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Spectroscopy is a key analytical tool that provides valu-
able insight into molecular structure and is widely used
to identify chemical samples. Tagging spectroscopy is a
form of action spectroscopy in which the absorption of a
single photon by a molecular ion is detected via the loss
of a weakly attached, inert ‘“tag” particle (e.g. He, Ne,
N,).!=> The absorption spectrum is derived from the tag
loss rate as a function of incident radiation frequency. To
date, all spectroscopy of gas phase polyatomic molecules
has been restricted to large molecular ensembles, compli-
cating spectral interpretation by the presence of multiple
chemical and isomeric species. Here we present a novel
tagging spectroscopic scheme to analyze the purest pos-
sible sample: a single gas phase molecule. We demon-
strate this technique with the measurement of the infrared
spectrum of a single tropylium (C;H;") molecular ion; to
our knowledge the first recorded spectrum of a single gas
phase polyatomic molecule. Our method’s high sensitiv-
ity revealed spectral features previously unobserved using
traditional tagging methods.* Our approach in principle
enables analysis of multi-component mixtures by identify-
ing constituent molecules one at a time. Single molecule
sensitivity extends action spectroscopy to rare samples,
such as those of extraterrestrial origin,” or to reactive re-
action intermediates formed at number densities too low
for traditional action methods.

Single molecule spectroscopy in the condensed phase has
been a fruitful area of research for decades,’”-8 but distortions
from interaction-induced effects are unavoidable in condensed
phase spectra. Gas phase single molecule spectroscopy has
so far been limited to photodissociation and quantum logic
measurements of diatomic molecular ions.’~!? Similar to our
setup, these studies translationally cool a molecular ion to sub-
millikelvin temperatures via the Coulomb interaction with
a co-trapped, laser-cooled atomic ion partner. This sympa-
thetic cooling process leaves the ions arranged in an ordered
Coulomb crystal, where they are highly spatially localized and
isolated from the environment. These features make laser-
cooled Coulomb crystals an ideal platform for multiple forms
of spectroscopy,'>* where effectively indefinite trap lifetimes
make even very weak transitions accessible.!>!® Quantum
logic techniques in particular remain the gold standard for
high resolution single molecule measurements. In spite of
this resolution advantage, however, these methods are often
technically challenging to implement and difficult to apply
to arbitrary molecular species. Quantum logic is therefore
invaluable for fundamental physics and precision measure-
ment experiments,!”!® but impractical as a tool for chemi-
cal analysis. By adapting non-destructive mass spectrometry
methods that are uniquely possible with laser-cooled Coulomb
crystals,'” we are able to record a spectrum via the detection
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Figure 1: Single molecule tagging setup | a) Ions are
produced at room temperature and mass filtered before
trapping. The competing mass 91 Da isomer benzylium
(Bz™) is formed along with Tr™, but only Tr" is trapped due
to the photodissociation of Bz+ by 422 nm laser light.?°
Neon is pulsed into the trapping region during loading to
dissipate the kinetic energy of incoming ions via collisions.
After loading, a mechanical shutter is closed to separate the
cold experimental region from the room temperature
ionization region. b) Trap details are discussed in the
Methods. 38Sr* and Tr are co-trapped in a linear
quadrupole trap with two endcap (EC) electrodes confining
the ions along the trap axis. A 10:1 mixture of He:N, cooled
to 13 K is pulsed into the trapping region, tagging the
molecular ion with N>. An AC voltage applied between the
endcaps drives secular oscillation, which modulates the 88Sr™
fluorescence. Lenses below the trap collect fluorescence light
and image it onto a CCD camera and PMT. ¢) Two CCD
images show 8Sr* and Tr* flipping between two possible
positions along the trap axis. Tr™ is dark to direct
observation and is represented by a ball-and-stick model.

of tagging- de-tagging cycles. This approach is technically
simple to implement and is generalizable to a broad class of
polyatomic molecules.

Experimental

8851 is trapped in a linear Paul trap and Doppler cooled to
millikelvin temperatures by driving the 5p 2P1 2= 5s 251 2
transition with red-detuned 422 nm laser light. About 6x 103
scattered photons per second are collected and recorded by
a CCD camera and a photomultiplier tube (PMT), with 70%
going to the PMT for photon correlation measurements (see
Fig. 1). A single molecular ion is mass-selected before being
co-trapped with a single 88Sr* atomic ion, which sympathet-



ically cools the molecule to millikelvin translational temper-
atures via the ions’ mutual Coulomb interaction. Like nearly
all molecules, Trt lacks the level structure necessary for ef-
ficient laser cooling and rarely scatters photons from the 422
nm cooling light. Hence, the molecular ion is dark to direct
observation.

The molecular ion’s mass is determined non-destructively
by observing the photons scattered by 88Sr™. The Coulomb
crystallized molecular ion—atomic ion pair forms a coupled
oscillator confined within the trap’s pseudo-harmonic poten-
tial, with a characteristic secular frequency which depends on
the mass of both ions. We drive the ion pair to oscillate at the
secular frequency, which modulates the 88Sr* fluorescence in-
tensity at the same frequency via the Doppler effect. This
modulation can be directly observed with a PMT (see Fig.
2a).

For the two ion Coulomb crystals that we study here, there
is a simple analytical relationship between the ions’ axial os-
cillation frequency and their total mass.”! The mass of the
atomic ion is already known precisely, however, so that a mea-
surement of the axial secular frequency of the crystal directly
reveals the mass of the molecular ion. We employ a novel
chirped voltage pulse method to initially measure the mixed
Coulomb crystal’s axial frequency, both with and without a
tag attached to the molecule (See Methods). Once measured,
we detect the presence and absence of tags by driving ion mo-
tion at the 8Sr*—Tr"-N; resonant frequency. A lock-in am-
plifier compares the drive frequencies with the observed 88 Sr*
fluorescence modulation and outputs a signal proportional to
the fluorescence correlation. This process is illustrated in Fig.
2. Changes in the molecule’s tag state are therefore observed
as discontinuous changes in the lock-in signal amplitude.

Nitrogen is our tag species of choice, as it readily tags most
molecules and remains attached with a long lifetime, enabling
us to observe weak transitions through slow de-tagging events.
Molecular ions are tagged with N, using a 10:1 mixture of
He:N;. Short pulses of this gas mixture flow through a cryo-
genic heat exchanger, which cools it to 13 K before it enters
the trapping region. Helium efficiently removes kinetic en-
ergy from the system during ternary molecule-He-N; colli-
sions, leaving N, weakly bound to the molecule. In the case
of Tr, the lifetime of this complex is several hours in the
absence of mid-IR laser light. This leads to a near-zero back-
ground de-tagging rate on- the timescale of our experiment,
enabling us to observe very weak spectral features invisible to
most other methods.

Molecules are de-tagged with mid-IR light from a commer-
cial optical parametric oscillator (OPO). The OPO output has
a spectral linewidth of 6 cm™! over the region of interest and
is co-aligned with light from the cooling lasers along the axis
of the ion trap. As shown in Fig. 2a, a Coulomb crystal with
a single tagged Tr" is driven to oscillate at its secular fre-
quency by a sinusoidal voltage applied to a trap endcap elec-
trode. This drive signal is sent to a lock-in amplifier, where it
is compared to the fluorescence signal observed by the PMT.
The frequencies of the two signals are initially equal, thus pro-
ducing a high lock-in output signal. A sequence of mid-IR
pulses of varying length are sent to the trap while the secular

motion is being driven. Resonant de-tagging of the molecule
causes the secular frequency of the ions to jump discontinu-
ously (Fig. 2b), eliminating the correlation between the ap-
plied drive voltage and the observed fluorescence modulation
(Fig. 2c). The observed lock-in signal therefore drops to near-
zero, indicating that a de-tagging event has occurred. The total
duration of all mid-IR pulses up to the point of de-tagging is
then recorded, providing a de-tagging time and correspond-
ing rate. The molecular ion is then re-tagged for further mea-
surements at different mid-IR laser frequencies. Near reso-
nance, the mid-IR light de-tags molecular ions on a timescale
of tens of milliseconds. Off resonance, no de-tagging events
occur within 90 seconds, giving a baseline >90 seconds. This
wide dynamic range makes weaker transitions with lifetimes
of many seconds easily observable. The total time required to
acquire a data point in a spectrum varies with the de-tagging
time, but on the average it takes approximately two minutes to
prepare a tagged molecule and subsequently de-tag it. While
a molecule can be recycled for many tag-detag cycles, it is
occasionally lost to reactions with background contaminants.
Under favorable circumstances, as shown in figure 3a, we can
obtain a spectrum from a single molecule, although in our
followup work with other molecules, we typically found that
between one and five molecules are needed to obtain a clear
spectrum.?> While the data acquisition time for our method is
much longer than in traditional tagging spectroscopy, the in-
nate purity of our single molecule samples results in simpler
observed spectra.

Single Molecule Spectrum

The vibrational spectrum of a single Tr™ molecule in the C—
H stretching region is shown in Fig. 3a), spanning 2944-3150
cm~!. This single molecule data is consistent with a compos-
ite spectrum taken from eight individual Tr" ions, shown in
Fig. 3b). A maximum likelihood estimate of the de-tagging
time constant at every frequency step is calculated from the
three de-tagging observations. The de-tagging rates reported
in Fig. 3 are the inverse of these calculated time constants.
The vertical bars in Fig. 3b) are 95% confidence intervals
derived from the de-tagging probability distribution at each
frequency step which is centered on the estimated most likely
time constant. Single molecule measurements from eight to-
tal molecular ions were used for this averaged spectrum, as the
molecules were occasionally lost from the trap. These losses
are attributed to reactive collisions with residual background
gases such as O,.

The dominant feature in this spectrum at 3042 cm™! is con-
sistent with previous tagging experiments,* which assigned
this transition as the lone IR-active, asymmetric C—H stretch-
ing mode of Tr*. A single transition at 3074 cm~! was also
reported, but the enhanced resolution of our method compared
to conventional tagging spectroscopy allows us to resolve a
previously unseen splitting of this peak into two features at
3065 and 3077 cm~!. Multiple studies of Tr* have observed
this band,? but it has yet to be assigned. In addition to these
primary peaks, we observe weak transitions at 2952 and 3140
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Figure 2: De-tagging detection | a) An AC drive voltage
(green) is resonant with the 83Sr+—Tr*.N; secular frequency,
causing the ions to oscillate. The resulting Doppler
modulation of the 8Sr* fluorescence intensity is observed by
a PMT (purple). A lock-in amplifier compares the PMT
signal with the AC drive, producing a near-unity voltage
when the drive is resonant, and near-zero when not. b) The
axial secular frequency of a 8Sr*—Tr™ Coulomb crystal
decreases by several kHz when Tr™ is tagged. The
measurement in a) is done at these two frequencies, and the
resulting lock-in signals indicate the tagged state of the
molecule. ¢) A tagged molecule is exposed to a sequence of
mid-IR light pulses. The pulses are initially of fixed length,
later increasing exponentially in duration. Incident mid-IR
photons drive vibrational transitions which remove the
molecule’s tag. This is observed as-a discontinuous drop in
the lock-in amplifier signal. Fast (blue) and slow (pink)
de-tagging events are shown. When a de-tagging event is
detected, the total exposure time from the mid-IR pulse train
is summed and inverted to produce a de-tagging rate. d) CCD
camera images of a Coulomb crystal with a tagged molecule
driven to oscillate, which ceases oscillation after de-tagging.

cm~!. These peaks lay below the noise floor of other action
spectroscopy methods and have therefore not been reported
previously. Theoretical work to aid in the detailed assign-
ment of all four weak bands is ongoing, but these are likely
attributable to weak combination or overtone transitions.
Although our method measures the absorption spectrum
of the molecular ion—-tag Van der Waals complex, such as
Tr™-N,, this spectrum is a very close analog to that of the
bare molecular ion. Selection rules and transition frequen-
cies are slightly perturbed by the presence of a tag, but typ-

ical line shifts are on the order of a few cm~!.?* Proposed!’
and demonstrated?> methods to study bare molecular ions are
compatible with the single molecule technique demonstrated
here and, in principal, could leverage the highly controlled
environment of the Coulomb crystal to yield very high resolu-
tion, rotationally resolved single molecule spectra.

The linewidths observed for transitions in Fig. 3 are lim-
ited both by the spectral profile of our OPO light source, as
well as the natural timescale for the de-tagging process. While
this timescale is different for each molecule, it is predicted to
range anywhere from 0.1-100 ps,?® giving a natural frequency
resolution limit on the order of 10 GHz - 10" THz. Our ob-
served noise level is dominated by sampling error, which is
proportional to the de-tagging rate and is reduced by repeated
measurements. We find that three repetitions at each wave-
length sampled are sufficient to reduce our sampling error to
identify repeatable spectral features. Since the tagged lifetime
for Tr™-N; is several hours in the absence of mid-IR light, and
>90 seconds off resonance, we are able to measure de-tagging
events up to 90 seconds with a near-zero background.

Trt has been the subject of exhaustive study for over a cen-
tury, largely owing to the long held belief that this unique
aromatic cation contributes to the m = 91 Da component
of alkylbenzene mass spectra.”’-?8 Tagging spectroscopy has
recently confirmed the presence of Tr' in such fragmenta-
tion processes,*?? along with isomeric benzylium (Bz*, see
Fig. 1). The two isomers often form at similar rates and
thus both contribute to observed spectra, complicating the as-
signment process. While our single molecule technique is
uniquely suited to distinguish between these competing iso-
mers through sequential measurements, this process proves
unnecessary in our system. Bz is known to readily disso-
ciate when exposed to 422 nm light,>® which is necessarily
present in our system for laser cooling. Tr' is therefore the
only mass 91 Da isomer that we observe, confirmed by the
absence of known Bz transitions at 2997 or 3116 cm™! in
our spectra.* Additionally, any isomerization of trapped Tr*
to Bz* would lead to rapid photodissociation and spontaneous
loss of the molecule, which we do not observe. Bz studies
could easily be realized with the choice of a different atomic
species for laser cooling.

The perturbations caused by the Van der Waals adhered
tag do not prevent identification of the molecular ion through
the measurement of vibrational transitions. In general, the
infrared absorption spectrum as measured here is insuffi-
cient to determine the structure of a previously unknown
species, but is sufficient to distinguish different species and
definitively identify a compound if its spectrum is previ-
ously known. Such identification could prove useful in the
analysis of rare samples. For example, molecules from the
moons of Saturn have been characterized in situ previously
via mass spectrometry,® where organic molecular ions such as
C;H5" have been identified. Definitive identification of the
structures of these molecules is beyond the state of the art
for such tools, however, making an adaptation of our single
molecule spectroscopic method an attractive alternative for
such rare samples. Competing isomers of C;H;" could be re-
solved given the library of spectra already obtained on the two
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Figure 3: Single molecule spectrum | a) The infrared spectrum of a single Tr™ molecule in the C-H stretching region. The
strong transition at 3040 cm~! is consistent with previously reported values for N,-tagged Tr+,* which assign this transition as
an asymmetric C—H stretch. Weak transitions, invisible to most other action techniques, are shown in the insets. We broadly
attribute these features to combination bands. b) A composite of eight single molecule measurements. Three de-tagging
measurements were made every 2 cm~!. Maximum likelihood estimates of the de-tagging time constant are calculated at each
point as described in the Methods, with vertical bars indicating 95% confidence intervals for these values. The primary peak
shifts slightly to 3042 cm~! with these additional measurements. The confidence interval on the primary peak extends to 39
Hz. A total of eight Tr™ molecules were used to-measure all plotted points, as molecules were periodically lost due to reactive

collisions with background gas.

isomers. Extension to more complex mixtures would require
a library of spectral data for the expected molecules at each
mass. In principle, a mature version of our single molecule
method would allow the deconvolution of complex mixtures
with no confusion from overlapping spectra.

We also expect our single molecule method could find ap-
plication in characterizing mixed-species products produced
in cold and astrochemically relevant chemical reactions’0-3!
without the need for prior purification. Since our spec-
tral measurement is non-destructive to the analyte molecule,
the spectra could be used to identify both charged reactants
and products. In this case, ab initio calculations would
guide assignment by narrowing the list of likely reaction
products based on energetics. Although measuring the C-H
stretch as we have shown here could provide identification
for sufficiently distinct candidate molecules, our method is
easily extended to the fingerprint region (between 400 and
1500 cm~!), where low energy C-H bending modes pro-

vide molecule-specific transitions. Experiments have been
ongoing to demonstrate this technique on other molecular ion
species and study the product distribution of a single molecule
photofragmentation reaction.
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l.  METHODS
A. Trap details and chirped excitation mass measurement

This experiment takes place in a linear Paul trap (Extended
Data Fig. 1) mounted to a closed-cycle helium cryocooler,

which allows for both cryo-pumping and buffer gas tagging at
cryogenic temperatures. Relevant trap parameters are listed in
Extended Data Fig. 5. Oscillating RF voltages applied to two
opposing rods create a stable trapping region along the radial
(r) direction of the trap for particles with charge Q and mass m
when the Matthieu parameter g = ng < 0.9. In practice, the
trap is operated at 0.2 < ggg < O. 4'in order to stably confine
a wide range of masses. An oscillating voltage applied to a
trap electrode at the mass-dependent radial secular frequency
w, ~ % is used for mass-selective ejection of unwanted
mr

species from the trap, for example after a reactive collision
with background gas.

The coupling between the ions along the axial (Z) direction
of the trap, arising from their mutual Coulomb interaction, is
strong compared to the static field (Up) applied to the ring-
shaped endcap electrodes. A two ion Coulomb crystal has
two modes of oscillations along the axial direction: a center
of mass (@, coum) and breathing (@, gy) mode. The oscillation
frequencies of these modes depend on the mass of both ions,
W = s,/ Myorecule @ shown in Eqn. (1), (2)32734. Both modes
are observed, but @, coy is easier to drive and detect as it does
not require a field gradient to excite. Hence, it is the mode
used for the non-destructive mass detection.

wzz,COM:[(1+ll)—\/1—ﬂ+lJ] ;g8 (1)
a’?,BM:[(1+lJ)+ 1*N+M2}w12,88 ()

In a typical experimental cycle, a single 8Srt is trapped
and the secular frequency is measured to serve as a calibra-
tion. A single molecule is mass-selected before co-trapping
with 88Sr™, and the mass is verified by an additional secu-
lar frequency measurement. Although we use only two total
ions for this spectrum, the number of 38Sr™ cooling partners
could easily be increased to improve the sympathetic cool-
ing efficiency for the molecule. This may be advantageous
for molecules with a large mass disparity compared to 88Sr™,
where the sympathetic cooling efficiency with a single cooling
partner is poor.

We directly measure the axial secular frequency of
a molecule-%8Sr™ pair through a chirped-ringdown
measurement.'® “Chirp,” here, refers to a pulsed cosine
waveform whose frequency increases linearly in time over the
duration of the pulse. Such a waveform in the time domain
corresponds to an approximate square wave in the frequency
domain. The chirp is tuned to sweep across the expected
secular frequencies for a Coulomb crystal in our trap, and
is applied to a trap endcap to drive axial motion. When the
chirp frequency approaches the axial secular frequency of the
ion pair, the ions oscillate in phase with a large amplitude.
This oscillation Doppler shifts the #Sr* ion in and out of
resonance with the 422 nm cooling light, modulating its
resulting fluorescence intensity at the ions’ secular frequency.
Though the chirp frequency quickly sweeps past the ions’
secular frequency, they continue to oscillate with decaying



amplitude, producing a “ringdown” in the observed fluo-
rescence modulation (Extended Data Fig. 2). This decay
timescale is the result of damping caused by the 83Sr* laser
cooling process, and the strength of this damping depends
on the 422 nm laser detuning and intensity relative to the 5p
’p, /2 — 58 %S, /2 cooling transition. We typically operate
60 MHz red-detuned from resonance and slightly below the
saturation intensity of the transition in order to maximize the
modulated fluorescence signal.

The chirp amplitude applied to the trap has a typical ampli-
tude on the order of 10 mV peak to peak, sweeping from 25 —
35 kHz over a span of 3 ms. A 2 ms ringdown time after the
chirp allows the Doppler modulated fluorescence to decay as
the ions cool back to equilibrium. This cycle is then repeated
many times to allow for signal averaging. During the chirp
cycle, fluorescence is collected by a PMT, the output of which
is averaged on an oscilloscope triggered on the beginning of
the chirp waveform. About 2000 averages of the fluorescence
collected over the chirp cycle are required for a clear fluo-
rescence modulation signal and typically takes about 30 s to
acquire. The fluorescence signal is Fourier transformed to ex-
tract a secular frequency as shown in Extended Data Fig. 2 in
order to verify the mass of the analyte molecule and the pres-
ence of the N, tag. Chirp parameters and number of averages
are changed for other molecules with different expected sec-
ular frequencies and potentially slower sympathetic cooling
rates in the case of a large size mismatch. Using this method,
we observe masses ranging from about 50 — 260 Da.

B. Individual Molecule Data Sets

The spectrum plotted in fig. 3b) in the primary text is an
average of eight different single molecule spectra as shown
in Extended Data Fig. 3. Summing across all Tr" molecules
that were interrogated, a total of three de-tagging measure-
ments were observed at every frequency step in the spec-
trum. More than one Tr™ was needed to acquire this full spec-
trum, as we suspect background O, periodically reacted with
the molecules during investigation. The occasional formation
of StO* indicates the presence of reactive background colli-
sions. The spectral data from each of these eight molecules is
plotted below in the order in which they were recorded.

We note that each time data taking commenced with a new
Tr™ molecule we verified the presence of the strong transi-
tion near 3042 cm™' in order to confirm that it was a Tr"
rather than a Bzt isomer. Additionally, we calibrate the fre-
quency axis of our spectra using two different references. We
record absorption spectra with our mid-IR source for solid
polystyrene as well as ammonia vapor. Known peak positions
for both species are provided by NIST, and we fit a simple
linear calibration curve to this reference data and apply this
linear transformation to our observed frequency data.

Each mid-IR frequency data point shows a distribution of
de-tagging rates as shown in Extended Data Fig. 4. The full
set of de-tagging data shown in Extended Data Fig. 3 was
compiled into the spectrum reported in the primary text.

C. Computational details

Preliminary computational results indicate that there may
be multiple energetically competitive attachment points for N
on Tr*. Two degenerate “face” sites have been identified, for
which Ny is orthogonal to the Tr™ plane; and seven degen-
erate “side” sites, for which Ny lays in the Trt plane. “As
previously noted, we see strong experimental evidence that
only one such tagging site is ever occupied during this exper-
iment, implying that one of the above possibilities must be
much more energetically favorable than the alternatives. The
de-tagging spectrum which we observe is affected by the exact
tagging site, however, as the various geometries have various
levels of symmetry. Effort was therefore made computation-
ally to distinguish the two classes of tagging sites in an effort
to identify the tagging site which we observe experimentally.

Geometry optimization of the tagged structures was per-
formed using several different methods: B3LYP-D3, M06-
2X, and MP2, all using Dunning’s aug-cc-pVTZ basis sets>
in the Gaussian 16 _software package®®. Results were, how-
ever, inconclusive (Extended Data Fig. 6), with DFT methods
finding a higher binding energy for side tagged species, and
MP2 methods finding higher binding energies for face tagged
sites. Importantly, all of the calculated binding energies are
well below the IR photon energies used in this work, so that
all reported de-tagging events arise from single-photon pro-
cesses. However, the inconclusive results suggest necessity of
more expensive coupled cluster calculations for this system.

D. Notes on data analysis

We measure the mid-IR exposure time required for a de-
tagging event, 7', and model it as a random variable following
an exponential distribution. Once a tagged molecule has ab-
sorbed a resonant photon, de-tagging occurs at the picosecond
level. This time scale is much shorter than the time between
individual pulses of our mid-IR pulsed laser, which has a rep-
etition rate of 150 kHz. At a given mid-IR laser frequency,
@y, the probability that a tagged molecule de-tags during a
laser pulse is a constant. As a result, the probability that the
de-tagging event happens right after a sequence of pulses is
exponential in the number of pulses. Since the total expo-
sure time before de-tagging is proportional to the total number
of exposure pulses, T is an exponentially distributed random
variable. The probability density function of the distribution is
characterized by the wavelength-dependent exponential time
constant 7(@y ), which can be expressed as

1 7
p(T, o) = @61 or) 3)

Upon exposure to mid-IR light, de-tagging occurs on a
timescale faster than the detection time for our mass measure-
ment methods. In order to extract a meaningful rate, the mid-
IR laser is gated via a mechanical shutter into a sequence of
exposures. The 2.5 second intervals between exposures al-
low the lock-in signal to respond to the mass change to the



molecule caused by a de-tagging event. The first several of
these exposures last for tens of milliseconds each, allowing us
to capture fast de-tagging events. After a set number of con-
stant fast exposures, the exposure duration is increased expo-
nentially in order to observe slow de-tagging events within a
reasonable experimental timescale.

When a de-tagging event is observed, the start time, 7 is
defined as the total time the molecule was exposed to the mid-
IR radiation before the final de-tagging pulse. The final time,
Ty, is taken as T; plus the length of the final pulse. The de-
tagging event occurring sometime between these two 7 and
Tr. Given the probability distribution 3, the probability of
observing a de-tagging event between T and T is

Ty _ Iy

P(]},Tf'f((})])) —e top) _p (o) (4)

For three independent measurements per point, this be-
comes

3 _ 7::,1 _i
rrio) =[] [ @ - @ | @
i=1

Assuming that the prior probability of /n(t(®.)) is uni-
formly distributed, the maximum a posteriori estimation or
the maximum likelihood estimation of the distribution param-
eter 7(ey) is achieved by maximizing the likelihood function
Li(t(awy)|T;) = P(T;|t(ey)) with respect to T(@y). We max-
imize this function numerically to determine this most likely
value for 7(@;). We also determine a 95% confidence level
numerically based on the distribution of the likelihood func-
tions. The density of the confidence level is proportional to
the posterior probability density, and we have

JEE e 32| din(7)
[ (| T din(T)

CL(Clypjn < T < Clygy) =

We choose the interval where the likelihood function
Li(t(op)|T;) > 72 - L3 jmax-as our confidence interval, and ver-
ify that this corresponds to a confidence level of 2 95%.

From the point of view of random sampling, our method
of data analysis can be well justified when ignoring the slight
broadening and distortion of the likelihood function due to the
uncertainty caused by the finite exposure time from our shut-
tered laser source. Assuming the observations 7; constitute N
random samples subjected to an exponential distribution with
the time constant 7o, and dT; = Ty; — T;; < 7o for all 7, we
have,

N
dT; _ 1
(el =[] | e ¥ @
i=1
- .. . YN T
The likelihood function is maximum when T = %,

which gives an unbiased estimator of 7j;. Notably, the like-

N T
lihood function Ly can be normalized by a factor (#)N .

ﬁ to give a function only of the number of samples N
=171

N
and the relative magnitude of T and Z’:Tl This indicates that
for a given N, Ly is always proportional to a fixed function

ln():,{,\’ TT_ ). This differs from cases where random variables
i=11i
are normally distributed. For any v > u > 0, if we choose the
confidence interval to be CI = (u- % V- %), the confidence

level is a constant for any set of 7; and equal to
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The right-hand side of Eqn. 8 is the probability that the
arithmetic mean of N random samples from an exponential
distribution with time constant 7’ falls within the interval
(%/, %) It is a constant for any 7/ > 0. If we consider a spe-
cial case where T/ = 1, the right-hand side of Eqn. 8 is also
the probability that the confidence interval determined for N
samples includes the true value 7p. Hence, our method gives a
reasonable estimation of the time constant, confidence interval
and the confidence level.

Two wavelengths were chosen to test this model of the dis-
tribution, with a sample histogram at 2950 cm~! shown in
Fig. 4 of the Extended Data. For this test, we measured 20 de-
tagging times for Tr" irradiated with single frequency laser
light at 2950 cm~!. We observe a uniform distribution which
is consistent with the exponential model described above. Ad-
ditionally, we see no evidence of bimodality in this distribu-
tion, which might arise if the N, attaches to Tr™ at different
sites during successive measurements. Such effects from mul-
tiple tagging sites could be readily observed in other systems,
however, by measuring the de-tagging time distribution for
observed transitions at a single laser frequency.

Il. DATA AVAILABILITY

All data taken is presented. Raw data are available from the
corresponding author on request.
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VIill. EXTENDED DATA
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Extended Data Figure 1: Trap diagram | A sketch of the
trap showing the side view (left) and cross sectional view
(right) for relevant parameters described in Extended Data
Figure 5.



Non-destructive mass detection

a)
T T T T I T T T T I T T T T T ]

1 -
~ 0 -
S 3
) ]
ERN E
g .

& —0.2

o J

= [

£ I 1

: 0

© Ii\
1
-0.2

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
1 2 3
Time (ms)

b)

T T T T I T T T T I T T T T I T T T T T ]
~ 1 —sr+TrN. —Srt+Tr —
S C .
s ]
o r .
£ F | =
@ L -
'_ — -
w - -
© 0.6 — -
3 C .
2 C ]
@ - ]
O - -
@a - —
< - ]
o - -
= - |
= o .
5 02— ]
§ r ]

C e O L . \

25 27 29
Frequency (kHz)

Extended Data Figure 2: Non-destructive mass detection |
a) An example chirp waveform applied to the ion pair (green)
and the resulting modulated fluorescence (purple). Ion
oscillation can be seen to begin around the 2 ms point. b) The
modulated fluorescence signal is Fourier transformed
(shaded) and fit with a Lorentzian function (line profile) to
extract a center frequency used for mass determination.
Vertical bars indicate the calculated secular frequency from
the measured single 3Sr secular frequency (not shown).

Modulated fluorescence (a.u.)
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Extended Data Figure 3: Individual molecular spectra |
The data points recorded for each of the eight individual
molecules used in the averaged spectrum in the main text.
The majority of points in the spectrum were recorded with
the first four molecules, and the remainder were used
primarily to observe background points.

De-tagging data at 2950 cm'!
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Extended Data Figure 4: Single mid-IR frequency
de-tagging histogram | A sample histogram of 20 lifetime
measurements on the weak spectral feature at 2950 cm™!
shows consistency with the model of the exponential
distribution.
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Trap parameter | value unit
Q +e C

\Y 40 - 70 A%

m 50 - 260 Da

r 2 mm
Q 27 x 1.6 MHz
70 8.4 mm
Uy 50 A%

Wr 88 21 x 90 — 270 | kHz
Wz, 88 21 X 28 kHz

Extended Data Figure 5: Trap parameters | Typical trap
parameters for our cryogenic linear Paul trap used in this
experiment. Figure 1 in the Extended Data displays a trap
diagram.

Method | Face By, (K) | Face Ey (cm~") | Side B, (K) | Side E, (em™!)
B3LYP-D3 | 948.7 659.4 889.1 617.9

MP2 1313.3 912 1143.6 794

MO06-2X 679.4 472 713.8 496

Extended Data Figure 6: Computational results | A table

of computed binding energies in K and cm™!,
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