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Editors’ Suggestion

Vibronic coupling limits the use of high-lying electronic states in complex molecules for laser cooling
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Laser cooling of large, complex molecules is a long-standing goal, instrumental for enabling new quantum
technology and precision measurements. A primary consideration for the feasibility of laser cooling, which
determines the efficiency and technical requirements of the process, is the number of excited-state decay
pathways leading to vibrational excitations. Therefore, the assessment of the laser-cooling potential of a molecule
begins with estimate of the vibrational branching ratios of the first few electronic excited states theoretically to
find the optimum cooling scheme. Such calculations, typically done within the Born-Oppenheimer and harmonic
approximations, have suggested that one leading candidate for large, polyatomic molecule laser cooling, alkaline
earth phenoxides, can most efficiently be laser cooled via the third electronically excited (C) state. Here,
we report the first detailed spectroscopic characterization of the C state in CaOPh and SrOPh. We find that
nonadiabatic couplings between the A, B, and C states lead to substantial mixing, giving rise to vibronic states
that enable additional decay pathways. Based on the intensity ratio of these extra decay channels, we estimate
a nonadiabatic coupling strength of ~0.1cm™'. While this coupling strength is small, the large density of
vibrational states available at photonic energy scales in a polyatomic molecule leads to significant mixing. Only
the lowest excited state A is exempt from this coupling because it is highly separated from the ground state. Thus,
this result is expected to be general for large molecules and implies that only the lowest electronic excited state

should be considered when judging the suitability of a molecule for laser cooling.

DOI: 10.1103/kw2m-hplp

I. INTRODUCTION

State-controlled molecules at ultracold temperatures en-
able broad applications, including molecular quantum in-
formation platforms [1-6], precision search of fundamental
physics [7-10], and chemistry at low temperatures [11-15].
Extending this control to large molecules can bring more
complex organic structures into the quantum regime, allowing
chemical, and even biochemical, studies in unprecedented
details. Laser-cooling, where the interaction of a system with
photons is engineered to provide dissipation, is one of the
leading techniques for state-controlled molecule production
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[16,17]. Laser-cooling relies on repeated optical cycling—
excitation-emission between two electronic states—which is
straightforward to perform in atoms but more challenging in
molecules because of their vibrational degrees of freedom.
For successful laser cooling, the emission should return the
molecule primarily to the same vibrational state from which
it was excited, creating a complete optical cycle. However, it
is common for molecules to populate additional vibrational
states in the emission process, as illustrated in Fig. 1(a). The
difficulty of finding molecules in which vibrational branching
is suppressed has limited the use of this technique to a few
small molecules [ 18—-24]. The effect of undesirable vibrational
branching can be mitigated by using additional lasers, but
in large molecules this approach soon becomes impractical
due to a large number of vibrational states accessible upon
decay [25]. Within the Born-Oppenheimer (BO) framework,
the extent of vibrational branching is typically quantified by
the Franck-Condon factors (FCFs)—overlaps between vibra-
tional wavefunctions of the two electronic states [Fig. 1(a)].
In an ideal molecule, the FCFs are “diagonal”’—that is, only
transitions between states with the same vibrational quantum
numbers are possible. In the BO framework, this can be
achieved when the potential energy surfaces of the two cycling
states are parallel—a situation uncommon in chemistry since
the electronic excitation generally affects molecular bonding,

Published by the American Physical Society
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FIG. 1. (a) Optical cycling—Ilaser transitions (solid lines) and decay pathways (dashed lines). In laser-coolable molecules, the spontaneous
emission must be confined only to a few vibronic branchings with a dominant decay to the ground vibrational level. (b) Molecular orbitals
of the ground X and first three excited electronic states A, B, and C of the MOPh (M = Ca, Sr) molecules. These metal-centered molecular
orbitals ensure similar potential energy surface across these states, leading to favorable FCFs between the same vibrational levels. (c) The
effect of nonadiabatic couplings (NACs) between BO states. Red and blue colors denote two (adiabatic) electronic states (lines) and respective
vibrational states. NAC gives rise to vibronic states that have contributions from both electronic states. (d) Density of MOPh (M = Ca, Sr)
vibrational states as a function of excess energy within a single electronic state. For complex molecules, the higher electronic states reside
in the dense vibrational levels of the lower electronic states, enhancing the effect of NACs. The two dashed lines indicate the relative energy

difference between C — A and A — X electronic states.

leading to significant changes in the shape of the potential
energy surface.

One solution to this problem is to functionalize large
molecules with an optical cycling center (OCC) [26-29], such
as an alkaline earth(I)-oxygen moiety in which the excitation
is localized on the metal atom. Figure 1(c) illustrates this con-
cept by showing the ground (X) and first three excited states
(4, B, and C) of OCC-functionalized molecules MOPh (M =
Ca, Sr; Ph = phenyl). When the M(I)-O moiety is attached to
the organic scaffold, optical excitation remains localized and
is thus decoupled from the rest of the molecule. Hence, the
electronic transition causes minimal changes to the molecular
structure, so that only a few vibrational channels might be
populated in the course of cycling. This allows favorable
optical cycling transitions to be maintained with increasing
molecular size [24,30]. In fact, OCC functionalization has
been successfully demonstrated for complex molecules such
as arenes [31-33] and diamondoids [34,35] with the diago-
nal vibrational branching ratio (VBR) exceeding 90%. These
favorable VBRs can be further improved with appropriate
chemical modifications of the molecular scaffold [36].

In Fig. 1(b), the ground state of MOPh is s-like and the
three excited states are p-like. Because of the molecular scaf-
fold, the threefold degeneracy is lifted, but all three excited
states show similarly high oscillator strengths, as expected
for s-p-type transitions. Hence, one can, in principle, consider
cycling schemes using any of the three states. Calculations
of FCFs show better (more diagonal) VBRs from the higher
electronic state C than from the two lower states, which can be
rationalized by a more localized orbital. The computed VBR
for the C — X transition is ~99%, which is a significant im-
provement compared to the ~96% VBRs for the decay from
the A and B states. This highly favorable VBR has motivated
experimental examination of the C state.

For diatomic and triatomic molecules such as CaH and
CaOH, it is possible to use higher electronic states for opti-
cal cycling [37,38]. However, it is an open question whether
higher electronic states can be leveraged for optical cycling
in larger molecules. In most photochemical processes in colli-
sional environments, nonradiative relaxation from the higher
electronic states to the lowest excited state is so effective

that only fluorescence from the lowest excited state is usually
observed; this is known as Kasha’s rule [39]. However, in
collision-free environments, as is typical for laser cooling,
conservation of energy dictates that Kasha’s rule does not
apply and the primary concern is nonadiabatic effects, given
the dramatically increased density of rovibronic states. These
nonadiabatic couplings result in the breakdown of the BO
(or adiabatic) approximation, which can dramatically alter the
predicted VBRs. Though in previous work we have explored
how anharmonic couplings within a single electronic state
enable Fermi resonances between a strong vibrational funda-
mental mode and a weak vibrational combination mode and
alter the VBRs via intensity borrowing [40], it was not known
whether the localized nature of the OCC transition provided
enough suppression of the NACs to allow laser cooling via
higher-lying electronic states.

Figure 1(c) illustrates the consequences of these NACs. In
the BO framework, the vibrational states of the two electronic
manifolds are noninteracting and the probability of transitions
is determined by products of the electronic transition dipole
moments and vibrational overlaps (FCFs). The NACs cause
state mixing and the resulting vibronic states have contribu-
tions from more than one electronic state. In the context of
laser cooling, these mixed vibronic states lead to additional
decay channels. Given the dense manifolds of vibrational
states in polyatomic molecules [see, e.g., Fig. 1(d)], even
small nonadiabatic interactions might lead to significant mix-
ing and the resulting additional decays might out-compete
the main optical cycling transition. Therefore, these couplings
must be carefully examined when designing laser-cooling
schemes involving higher electronic states [41].

In this work, we focus on the optical properties of the C
state of two OCC-functionalized molecules MOPh [M = Ca,
Sr; see Fig. 1(c)] and study their spectroscopy in detail. In
both cases, the C state shows signatures of NACs to rovi-
bronic states of the lower A and B states. In what follows,
we present experimental results showing that NACs result
in additional decay pathways, with their intensities similar
to or even stronger than the main optical cycling transition.
To describe these additional features, the theory must go
beyond the BO approximation. Here, we employ a vibronic
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FIG. 2. (a), (b) The DLIF spectra of CaOPh and SrOPh from the three excited states to the ground state. The spectra are normalized
and centered with respect to the 0-0 transition to facilitate the comparison. In the insets, we show enlarged views for branching decays into
the first few vibrational modes. Peaks are labeled as vif , where v denotes the vibrational mode, and i and f define the vibrational quantum
number in the excited and ground electronic states. The labels “Ex@A/B/C-X" indicate that the molecule is excited from the ground X state
into the vibrationless level of the excited A/B/C state, respectively, and the subsequent fluorescence spectra are taken. (c) The schematic of
fluorescence decays from the coupled C state as in Eq. (1). The “A-X” and “B-X” DLIF peaks are the vertical decays from the coupled A and

B components.

Hamiltonian approach of Koppel, Domcke, and Cederbaum—
the KDC Hamiltonian [42-44], which enables calculation of
vibronic states and transitions between them. When com-
bined with high-accuracy quantum-chemistry methods, such
as equation-of-motion coupled-cluster (CC) theory [45-49],
the KDC approach was shown to accurately describe compli-
cated vibronic spectra in various systems [50-52]. We present
results of such calculations, which provide insight into the ob-
served spectra. As a result, we conclude that large polyatomic
molecule laser-cooling schemes should only consider use of
the lowest electronic state.

II. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the measured dispersed laser-
induced fluorescence (DLIF) spectra obtained by exciting the
molecules into the vy levels of the three electronic states and
recording the subsequent fluorescence as a function of emis-
sion wavelength. These spectra are normalized to facilitate
comparison; each peak represents a decay channel to a vibra-
tional level of the ground state. Similarly to the previously
reported A and B states’ DLIF spectra [30,53], the decay
channels of the C state occur at the same relative frequencies,
confirming that this state is localized on the metal atom and
that the molecular structure changes minimally upon € — X
transition. The DLIF of the C shows, as expected from theory,
that vibration-changing decay to the lower-frequency modes is
indeed suppressed relative to decays from the A and B states.
(See the inset of Fig. 2. A table of measured and computed
VBRs of several MO-stretch modes for the three electronic
states is given in Appendixes.) However, the C state exhibits
strong decays at frequencies associated with diagonal decays
from A — X and B — X, which are labeled in Fig. 2 as
“A —X” and “B — X”. With intensities similar to or even
stronger than the diagonal decay on the C — X transition,
these decays significantly complicate optical cycling via the
C state.

At first glance, these peaks appear to arise from the A, vy)
and |B, vy) states, which could be produced by collisional re-
laxation of molecules excited to the C state. However, careful
assessment of their relative strengths as a function of molecule

density shows no variation (see Appendixes). Therefore, we
conclude that these decays result from intrinsic properties of
the C state. A potential origin of these peaks is from the diag-
onal relaxation of vibrationally excited A and B states that are
nonadiabatically coupled to the |C, vp) state. Since the C state
is higher in energy (~1400 cm™! above the A state), it is em-
bedded in a dense rovibronic manifold of the lower electronic
states. Figure 1(d) shows the density of vibrational states of
CaOPh and SrOPh calculated as a function of excess energy.
As can be seen, the density of the excited vibrational levels of
the lower A and B states reaches the order of ~10/cm™" near
the origin of the C state. As such, the excited molecular state
is no longer a pure C state, but has significant contributions
from other vibrational levels originating from the A and B
manifolds, i.e.,

W) =y ICov0) + D e, A va) + D ey, 1Bovy), (1)

Va Vb

where v,/v, denote vibrational states from the respec-
tive manifolds and ¢,,/c,, denote the mixing coefficient
of each state. In this scenario, the “A — X” and “B —
X” relaxation features result from decay of these mixed
|4, v,) and |B,v,) components into IX,v,) and [X,vp)
states. For an OCC-functionalized molecule, these diagonal
relaxations are the most probable and happen at similar wave-
length as the |A, vo) — |X, vp) and |B, v) — |X, vg) decays
[40]. The strong intensity of these features indicates substan-
tial coupling.

To further probe the vibronically mixed character of the
C state, we recorded the excitation spectra by scanning the
excitation laser frequency while monitoring the fluorescence
detection at the aforementioned vertical relaxation energies.
Here, the excitation process, e.g., |4, v,) < |X, vp), leads
to peak intensities that correlate with the FCFs, which par-
allel with the intensities in the corresponding relaxation
process |A, vy) < |X, v,) in the DLIF spectra. However, due
to saturation effects from the large available laser power,
more vibration-changing transitions can be resolved [40].
Figure 3(a) shows the measured excitation spectra while
probing at the “A — X” relaxation wavelength. At low vi-
brational energies, most peaks can be assigned based on the
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FIG. 3. (a) Measured excitation spectra (red line) for CaOPh (left) and SrOPh (right) probing at “A — X diagonal relaxations. The DLIF
scan (light cyan) from the |A, vy) state is shown for comparison. Near the |C, v,) energy, we observe multiple extra excitation peaks, which are
absent in the DLIF measurements (circled for clear identification). (b) Calculated excitation spectra including NAC terms. The colors indicate
components from A (blue), B (orange), and C (green) states. Because it is not practical to include NACs from all vibronic states, only a few
vibrational modes are included in the calculation. The qualitative match of the multiple peak structures near the C state confirms the presence

of NACs.

same vibrational branchings in the DLIF scan [the pale cyan
line in Fig. 3(a)]. However, near the C — X 0-0 transition
energy, many features are observed exclusively in the excita-
tion spectra. Their absence in the DLIF spectra indicates that
the corresponding vibrational modes have negligible FCFs.
As such, the presence of these peaks must result from NACs,
which create vibronically mixed states with the energetically
close |C, vp) level.

This interpretation of the observed spectra is supported by
calculations using the KDC vibronic Hamiltonian. Here, we
only consider linear vibronic coupling as a leading electronic
effect, while noting that other types of couplings are also
possible, e.g., spin-orbit, spin-rotation, etc. [54]. Figure 3(b)
shows the calculated excitation spectra for comparison. Near
the |C, vg) state, the multiple peak structure is roughly repro-
duced in the theoretical spectra, even with only linear vibronic
coupling, confirming the presence of extra vibronic levels; a
perfect match with experimental data should not be expected
as the calculations required to include all nearby vibrational
states and various possible NACs are too expensive. Instead,
candidate A and B vibrational modes are selected based on the
coupling strengths or proximity of their frequencies (see Ap-
pendixes for more details). Nonetheless, the qualitative match
establishes the importance of NACs in understanding such
spectra.

A mean coupling strength between C and A/B states can
be estimated from the intensity ratios in the DLIF spectra.
The coefficient of the C state component c¢ in Eq. (1) can be
estimated from the peak intensities as

e few["Ac AN R

Itotal Zvi |CVi|2AVi - Zi,vi |Civi|2Misz‘3 Zi,v, |Civi

2

2

where v; denotes the vibronic state, A is the Einstein coeffi-
cient, p is the transition dipole moment, and w is the transition
frequency to the ground state. Here, we approximate that tran-
sition dipole moments, as well as the transition frequencies,

are equal, given that the main decay channels are diagonal
involving no change in vibrations. For SrOPh, the C, v, re-
laxation peaks represent roughly 37% of the total intensity in
the DLIF spectra. Given the C state is located ~1400 cm™!
above the A state, the corresponding density of vibrational
states is calculated to be ~15 /cm’1 [see Fig. 1(d)]. There-
fore, we estimate from the experimental data that the C-A
coupling strength is on the order of ~0.1 cm~!. Similarly, for
CaOPh with a slightly higher density of states (~30/cm™"),
the C state intensity ratio is measured to be 0.22, producing
a coupling strength of similar scale (see Appendixes for more
details).

These results confirm that NACs between different
electronic states result in additional vibration-changing
decay pathways that would require repumping for successful
optical cycling; this adds more complexity to the already
complicated molecular laser-cooling schemes. While it may
be possible to mitigate the effect by shifting the energy levels,
for complex molecules with the ever-increasing number of
coupled vibrational states avoiding these couplings appears
practically impossible. For a relatively low density of states
(~10/cm™!), even a small coupling strength on the order
of 0.1 cm™! can mix a nearby A/B vibrational level into the
IC, vo) state. As a result, optical cycling using the A state
appears to be the only route for laser cooling large polyatomic
molecules.

Thus, an interesting question is: Can nonadiabatic coupling
of the |A, 0) state to high-lying vibrational states |X, vy) be
significant? If so, at sufficient mixing vibration-changing de-
cays at infrared wavelengths (e.g., to |[X, vy — 1)) could occur
and make optical cycling virtually impossible. To analyze this
question, consider laser excitation in the BO basis to |A, 0).
An NAC of strength €2 leads to population of rovibrational
states |X, v,) at a rate of I'y &~ (27 /h)Q2%p, where p is the
density of |X, v,) near |A, 0). Assuming that this popula-
tion would not return to |A, 0), as would be the case for a
large density of states and finite lifetime of |X,v,) due to
radiative decay to other |X, v!) states, this coupling leads to
loss from the optical cycling process. Good optical cycling
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requires scattering on the order of 10* photons; thus, for a
radiative lifetime 7 of |A, 0), we require 'y < 107%. As a
result, for a typical radiative lifetime of 10 ns, we require
Q?p <1078

The NAC coupling can be estimated as 2 = Q,F, where
2, characterizes the strength of the interaction and F is
the Franck-Condon factor between |A,0) and |X, vx). By
construction, OCC molecules have nearly diagonal Franck-
Condon factors; thus, F' can be expected to be extremely
small. Take SrOPh for example; the |X,vy) states near
the |A, 0) state have an average of approximately 45 vi-
brational quanta. As discussed in Appendixes, a vibrational
mode with this many quanta typically has a Franck-Condon
factor with the ground state of roughly F < 107%; this
is likely an overestimate since the majority of the combi-
nation modes involve vibrations far away from the metal
center, which have weaker FCFs. Therefore, optical cy-
cling requires p < 10%2/Q2/cm~!. Thus, even if , was
as large as the energy of |A,0) (15000cm™'), the re-
quirement is easily satisfied. Further, as more atoms are
added to the molecule, the number of low-frequency modes
increases leading to even smaller estimates for F (see
Table IV). Therefore, in general, laser cooling of OCC-
functionalized complex molecules does not appear to be
limited by NACs to the X state. This conclusion is supported
by recent work that has observed strong optical fluores-
cence in OCC-functionalized diamonoids [34] with up to 46
atoms.

III. CONCLUSION

In summary, we have studied CaOPh and SrOPh as model
systems to examine the NACs and resulting vibronic mix-
ing of the three lowest excited states A, B, and C. Such
couplings mix the C state with the dense vibrational levels
of the lower A/B states, giving rise to vibronic states that
can decay via additional channels, thus deteriorating optical
cycling efficiency. Based on the observed mixing, we esti-
mate a coupling strength between the C and A/B states on
the order of ~0.1cm™~'. We note that the observed vibronic
coupling is not restricted to the molecules discussed above.
Similar features show up in the C state spectra of many
other OCC-functionalized molecules such as Ca/SrOPh-4-Cl,
Ca/SrOPh-4-Br, and Ca/SrOPh-3,4,5-3F (see Appendixes).

The ubiquitous presence of the NACs imposes an intrinsic
limit that precludes the use of any high-lying excited elec-
tronic states for laser cooling of complex molecules. As a
result, when working with large polyatomic molecules, which
exhibit a high density of rovibronic states, laser cooling should
be considered only using the first excited state for efficient
optical cycling.
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APPENDIX A: EXPERIMENTAL METHODS

The experiments were conducted within a cryogenic buffer
gas cell operated at temperatures of ~20K. CaOPh and
SrOPh molecules were produced by reacting the correspond-
ing organic vapor precursor (phenol) with the laser-ablated
Ca/Sr metal atoms. All chemicals were purchased from
Sigma-Aldrich and used without further purification. The
laser ablation was achieved by an Nd: YAG laser (Minilite II)
operating at 1064 nm with a pulse energy of approximately
6 mJ and a repetition rate of 10 Hz. The focused spot of the
ablation laser was continuously swept over the target using
a moving mirror to prevent fluctuations of production yield.
The phenol vapor was introduced via a heated gas line from
a heated reservoir. The reaction products were subsequently
cooled to their vibrational ground states through collisions
with Ne buffer gas. We estimate the density of the products
to be approximately 10" cm™3. Figure 4 shows the schematic
of experimental apparatus.

A tunable pulsed dye laser (LiopStar-E, 10 Hz, linewidth
0.04 cm™!) was used to excite the molecules. Electronically
excited molecules then underwent spontaneous emission,
resulting in the emission of fluorescence, which was col-
lected by a lens system and directed into a monochromator
(McPherson 2035) equipped with a 1200 lines/mm grating.
The fluorescence was then detected and imaged by an ICCD
camera (Andor iStar 320T). In the experiment, both the ex-
citation and fluorescence detection wavelengths were tuned,
essentially measuring a full 2D spectroscopy. Specifically, we
focused on two types of spectroscopies. In the dispersed laser-
induced fluorescence spectroscopy, we fixed the excitation
laser at vertical 0-0 transitions from the ground state to the
vibrationless level (vy) of electronically excited states, and flu-
orescence detection wavelength was scanned to measure the
decays from the excited level. In the excitation spectroscopy,
we scanned the excitation wavelength to look for vibra-
tionally excited levels (v,) of excited electronic states, and the
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TABLE 1. The experimentally and theoretically determined properties of the ground X and first three electronically excited states A, B, and

C of CaOPh and SrOPh.

CaOPh SrOPh
Electronic Eexcitation Eexcilalion VBR (0_0) VBR (‘)4)C Eexcitation Eexcilalion VBR (0_0) VBR (V3)C
state (theo.)? (Expt.) (theo.)® (Expt.) (theo.)? (Expt.) (theo.)® (Expt.)
X %A, 0 0 0 0
A2B, 16 491 16 220 0.957 0.047 13930 14 946 0.931 0.059
B’B, 16 647 16 357 0.973 0.042 14 241 15252 0.949 0.054
CA 19233 17711 0.991 0.024 15 876 16 292 0.991 0.031

“EOM-EA-CCSD with SOC included.
®DFT with PBE0/def2-tzvppd.
¢Corresponding to the metal-oxygen stretching vibrational mode.

fluorescence detection was fixed at the vertical relaxation to
the same vibrational mode of the ground state. On average,
200-500 shots were taken at each point to ensure reliable
signal acquisition.

APPENDIX B: THEORETICAL METHODS

We carried out vibronic simulations treated using the KDC
Hamiltonian [42—-44]. The KDC Hamiltonian is set up for use
in a basis of diabatic states for which we use the definition
of Ichino, Gauss, and Stanton [56]. The KDC Hamiltonian
is expanded in the dimensionless normal coordinates of the
ground state:

yd  ydd Ao
Hype = Hol+ | VED  y®  yEO | (Bl)
y€h yCh  y©
consisting of the diagonal harmonic terms
Nnm
— 2 2
Hy =~ ;wi(a@wi), (B2)
the diagonal diabatic potential terms
Noum
Ve = E@ 43 k@0, (B3)

i=1

and the off-diagonal diabatic coupling terms

ver =3Py, (B4)

ie{coupling modes}

In the above, N,,, is the number of normal modes included in
the model; 1 is a 3 x 3 identity matrix; «; is the ground-state
harmonic frequency of the normal mode i; Q; is a dimension-
less normal coordinate; E* is the vertical excitation energy of
the electronic state «; Ki(a) is energy gradient of state « along
the dimensionless normal mode i; and )\50"3 ) is the linear dia-
batic coupling constant between states « and B along normal
mode i.

The electronic structure calculations use the CC-based
methods [47]. We computed the vertical excitation energies
E@ using composite schemes involving basis set extrapo-
lation and use of EOM-CC truncated to include full single,
double, and perturbative triple excitations (EOM-CCSD"),

where the highest level of theory was especially needed for the
C state [57]. All CC calculations were carried out in CFOUR
and Q-CHEM [58-61]. The parameters of the KDC Hamilto-
nian, Eq. (B1), are expanded around the optimized geometry
of the X state. Using definition of (quasi)diabatic states given
by Ichino, Gauss, and Stanton, the linear diabatic coupling
constants )»Eaﬁ ) were computed ab initio [56]. We simulated
the vibronic spectrum with the XSIM program [62]. The vi-
bronic simulations used 15 basis set functions per vibrational
mode and 2000 Lanczos iterations. We note that the methods
used in this work were recently successful in simulations of
vibronic effects in other molecules, in particular for YbOH,
CaOH, SrOH, RaOH, SrOCHj3;, SrNH,, NOs3, benzene cation,
O3, and pyrazine [50-52,63-67].

APPENDIX C: EXPERIMENTAL AND THEORETICAL
DETERMINATION OF THE PROPERTIES
OF A, B, AND C STATES

In Table I we display the experimental and theoretical prop-
erties of the first three excited states A, B, and C of CaOPh and
SrOPh. In both species, experimental and theoretical works
agree that the vibrational branching ratios appear to be better
for the C state.

APPENDIX D: VIBRATIONAL MODES INCLUDED
IN THE EXCITATION SPECTRUM CALCULATIONS

In Table II we display the vibrational modes that used in
the theoretical calculation of the excitation spectra shown in
Fig. 3(b). These modes are chosen to reproduce the most

TABLE II. Vibrational modes used in the theoretical computa-
tion of excitation spectra.

CaOPh SrOPh
Vibrational Frequency Vibrational Frequency
mode (cm™h) mode (cm™h)
Vi 66 V| 65
1%} 77 1% 84
Vi3 889 Vi4 903
V23 1324 V23 1341
Vo4 1337 Vo4 1349
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TABLE III. Derivation of coupling strength from vibrationally
excited C states of SrOPh.

Vibronic  Energy (cm™h) Density of states Heoupling
state (relative to A, vg) p (Jem™) Ic/low  (cm™h)
C, v 1354 16 0.37 0.1
C,vs 1593 35 0.15 0.08
C,vs 1801 73 <0.05 =>0.075

noticeable features of the spectra. However, we should note
that it is impractical to enclose all vibrational modes due to
the large computational cost.

APPENDIX E: DETERMINATION OF THE C — A
COUPLING STRENGTH

We estimate the C — A coupling strength by measuring
the C state coefficient c¢ in the coupled state [Egs. (1) and
(2)]. The coefficient c¢ is then used to determine the coupling
strength. The procedure starts by computing the density of
vibrational levels of the lower A state at the corresponding
energy. Figure 5(a) shows the density of vibrational states of
CaOPh and SrOPh calculated as a function of excess energy
using MultiWell program [68—70]. At ~1400 cm~! excess en-

(@) ¢ 1o . : —  (b)
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FIG. 5. (a) Calculated density of states as a function of excess
energy for StOPh. Two dashed lines indicate the relative energy
differences for C — A and A — X. (b) A schematic of the model used
to calculate the coupling strength. The coupled states are treated as
a number of evenly spaced states with a constant mean coupling
strength to C, vc. The coupling strength Hupiing is calculated by
solving the eigenstate of such a coupling system. (c) Comparison
between the measured DLIF spectrum for three C state vibrational
excitation levels, C, vy, C, v3, and C, vg, of StOPh. The spectra are
normalized to the highest peak in order to facilitate comparison. The
intensity of the C state peak drops dramatically as we increase the
excitation energy.

ergy, the density of the excited vibrational levels of the lower
A and B states reaches the order of ~10/cm~!. Therefore,
it is better to use a mean coupling strength to describe the
system instead of focusing on a few specific states. Here, we
build our model by coupling the state of interest (C state) with
a set of evenly spaced states (separated by AE determined
by the density of states) using a mean coupling strength [see
Fig. 5(b)]. By solving the eigenstate of such a system, the
mean coupling strength can be determined knowing AE as
well as the C state coefficient cc.

Figure 5(c) shows the measured DLIF spectra from the
three excited states C, vy, C, v3, and C, vg of StOPh. With
increasing vibrational energy of the C state, the density of
states that is possible to couple also increases. As a result,
the C state coefficient cc in the coupled state is reduced as
we increase the excitation energy. This is indeed measured
in the DLIF spectra, where the c¢ peak intensity drops as
the excitation energy increases. The result is summarized in
Table III. In fact, for C, v the € state fluorescence peak
becomes so weak that it is barely measurable.

A reduction of lifetime is also measured for the C state
excited levels with increasing excitation energy. However,
we note that the lifetime reduction cannot be explained by
C — A coupling, since the primary decay route for the A state
component is radiative to the ground state, which share similar
or even longer lifetimes compared to the C state. We attribute
this to a possible dissociative state in the middle. Based on
theoretical calculations, the STOPh — Sr 4+ PhO dissociation
energy is 2.70 eV (PBEO/def2tzvpp + gd3), which is above
our excitation energy to the C state. It is currently not clear
whether a dissociative state exists at lower energy or not.

APPENDIX F: FRANCK-CONDON FACTORS
FOR HIGHER-ORDER VIBRATIONAL MODES

We estimate the mean coupling strength between the X
and A states by scaling the C — A coupling derived in the
main text. Compared to C — A energy difference, the X — A
energy difference is ~15000 cm™! more, which requires
many vibrational quanta to compensate. As such, it is not
feasible to compute the transition dipole moments for all these
higher-order transitions. Instead, we use the Franck-Condon
factors to roughly scale the difference. Take StOPh for exam-
ple; Fig. 6 shows the calculated FCFs for various vibrational
modes of StOPh grouped by their symmetry. The change in
FCF differs for different vibrational modes. Given that the
electronic excitation mainly happens on the metal atom, the
overlaps at higher vibrational quanta are generally worse for
the vibrational modes that do not involve the metal atom.
However, on average, we can conclude that the FCF drops by
a factor of 10~12-10~2 for each vibrational quantum.

In order to estimate an average value of the Franck-Condon
factors, we need to know an average number of vibrational
quanta that is required to match the A — X energy gap. Here,
we should note that large density of states does not result from
a single vibrational mode. Instead, it is composed of excita-
tions of many vibrational modes that add up to the desired
energy. The mean vibrational quantum number is calculated
following the Beyer-Swinehart algorithm [71,72] used in the
MultiWell program [68—70]. As such, we determined a mean
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FIG. 6. Computed Franck-Condon factors of various vibrational modes of SrOPh, as a function of vibrational quantum number. The plot is
grouped by symmetry. The oscillation in the b,-symmetry modes is a result of little change in the harmonic oscillation coordinate (AQ = 0).
As such, the overlap of wave function strongly depends on its odd-even character.

vibrational quantum number n, = 45. Following the FCFs
calculated in Fig. 6, we estimated a mean coupling strength
Q on the order of 107* cm™!. This is well below the limit
for laser cooling to be affected by this, as we described in the
main text.

We shall note here that the large density of states and the
high vibrational quantum number are heavily contributed by
the lowest-frequency bending modes (v ~ 60 cm™!). If these
states are excluded, the density of states quickly drops to
10° /cm’l, five orders of magnitude lower. The mean vibra-
tional quantum number also drops to 20. Nonetheless, the
condition is still satisfied and the nonadiabatic transition to
the X state does not need to be considered.

APPENDIX G: DEPENDENCE ON MOLECULAR SIZE

In order to verify the dependence of molecular size, we
also carried out similar analysis for the SrOPh-diamondoid
series that are presented in our recent work [34]. The re-
sults are shown in Table IV. These molecules are attached to
adamantane and diadamantane structures and have far more
atoms compared to SrOPh. As such, they have a much higher
density of states at the A — X transition energy. They also have
a few low vibrational frequency modes, which contributes
significantly toward this density of states.

The density of states first increases exponentially per each
added atom. However, the increase gradually slows down,
partly due to the fact that the low-frequency modes have a
minimum spacing. All these densities of states are well within
the limit we proposed in the main text. Furthermore, the av-
erage quantum number for these complex molecules is much
larger compared to SrOPh, which results in the even weaker
FCFs and mean coupling strengths. This explains the very

favored optical cycling we observed with these molecules. In
general, it appears that nonadiabatic coupling with the ground
state X does not need to be considered.

APPENDIX H: C STATE MEASUREMENTS WITH
VARYING EXPERIMENTAL CONDITIONS

In the DLIF spectra of the C state, we observed addi-
tional peaks at A — X and B — X transition energies. In
order to ensure that these are the intrinsic properties of the
excited state, and do not result from any external factors
such as molecular collisions, we performed the same DLIF
measurement across various experimental conditions. The
varied conditions include chamber temperature, buffer gas
flow rate, and detection delay. The results are summarized
in Fig. 7. For CaOPh, the relative ratio between C — X and
A/B — X peak intensities is around 1:1.2:0.6, with ~10%
fluctuations. In general, no systematic change of either con-
dition can be confirmed. Similar behaviors are observed in
SrOPh measurements with varying temperatures as well. As
such, these additional peaks cannot be simply disregarded as
some collisional relaxation with the background gas. They are
highly likely to decay from the same excitation state, which
results from vibronic coupling with the nearby states.

APPENDIX I: C STATE MEASUREMENTS IN OTHER
OCC-FUNCTIONALIZED MOLECULES

We also performed similar spectroscopy with a few
substituted phenol species for their C state: CaOPh-4-F,
CaOPh-4-Cl, and CaOPh-3,4,5-3F. Their DLIF spectra are
shown in Fig. 8. In the C DLIF spectra, all these species
show peaks at the corresponding vertical relaxation energies
of A — X and B — X transitions, similar to the CaOPh and

TABLE IV. The dependence of X — A coupling as a function of molecular size.

Molecule SrOPh SrOPh-CH3 SrOPh-C(CH3); SrOPh-Ad SrOPh-1-diAd
No. of atoms 13 16 25 37 46

o (Jem™) 1 x 10" 1 x 10" 5 x 10" 5 x 102 1 x 10%

n, 45 81 78 79 90
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CaOPh-4-F, CaOPh-4-Cl, and CaOPh-3,4,5-3F (decreasing pK, order). The A/B — X transitions are shown for comparison.

SrOPh in the main text. These confirm that the presence of
nonabiabatic coupling between C — A/B states is ubiquitous
in many similar molecules.

In Fig. 9, we also plot the transition energy of the C — X
transition as well as its VBR for MO stretching as a function
of the pK, of the ligand. Because of the large contributions
from the coupled A and B state components, it becomes dif-
ficult to obtain a reliable VBR for the 0-0 transition of the C
state. Instead, we show the VBR of the MO stretching mode
derived from its peak intensity, which is the most important

channel of vibration-changing decays. Similarly, we notice a
better VBR as the acidity (therefore the electron-withdrawing
capability) of the ligand is increased, agreeing with previous
findings [36]. The behavior of the A and B states is also
shown in the figure for comparison. Interestingly, the trend
for the transition energy is actually reversed compared to the
A and B states. With a stronger electron-withdrawing ligand,
the transition energy is reduced rather than increased. The
trend is visible for the Ca variety, but less prominent and more
irregular for the Sr variety.
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