequency shifts due to electrostatic interactions with its surroundings.
This spectral shift is calculated explicitly for the v = 0 — 1 transition. Green ovals indicate global minima on the
electrostatic potential for CO(v = O) with a C-down orientation. Black ovals indicate local minima for the O-down
structure separated by a barrier much larger than kgT (kg, Boltzmann constant; T, temperature). Minima
indicated by the same color correspond to identical orientations. The model predicts a blue shift for the C-down
structure (+15.9 cm™) and a red shift for the O-down structure (-3.9 cm™). Al shifts in wave number

are relative to the isolated gas-phase molecule. (B) Vibrationally adiabatic electrostatic potential surface for
the rotation of a single CO(v = 0) molecule in the monolayer structure. The contour lines show multiples

of 75 cm™. Contour lines for 5 and 10 cm™ have been added around 6 = 0° to illustrate the shallow global
minimum. (C) Cut through the potential surface at ¢ = 90°, as indicated by the dashed line in (B).

where A is the emission wavelength. The fitting
procedure leads to precise values of we, ®eZe,
and w. Y. for both spectral progressions. Table S1
displays these vibrational constants and extra-
polated fundamental frequencies, along with
reported values for gas-phase *C'®0. The fun-
damental frequencies of the two emitters are
shifted from that of the gas-phase molecule,

but in opposite directions (+7.6 and —-9.3 cm ™).
The harmonic frequencies w. show similar
shifts, and wea. and wey, are slightly increased
for both emitters.

The changes in the spectroscopic constants
can be understood as a perturbation of the
gas-phase molecule due to electrostatic inter-

actions with its environment. A CO molecule
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Fig. 3. Polarization- 0.006 ’J__‘without exciton splitting :
dependent FTIR spectrum (dynamic) exciton splitting |
of the two emitters in a 0.005 | |
buried monolayer. (A) The '
¢80 monolayer was
prepared on NaCl(100) and 3 0.004 I after preparation A
covered with ~100 mono- g
layers of *2C'®0. Similar to the g 0.003 |- 7
bare monolayer, the C-down < A AA‘after laser excitation B
structure shows a doublet 0.002 o= i) 5 oo
with frequencies at 2048.2 2 e
and 2053.5 cm™ due to 0.001 b £ S 4
vibrational exciton splitting. {“ {v )
The splitting and the esti- 0.000 F z z after annealing 9...«.
mated frequency without ) | ] N .
splitting, as it would appear in 2020 2040 2060 2080

emission, are indicated above
the peaks (24). (B) The same
sample has been irradiated

Absorption frequency (cm-1)

with an infrared laser, inducing vibrational energy pooling in the buried 3C*¥0 monolayer. The C-down
absorption is reduced in intensity and a new absorption appears red-shifted by ~15 cm™, consistent with
the prediction of the electrostatic model presented in Fig. 2. The red and blue bands indicate the positions of the
BC180(v = 0 — 1) transition, as predicted from the vibrational constants of table S1 derived from the infrared
emission spectrum in fig. S3. The vertical line labeled “without exciton splitting” should be compared to the

blue band. (C) FTIR spectrum obtained after annealing the sample to 22 K for 20 min. The O-down isomer has
been converted back to the C-down structure. For all three curves, black and red spectra were recorded with a

p- and s-polarized light source, respectively, and the effective resolution is ~0.7 cm™. Small absorption features due
to impurities in the overlayer have been subtracted from all three spectra.

in vibrational state v will exhibit first-order
energy corrections described by

oF
EY =£(3,0)Fuy, +8(9,0) 5 Ouo

0*’F
+h(37¢)@gvv+ (5)

when interacting with the local electric field,
F, at a distance 2 from the NaCl(100) surface.
Here, W,,, O, and Q,,are the expectation
values of the dipole, quadrupole, and octopole
moments of CO in the vibrational state v.
f(9,0), g(9,0), and A(D, ¢) describe the orien-
tation dependence of the interactions. As in
Eq. 3, the expectation values of the multipole
moments can be represented as a power series
in (v+ 1/2). For a given orientation, linear
terms in (v +1/2) give rise to a shift in we,
whereas quadratic and cubic terms lead to
shifts in we2. and weye, respectively. Therefore,
the emission frequencies of vibrational states
below v = 5, for which the multipole moments
are well described by a linear function (table S3),
should show the same shift relative to the gas-
phase frequencies. In fact, the experimental
frequency shifts for v < 10 are identical within
the uncertainty of the measured peak positions.
For higher vibrational states, electrostatically
induced changes in the anharmonic constants,
weZe and weYe, produce additional contribu-
tions to the frequency shifts. Unfortunately,
accurate values of |, ©,,, and Q,, are not
available for such high states, and this pre-
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vents a meaningful comparison of the ex-
perimentally observed frequencies with the
predictions from an electrostatic model. There-
fore, in the following analysis we restrict such
comparisons to the observed fundamental fre-
quency shift, where anharmonic contributions
can be neglected.

The blue and red shifts of the fundamental
frequencies from the gas-phase value are a di-
rect result of the two emitters exhibiting dif-
ferent orientations on the NaCl surface. To
envision this, consider the dipolar contribu-
tion to the interaction with the local electric
field of the surface for the C-down molecule.
In this case, the interaction is attractive, but
because |po| is greater than |uy|, the v = 0
state is more stabilized by the interaction than
is the v = 1 state—this gives rise to a blue-
shifted transition. For the O-down molecule,
the interaction is repulsive and, for the same
reason, the v = 1 level is less destabilized than
the v = 0 level—this gives rise to a red shift.

All multipole interactions with the surface
and the neighboring CO molecules must be
considered to correctly obtain the frequency
shift. We have constructed an electrostatic
model of the frequency shift including dipole,
quadrupole, and octopole contributions (24).
The calculated fundamental frequency shifts
depend on two orientational angles (Fig. 2A).
In this model, the CO bond of the C-down
molecule is nearly normal to the surface with a
tilt angle 6 = 4° (Fig. 2, B and C). The O-down
molecule is found at 6 = 134° (i.e., the CO

bond is tilted by 46° from the surface normal).
The calculated frequency shifts of +15.9 and
-3.9 cm ™ for the C-down and O-down isomer,
respectively, as well as the total frequency
splitting are in good qualitative agreement with
the experimental shifts of +7.6 and -9.3 cm ™. A
similar positive offset is observed for the fre-
quency shift of an isolated CO molecule ad-
sorbed on NaCl (24). This analysis shows that
both emitters are perturbed gas-phase CO mol-
ecules, altered by their electrostatic interac-
tions with the NaCl surface and nearby CO
molecules, and that they result from different
orientational isomers.

Although only the C-down species is excited
to v = 1 initially, the vibrational levels of both
orientational isomers are close in energy and,
thus, energy transfer processes as in Egs. 1 and
2 are also possible between molecules in dif-
ferent orientations. Assuming that the total
vibrational energy is evenly distributed be-
tween C-down and O-down, a crude estimate
of the steady-state fraction of O-down mole-
cules (46%) can be derived from the average
intensity ratio between equal vibrational states
in Fig. 1. The O-down isomer in the monolayer
does not convert back to the C-down structure
during the ~10 ms in which infrared fluores-
cence is observed. But its lifetime is sufficiently
short that an absorption or laser-induced fluo-
rescence (LIF) excitation spectrum for the
0O-down species could not be obtained (we re-
quire minutes to move the sample into posi-
tion for an absorption experiment or to attempt
to record a LIF spectrum of the O-down isomer).

The O-down isomer can, however, be stabi-
lized indefinitely if we perform the vibrational
energy pooling experiment on a buried mono-
layer. Using pulsed molecular beam dosing
(fig. SIB), a **C'®0 monolayer sample was pre-
pared on NaCl(100), and a 2C*®0 overlayer
was deposited on top of it. Just as for the
uncovered monolayer, we observe vibrational
energy pooling and infrared emission spectra
that show two emitters (C-down and O-down)
when the infrared laser is used to selectively
excite ">C™®0(v = 0 — 1) in the buried mono-
layer (fig. S3).

The long lifetime of O-down CO in the buried
monolayer allows us to obtain its infrared ab-
sorption spectrum. Figure 3 shows three Fourier
transform infrared (FTIR) absorption spectra
obtained with various treatments of the buried
monolayer. Initially after sample preparation,
only the C-down species is present with ab-
sorption features at 2048.2 and 2053.5 cm™,
blue-shifted from the CO gas-phase absorption
at 2043.7 cm ™. The strong polarization depen-
dence of the absorption results from the geom-
etry of the experiment and the near-normal
orientation of the CO bond in the adsorbed
species (25, 26). After ~6000 pulses of IR light
have irradiated the sample and induced vibra-
tional energy pooling, the absorption of C-down
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is reduced and a new absorption is seen at
2037 ecm™, red-shifted from the gas-phase value.
The red and blue bands of Fig. 3 indicate the
predicted positions of the *C*®0(v = 0 — 1)
transition, as determined from the vibrational
constants of table S1 derived from the infrared
emission spectrum in fig. S3. The lack of a po-
larization dependence for the O-down absorp-
tion indicates a tilt angle, 6, consistent with the
predictions of the electrostatic model of Fig. 2.
Finally, Fig. 3C shows the full recovery of the
C-down isomer and loss of the O-down isomer
when the sample has been annealed to 22 K
for ~20 min.

In this work, we observed infrared emission
and absorption spectra of two orientational
isomers of CO adsorbed to NaCl(100) and dis-
covered how the C-down isomer can be con-
verted to the less stable O-down isomer through
infrared laser excitation. Our findings emphasize
that, in contrast to most previously studied
systems that exhibit a single orientation neces-
sary to form a chemical bond between the
molecule and the surface, adsorbates bound
by electrostatic interactions exhibit more di-
verse adsorption geometries that are more
easily interconverted, owing to the vibrational
dependence of the electrostatic interactions.
Ground-state CO has a dipole oriented as
C> 0% (table S3), which leads to an electro-
static bond with the C atom adjacent to a Na*
ion. In the high vibrational states observed in
this work, the dipole moment reverses sign
(C*0%), contributing a force that can rotate
the molecule to the O-down configuration. Yet
this simplified picture, although intuitively ap-
pealing, neglects a number of potentially im-
portant effects. If a full-dimensional potential
energy surface can be calculated, as has been
accomplished for other condensed-phase sys-
tems (27), quantum dynamics of isomerization
can be studied with theory and compared to
experimental results, leading to a deeper under-
standing of this phenomenon.
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Many future experiments are now possible.
Relevant to better understanding the quan-
tum nature of isomerization, the lifetime of
the O-down interconversion to C-down can be
directly measured, and state-to-state pathways
from one isomer to another can be mapped
using time-resolved pump-probe methods.
Beyond this, other examples of switchable
adsorbates are also likely to be found in the
future, because systems dominated by weak
electrostatic interactions are common. Can-
didates for future study include CO on other
salt crystals and CO on insulating solids such
as hydrogen-terminated diamond, hydrogen-
terminated silicon, and metal oxides. Because
substrate variation can strongly influence both
the vibrational energy pooling and the rela-
tive stability of the two isomers, controlled
switching between the isomers may also be
achievable. Electronic excitation of CO to the
a’I1 state also results in sudden changes in
both the sign and magnitude of the dipole
moment (28) that likely lead to reorientation
and intersystem crossing to the ground state.
The use of electronic excitation to induce isom-
erization in such condensed-phase systems
promises another experimental approach to
quantum-state-resolved isomerization. Such
detailed experimental studies provide a fruit-
ful breeding ground for new and accurate the-
oretical studies of condensed-phase quantum
isomerization.
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Upside-down molecules on a salt surface

The quantum states of molecules are usually measured in gas-phase studies to minimize collisions that would blur
the spectra. However, for carbon monoxide (CO) molecules adsorbed on a NaCl(100) surface, infrared emission from
even high vibrational states can be resolved. In quantum-state resolved spectra, Lau et al. found that infrared-laser
excitation of a monolayer of CO adsorbed on NaCl(100) forms an isomer in which CO binds to Na+ through its O
atom in an upside-down configuration (see the Perspective by Wu). These results could be understood with a simple
vibrationally adiabatic electrostatic theory, making this system convenient for studies of the isomerization chemistry.
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