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ABSTRACT: Rapid and repeated photon cycling has enabled precision metrology and the
development of quantum information systems using atoms and simple molecules. Extending
optical cycling to structurally complex molecules would provide new capabilities in these areas,
as well as in ultracold chemistry. Increased molecular complexity, however, makes realizing
closed optical transitions more difficult. Building on already established strong optical cycling
of diatomic, linear triatomic, and symmetric top molecules, recent work has pointed the way to
cycling of larger molecules, including phenoxides. The paradigm for these systems is an optical
cycling center bonded to a molecular ligand. Theory has suggested that cycling may be
extended to even larger ligands, like naphthalene, pyrene, and coronene. Herein, we study
optical excitation and fluorescent vibrational branching of CaO- , SrO- , and CaO- and
find only weak decay to excited vibrational states, indicating a promising path to full quantum
control and laser cooling of large arene-based molecules.

The repeated absorption and emission of photons by
atoms is the fundamental process that underlies many

advances in atomic, molecular, and optical science (AMO).
This optical cycling enables the technique of laser cooling, as
used for the deceleration of atoms emanating from a hot oven,1

and magneto-optical trapping.2 It is further employed for
quantum state preparation and readout,3−5 which enable
ultraprecise clocks,6−8 atom-based quantum simulators and
computers,9−11 and studies of single-quantum-state-controlled
ultracold chemistry.12−14

Extending optical cycling to a wide variety of molecules is
expected to bring a wealth of new science arising from their
rotational and vibrational states. However, the complexity of
molecules, as compared to atoms, brings new challenges for
optical cycling. In particular, a molecule that is optically driven
by a narrow band laser to an excited electronic state can decay
to excited rotational and vibrational states in the electronic
ground state. Thus, the molecule can end up in “dark” states
that are no longer excited by the laser. Despite the difficulties
of these dark state processes (i.e., “leakage” to excited
rovibrational states), optical cycling and laser cooling of
molecules has been accomplished by making use of symmetry-
driven selection rules and multiwavelength laser excitation to
“repump” rotational and vibrational dark states.15 The
diatomic molecules SrF,16 CaF,17,18 and YO19 were the first
molecules to be directly laser-cooled using this approach.
During the development of laser cooling of diatomic

molecules, experimental work toward laser cooling of
polyatomic molecules began with SrOH.20 Soon after, it was

proposed that low leakage to excited vibrational states (i.e.,
diagonal Franck−Condon factors) could be obtained in a class
of alkaline earth (I) “metal-oxide-radical” polyatomic mole-
cules, of which SrOH is an example.21 The general concept of
the use of nonbonding orbitals for quasi-closed transitions in
polyatomic molecules was also proposed.22 Since then, laser
cooling has been successfully demonstrated in the linear
triatomic molecules SrOH,23 CaOH,24,25 and YbOH26 and the
symmetric top molecule CaOCH3.

27 Recently, CaOH was
laser-cooled to temperatures <1 mK and confined in a MOT
by repumping only nine vibrational loss channels (scattering
∼104 photons).25,28

Two features of these molecular systems allow for successful
optical cycling. First, alkaline-earth(-like) metals (such as Ca,
Sr, or Yb) act as an optical cycling center (OCC) that is
bonded to an electronegative ligand. Second, and relatedly,
there are sufficiently few vibrational loss channels that
repumping is technologically feasible.29−31 The ionic bond
between the metal atom and the ligand leads to a localized
orbital of the valence electron near the metal atom.32 Hence,
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when this electron is excited, it only weakly couples to bond
stretching.
Building from the above principles and approaches, it was

recently shown theoretically that an alkaline earth(I)-oxide
unit attached to an electron-withdrawing ligand often led to a
lone, metal-centered optically active electron.33−35 This
electron’s orbital and environment is then qualitatively similar
to those present in previously laser-cooled molecules, and
therefore, strong optical cycling can be expected. Further, the
theoretical calculations suggested that increasing the electron-
withdrawing strength of the ligand by substitutions in the
ligand could improve optical cycling performance. Some of
these concepts were recently demonstrated for ligands
composed of phenyl and its derivatives,36 where it was
suggested that the alkaline earth oxide unit could be
considered a quantum functional group that could be used
to gain control of larger molecules and provide a generic qubit
moiety for attaching to large molecules and perhaps surfaces.
It is a tantalizing question whether even larger arenes would

possess favorable properties for optical cycling. This idea was
theoretically explored in ref 37, which found that larger rings in
polycyclic aromatic molecules begin to close the highest
occupied−lowest unoccupied molecular orbital (HOMO−
LUMO) gap of the ligands relative to the electronic transition
of the OCC. As the orbitals belonging to the arenes get closer
in energy to the otherwise isolated electronic transition, they
distort the potential energy surface and disrupt the vibrational

overlap between electronic states. Therefore, as the number of
rings is increased, the optical transition is expected to become
progressively less diagonal. However, even in this case it may
be possible to use an electron-withdrawing substitution around
the ring to increase Franck−Condon diagonality. It was
predicted that for ≥10 rings (ovalene), the HOMO−LUMO
gap will be closed to the point that the transition would cease
to be diagonal.37

Herein, we take the first step toward understanding the
functionalization of large polycyclic arenes with an optical
cycling center, which can act as a quantum functional group.
We report on the production and spectroscopic study of CaO
and SrO substituted naphthyl (Nap), measuring the optical
decay to vibrational states of the ground electronic state. We
present a solid-precursor-based production technique, which
could be generalized to produce a large variety of arenes in a
CBGB. Using this molecule source and the dispersed laser-
induced fluorescence (DLIF) technique,38−41 we detect and
characterize the optical excitation and decay of naphthol-based
molecules. We measure vibrational branching ratios (VBRs),
which quantify the probability of decay from an excited
electronic state to each vibrational state of the ground
electronic manifold and serve as a measure of the ability to
scatter a large number of photons. We observe that the
molecule CaO- has a VBR for the vibrationless transition of
96(1)%. We also compare the isomers CaO- and CaO-
and observe that for the latter, the transition becomes less

Figure 1. DLIF spectra of molecules studied in this work. Panels a(i−iii) are ball-and-stick representations of CaO2Nap, CaO1Nap, and SrO2Nap,
respectively. White spheres denote hydrogen, gray denote carbon, red denote oxygen, green denote calcium, and purple denote strontium atoms.
Also labeled are the only two distinguishable carbon bonding sites in naphthalene (1 and 2). Panels b(i−iii) are DLIF spectra after exciting the
A X transition for the molecular species a(i−iii) normalized to the peak height at 0 cm−1. Black lines are experimental data that result from
averaging ∼5000 repetitions. Panels c(i−iii) are B X excitations. All attributed peaks have been labeled as Svfi , where the first superscript defines
the excited state (A or B), the number v denotes the vth vibrational mode, the second superscript i defines the vibrational quantum number in the
excited state (always the vibrational ground state (v = 0) in the A or B state), and the subscript f is the vibrational quantum number in the ground
X state that the molecule decays to. Red lines represent fits to the DLIF spectra used to extract the VBRs for each decay pathway. Peaks marked
with † represent contaminant peaks that cannot be ascribed to theoretically estimated harmonic modes or the overtones of the molecule of interest.
The peaks marked with * are due to collision-induced transitions between the B and the A states. The peaks marked * and † have been excluded
from VBR estimation.
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diagonal. Finally, we also perform spectroscopy on SrO-
and find it also to be favorable for optical cycling.
Details of the experimental setup are provided in the

Supporting Information.42 Briefly, molecules are produced in a
CBGB source via ablation of a solid precursor consisting of
CaH2 or SrH2 powder mixed with 1-naphthol or 2-naphthol
powder. The molecules are cooled by the buffer gas and are
optically excited with a pulsed laser (OPO). The dispersed
fluorescence spectrum is obtained by collecting molecular
fluorescence light through a spectrometer onto a camera.
The four lowest-energy states of the molecules studied in

this work can be represented as X A2 , A A2 , B A2 and C A2 in
the Cs molecular symmetry group.31 We explored the
transitions between the ground vibrational state of the ground
electronic state (X) and the ground vibrational state of the two
lowest electronically excited manifolds (A and B, Figure 2a). In
the case of the A X decay, we observe that the decay is
predominantly to the ground-vibrational mode (denoted by

00
0A ), with a small amount to the first Ca−O stretching mode

51
0A , for both CaO2Nap (Figure 1b(i)) and SrO2Nap (Figure

1b(iii)), and 61
0A and 71

0A for CaO1Nap (Figure 1b(ii)).
In the case of B X decay, we observe similar behavior

with the dominant decay to the ground vibrational mode ( 0 )B
0
0 .

We also note that in every case, the excited molecules in the B
state can decay to the lower energy A state via collisional
relaxation. This process has been observed in similar
experiments.36,43,44 If a significant fraction of the molecules
in the B state decay via collisional relaxation, we expect to see
not only the 0A

1
0 decay but also the higher vA

1
0 vibrational

decay peaks. Such collisional relaxation peaks are denoted with
* in Figure 1c(i−iii). It is interesting to note that the reverse
process of collisional excitation from A B is also observed
in the experiment, albeit at a much lower level than the B A
process. This is possibly due to energetic collision partners.

We fit the DLIF spectra to a series of Pearson distributions42

and plot the result of the fitting in Figure 2b,c. In principle, a
measurement of the VBRs requires knowledge of all vibrational
modes, including any that may not be observed due to either
insufficient measurement sensitivity, obstruction by spurious
peaks, or because the corresponding decays lie outside of the
detected range of wavelengths. Instead, we plot the ratio of the
intensity of each observed peak to the sum of the intensities of
all observed peaks. We plot this quantity for both experiment
and density functional theory calculations for comparison
(details can be found in the Supporting Information). The
A X (Figure 2b) and B X (Figure 2c) decays show
good agreement with theory for the dominant decay channels (
00

0 for all three, 51
0 for MO2Nap, and 61

0 and 71
0 for CaO1Nap).

Theory, however, fails to predict significant decay to the
bending mode of the M−O-C bond (2 )1

0 for MO2Nap. We
speculate that this discrepancy is due to vibronic couplings
among and anharmonicities within the low-frequency
modes,35,36,45,46 which are beyond the scope of the calculations
presented in this work. However, our calculations predict a
significant bending contribution for CaO1Nap for both the
first (2 )1

0 and second (2 )2
0 harmonics (Figure 2). The

contribution of the bending mode for CaO1Nap is by far
the highest among all species examined here and the CaO- -X
molecules examined in ref 36. This is likely related to the fact
that the CaO group in CaO1Nap is bonded to the carbon at
position 1 of naphthalene (Figure 1a(ii)). This bonding site
leads to a higher proximity to nearby carbon and hydrogen
atoms and hence a greater mixing with the naphthol orbitals
upon bending motion.47

In order to estimate the VBRs, we consider four systematic
effects, as described in the Supporting Information. These
include contributions of unobserved decays, population in
vibrationally excited levels of X , fluctuations in excitation light
power, and calibration of the spectrometer response. These
sources of systematic uncertainty are added in quadrature with
the statistical uncertainty of the fits to give upper and lower

Figure 2. Energy level diagram and intensity ratios of all observed peaks for the three molecular species studied in this work and their comparison
with theory. (a) Electronic energy levels (X , A, and B) and vibrational energy levels (v0 to v35) for CaO2Nap. Solid arrows indicate OPO
excitation wavelengths. Dashed lines represent decays to vibrationally excited states (spacings are not to scale). Adjacent to the energy levels are
MO representations of the ground (X) and both excited A (in-plane) and B (out-of-plane) states. (b) Intensity ratio of all observed peaks for
A X decay and (c) B X decay. Vibrational modes are denoted as vM for the Mth vibrational mode, and NvM implies that N vibrational
quanta are excited. Molecules are, from left to right: CaO2Nap, CaO1Nap, and SrO2Nap. Circles denote experimental intensity, while bars are
from theory. Error bars are statistical standard errors from fits.
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uncertainty bounds for each vibronic decay in Table S1. We
show the determined diagonal VBR for the A X decay in
Figure 3a and the B X decay in Figure 3b, together with the
theoretical predictions.
Our data elucidate the correlation between certain physical

properties of calcium-based molecules with the electron-
withdrawing property of the ligand. Naphthol can be compared
with other proton donors based on their acid dissociation
constant or pKa. A smaller pKa implies a more ionic O−H
bond. We plot the excitation energies obtained for the A X
and B X transitions for CaO1Nap and CaO2Nap as a
function of pKa of the corresponding naphthols in Figure 3c in
comparison to the excitation energy trend for CaO- and
derivatives obtained from ref 36. The B X excitation
energies closely follow the trend defined by the B X
transitions of the phenol derivatives. However, the A X
excitation energies deviate significantly from the trend. We
attribute this effect to the fact that the B state orbital is out-of-

plane to the naphthalene rings while the A state orbital is in-
plane.48 Because of the proximity with other carbon and
hydrogen atoms, the bending force constant of the A state can
significantly deviate from a pure CaO- -X bond (see Figure 3c
insets).
Finally, in order to understand the potential for optical

cycling and laser cooling, which is determined not only by the
VBR, but also by the strength of the optical transition, we
measure the lifetime of the A and B states. This is done by
varying the delay between the OPO excitation and camera
acquisition in steps of 5 ns (see Table 1). The lifetimes for all
measured states are roughly 20−30 ns, similar to other
molecules belonging to the CaOX family and compatible with
maximum photon scattering rates of ∼106 s−1.24

In conclusion, we demonstrate that a class of molecules
based on a bicyclic aromatic compound, naphthalene, is
favorable for optical cycling when functionalized with a
calcium- or strontium-based optical cycling center. We

Figure 3. 00
0 VBR for the three molecules studied in this work and excitation energy as a function of pKa. (a) primary VBR for the A state ( 0 )A

0
0 and

(b) primary VBR for the B state ( 0 )B
0
0 for the three molecules, from left to right: CaO2Nap, CaO1Nap, and SrO2Nap. Experimental results

(circles) are shown together with theory (diamonds). Error bars are a combination of statistical and systematic uncertainties. (c) X A excitation
energies are depicted as circles, and X B excitation energies are depicted as squares for CaO1Nap (pKa = 9.34) and CaO2Nap (pKa = 9.51).
Dashed line is excitation energy vs pKa trend for CaOPh-X derivatives taken from ref 36. Insets are MO representation of each electronic state. B
state energies lie close to this trend line while A state energies deviate significantly, likely due to in-plane orbitals in the A state.

Table 1. Excitation Wavelength Relative to the Ground Vibrational (X̃) State (nm) and Measured Lifetime (ns) for the
Nonvibrating Ã and B̃ Electronic Excited States of the Three Molecules Measured in This Worka

aThe uncertainty in wavelength estimation is the same for all measurements and is given by the spectral resolution (∼0.05 nm) of the optical
spectrum analyzer used to measure the OPO center wavelength, which in turn was used to convert the camera pixels to wavelength. The lifetimes
are obtained from exponential fits to the DLIF signals as a function of delay. The error bars are standard errors of fits.
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establish a method that allows for the chemical formation of
naphthol derivatives in a CBGB and could possibly be
extended to larger arenes. Using DLIF spectroscopy, we
measure that ∼96% of photon scattering events do not result
in a change in the vibrational state of the molecule CaO- ,
which should allow for efficient optical cycling. We elucidate
the role of geometry in decoupling the electronic and
vibrational degrees of freedom by showing that the spatial
proximity of the ligand in CaO- causes a measurable decrease
in 00

0 VBR and stronger excitation of other vibrational modes.
The use of Sr (instead of Ca) might provide a technological
advantage through the use of laser-diode-accessible transitions,
while still providing a high 00

0 VBR (∼93%). Rotational closure
for asymmetric top molecules is possible with 1−2 lasers per
vibrational repump,31 enabling rapid photon cycling. Optically
enabled quantum state control of aromatic molecules could
permit studies of chemical reactions via molecular colli-
sions.49,50 This work provides the stepping stone for the study
of even larger aromatic compounds37 or even surfaces51 with
quantum control over all degrees of freedom, opening new
avenues in quantum chemistry. Finally, these measurements
indicate that rapid photon cycling will be possible, which will
enable laser cooling to the ultracold regime and fast and
efficient quantum state manipulation of large arene molecules.
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