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ABSTRACT: We report the hyperfine-resolved rotational spectrum of the gas-phase phenoxy
radical in the 8—25 GHz frequency range using cavity Fourier transform microwave spectroscopy.
A complete assignment of its complex but well-resolved fine and hyperfine splittings yielded a
precisely determined set of rotational constants, spin-rotation parameters, and nuclear hyperfine
coupling constants. These results are interpreted with support from high-level quantum chemical
calculations to gain detailed insight into the distribution of the unpaired 7 electron in this
prototypical resonance-stabilized radical. The accurate laboratory rest frequencies enable studies
of the chemistry of phenoxy in both the laboratory and space. The prospects of extending the
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present experimental and theoretical techniques to investigate the rotational spectra of isotopic
variants and structural isomers of phenoxy and other important gas-phase radical intermediates

that are yet undetected at radio wavelengths are discussed.

he phenoxy radical (C4HO) is an important intermediate

in the formation and decomposition of oxidized aromatic
hydrocarbons in gas-phase combustion, pyrolysis, and atmos-
pheric environments.'~* At high-temperature conditions,
phenyl radicals (C¢H;) react efficiently with O, to produce
phenoxy,* ® a process that removes carbon mass from further
reactions that otherwise lead to the formation and growth of
polycyclic aromatic hydrocarbons (PAHs).” Aryl ethers, such as
anisole, and other model compounds for lignin, a major
component of biomass, thermally decompose to phenoxy,
which itself fragments into smaller radicals, including cyclo-
pentadienyl (C;H;) and propargyl (CH,CCH).*"'° Because
phenoxy can be formed and destroyed by barrierless, exothermic
reactions, it may also play an important role in the first stages of
PAH chemistry in low-temperature, interstellar environments,
including cold molecular clouds.'' The delocalization of the
unpaired electron throughout the 7 system of the O atom and
adjoining six-membered aromatic ring has a profound influence
on the reactivity of phenoxy. Like other resonance-stabilized
radicals, phenoxy is relatively long-lived, immune to O, addition
and attack,”” and can build up to high concentrations in reactive
environments. Probing these aspects of its chemical structure
and reaction kinetics has been a primary motivation for
spectroscopic studies of phenoxy using a variety of methods.
Condensed-phase electron spin resonance (ESR) studies'*™"”
have confirmed the delocalized nature of the unpaired electron,
while anion and neutral photoelectron spectroscopy, *™**
ultraviolet (UV) /visible absorption measurements,”>**~* and
matrix-isolation infrared (IR) spectroscopy'”*® have provided
valuable insight into its thermochemistry and vibronic structure.
In light of the long-standing interest in phenoxy as a
prototypical resonance-stabilized s radical, it is perhaps
surprising that its microwave rotational spectrum remains
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unknown, despite efficient methods for synthesizing phenoxy
in the gas phase and its large permanent dipole moment (u ~
3.7D), which favors detection by this means. One factor
hindering its microwave detection at high spectral resolution is
the complex splittings expected in its rotational spectrum as a
result of the spin-rotation fine structure, which couples the
electronic spin (S = 1/2) with the rotational angular
momentum, and the nuclear magnetic hyperfine structure,
which couples the hydrogen nuclear spins (I = 1/2) with the
electronic spin, similar to that observed in phenyl.29 Indeed,
although tentative evidence of the rotational spectrum of
phenoxy was recently reported in our laboratory during the
analysis of the products of a C4Hg + O, electric discharge with
broadband microwave spectroscopy,’’ no definitive assignments
were attempted owing to the intricate, closely spaced line
structure.

In this letter, we report new measurements of the putative
phenoxy rotational transitions with cavity Fourier transform
microwave (FTMW) spectroscopy in the 8—25 GHz frequency
range. The high spectral resolution and detection sensitivity of
cavity FTMW have enabled the unambiguous assignment of the
observed spectrum, including the extensive and well-resolved
fine and hyperfine structure, to phenoxy. Our results are
supported by theoretical predictions of the rotation, spin-
rotation, and nuclear hyperfine parameters derived from high-
level quantum chemical calculations of the equilibrium
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Figure 1. Microwave spectrum of phenoxy. (a) Simulated spectrum of the 0—30 GHz frequency range assuming Ty, = 2 K. The 18 rotational
transitions measured in this study are marked with red dots. (b) Simulated (bottom, black) and measured (middle, red) fine/hyperfine structure of the
N k. = 313 — 2y, rotational transition centered near 12.4 GHz. The measured cavity spectrum is a concatenation of 30 individual spectra, each of which

is 0.3 MHz wide and integrated for 1 min. The same frequency region from the broadband chirped-pulse FTMW spectrum of a benzene + O, discharge

reported by McCarthy et al.*

is included for comparison (top, blue). The cavity measurements have a double-peaked line profile arising from the

Doppler effect as the gas expands along the axis of the Fabry—Pérot cavity. Each of the two Doppler sidebands has a full width at half maximum (fwhm)
of ~10 kHz, which is 15X narrower than the chirped-pulse line profile (fwhm of ~150 kHz).

geometry, zero-point vibrational effects, and electronic wave
function. In addition to providing detailed insight into the
ground-state structure and 7z delocalization of phenoxy, the
experimentally derived spectroscopic constants can be used to
calculate an accurate (ca. 1 kHz) hyperfine-resolved line list in
the centimeter wave band. These data enable the sensitive and
selective detection of phenoxy in a variety of complex mixtures
and reaction environments by microwave techniques. The
derived rest frequencies are also of sufficient accuracy to search
for evidence of phenoxy in radio astronomical surveys of narrow
line width interstellar sources, such as dark, cold molecular
clouds.”"** More broadly, these results demonstrate an effective
strategy for the microwave detection and analysis of other
important aromatic and resonance-stabilized radical intermedi-
ates.

Gas-phase phenoxy radicals were generated in an electric
discharge expansion and detected with a cavity FTMW
spectrometer operating from $ to 40 GHz.*® A dilute mixture
of either benzene/O, or anisole (C4qH;OCH;) in neon was
supersonically expanded into a large vacuum chamber
containing a confocal microwave cavity. As the gas enters the
chamber, it passes through two copper ring electrodes biased
with a 700—1000V potential, which produces a 20—40 mA
discharge current. Rotational transitions of phenoxy were
excited by a short pulse of resonant microwave radiation, and
the resulting free induction decay (FID) was detected with a
sensitive microwave receiver. The rest frequencies of the
transitions were measured to an accuracy of 2 kHz. Further
details are provided in the Experimental Methods.

A total of 18 pure rotational transitions (N < 6 and K, < 3)
were measured in the 8—25GHz frequency range. Each
transition is split into a dense cluster of fine/hyperfine
components spanning a ~10 MHz window (Figure 1). The
complex splittings of each pure rotational transition were
assigned with guidance from the theoretical predictions of the
spin-rotation and nuclear hyperfine coupling constants (see
below), the measured relative intensities, and the Zeeman
splitting patterns observed with an applied magnetic field. A
total of ~300 individual hyperfine-resolved transitions were
used to fit an effective Hamiltonian containing the rotational
constants (A, B, and C), quartic centrifugal distortion
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parameters (Ay, Axg Ay, Oy, and 8y), spin-rotation coupling
tensor elements (€,,, €, and €..), and both isotropic (ag) and
diagonal anisotropic (T,, and T, — T..) hyperfine coupling
constants for each H nucleus. The two equivalent pairs of ortho
and meta H atoms have identical hyperfine parameters, resulting
in a total of 18 free parameters (Ay and &y were poorly
determined and, therefore, were held fixed to their ab initio
values). Tables 1 and 2 summarize the best fit experimental

Table 1. Rotation, Centrifugal Distortion, and Spin-Rotation
Constants of Phenoxy in the A-Reduced I" Representation”

parameter measured calculated
A 5486.9020(14) 5485.11°
B 2793.0189(2) 2789.56"
C 1850.9540(1) 1849.37°
Ay X 10° 0.157(3) 0.1509¢
Ang X 103 0.16(2) 0.1887¢
Ag X 10° [1.0363]¢ 1.0363°
Sy X 10° 0.053(2) 0.0517¢
S X 10° [0.3625]¢ 0.3625°
€aa —99.466(3) -93.57°
€ —13.213(1) —-13.12°
€, —0.0859(5) +0.85°

“All values are in MHz w1th 1o uncertainties given in parentheses in
units of the last digit. YThe best estimate values derived from the
frozen-core ROHF-CCSD(T)/cc-pVQZ equilibrium geometry plus a
core—valence correlation correction [equal to the difference of the all-
electron and frozen-core ROHF-CCSD(T)/cc-p(C)VTZ equilibrium
constants] and vibrational zero-point corrections [calculated with
VPT2 at the UHF-CCSD(T)/ cc-pVTZ level of theory]. “Harmonic
ROHF-CCSD(T)/cc-pVTZ values. “Fixed to the calculated value.
“Spin-rotation parameters calculated at the UHF-CCSD(T)/cc-pVTZ
level of theory.

parameters optimized with the SPFIT program.”* The root-
mean-square (rms) fit error is 3.5 kHz. The complete
experimental line list and fit information is available in the
Supporting Information.

The theoretical equilibrium geometry of phenoxy was
optimized with coupled cluster theory, including smgle, double,
and perturbative triple excitations [CCSD(T)]***” based on
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Table 2. Hydrogen Hyperfine Coupling Constants of
Phenoxy”

parameterb this work ESR® ESRY calculated®
o-ag —20390(2)  —185(1)  —1923(6)  —20.516
0-Tp —5.767(2) —6.153
0-Ty, — T, 8.593(5) 9339
m-ag 6.338(4) 52(1) 5.63(6) 7.402
m-T,, 1.401(2) 1.949
m-Ty, — T, 4.847(7) 4.136
paz —28261(3)  -286(1)  —27.80(6)  —28.050
pTo 14.670(2) 15.449
pTy—T.  —16424(8) ~16.686

“All values are in MHz with 1o uncertainties given in parentheses in
units of the last digit. Yy = ortho, m = meta, and p = para. “Electron
spin resonance measurement in aqueous solution.>® The sign is
inferred from the gas-phase values measured in this work. “Electron
spin resonance measurement in benzene solution.'”” The sign is
inferred from the gas-phase values measured in this work.
“Equilibrium values at the ROHF-CCSD(T)/cc-pVTZ level of
theory.

both unrestricted (UHF)*® and restricted open-shell
(ROHF)*** reference wave functions and the correlation-
consistent polarized valence basis sets (cc-pVXZ)*' and core—
valence basis sets (cc-pCVXZ)* for frozen-core and all-electron
calculations, respectively. Harmonic centrifugal distortion
constants and anharmonic vibration—rotation constants [de-
rived via second-order vibrational perturbation theory
(VPT2)*] were calculated with quadratic and cubic force fields
constructed by finite differences of analytic gradients. First-order
electronic properties, including the electric dipole moment and
hyperfine coupling constants, were calculated at the UHF and
ROHF optimized equilibrium geometries via analytic first-
derivative techniques, while spin-rotation constants** were
calculated only for UHF reference wave functions for which
analytic second-derivative methods are available.*> All calcu-
lations were performed with the CFOUR program package.*®*’
The calculated rotation, centrifugal distortion, spin-rotation,
and nuclear hyperfine parameters are listed alongside the
respective experimental values in Tables 1 and 2 (see Table S1 of
the Supporting Information for the optimized structural
parameters). The excellent agreement between the measured
and theoretical constants provides a high degree of confidence in
the phenoxy assignment.

The observed nuclear spin statistics of the well-resolved
hyperfine structure provide additional experimental evidence for
the assignment. The unpaired electron in phenoxy occupies a 7
orbital of b; symmetry in the C,, point group, resulting in a °B,
electronic ground state. The two ortho H nuclear spins (I = 1/2)
couple to form an intermediate composite spin I, = 0 or 1.
Similarly, the two meta H nuclear spins couple to form I,, = 0 or
1. Fermionic statistics require that the permutation of either of
the ortho or meta pairs changes the sign of the total spin-
rovibronic wave function. Thus, in rotational states with K, =
even, only hyperfine states with (I,, I,) = (0, 1) or (1, 0) exist,
while in rotational states with K, = odd, only hyperfine states
with (I, I,,) = (0,0) or (1, 1) exist. The observed spectra do, in
fact, exhibit these spin selection rules, consistent with the
expected “B; electronic symmetry.

The precisely determined rotation, spin-rotation, and nuclear
hyperfine parameters reveal detailed insights into the structure
and electronic properties of phenoxy. Although the lack of data
from isotopically substituted species prevents a complete
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(semi)experimental equilibrium structure determination at
this juncture, the good agreement (~0.1%) between the
measured and best estimate theoretical rotational constants
(Table 1) lends confidence to the accuracy of the corresponding
theoretical equilibrium structure, which is illustrated in Figure 2.

0]

o’ o
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2 6
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Figure 2. Structure of phenoxy. The theoretical equilibrium bond
lengths of the heavy-atom skeleton {ROHF-CCSD(T)/cc-pVQZ +
core-correlation correction [ROHF-CCSD(T)/cc-p(C)VTZ]} in
angstroms are shown alongside the electronic resonance structures.

The calculated C— C bond lengths show significant differences
from their reference semi-experimental equilibrium values in a
normal benzene ring [rcc = 1.3913(3) A**]. As the accompany-
ing resonance structures illustrate, the delocalization of the
unpaired 7 electron in phenoxy results in an approximate O— C,
double bond (1.247 A), a C,— C, single bond (1.449 A), a C,—
C; double bond (1.373 A), and an intermediate C;— C, single/
double bond (1.406 A).

The H hyperfine coupling parameters provide an even more
direct and quantitative probe of the delocalization of the
unpaired 7 electron. The isotropic Fermi contact constants (ag)
derived in this work are approximately 2 orders of magnitude
more precise than previous ESR measurements in condensed-
phase samples'””'” (Table 2). Although the gas- and
condensed-phase values are similar, they exhibit small but
measurably significant differences owing to condensed-phase
environmental effects that perturb the molecular electronic
structure. The primary contribution to the ap parameter for each
H nucleus arises from spin polarization of the H (1s) electrons
by the unpaired spin population (p) in the neighboring C 7(2p)
orbital. A well-known approximate, empirical relationship*”>°
between these two quantities is

ap ® —63 MHz X p (1)

The spin populations of the hydrogen-bonded C atoms derived
from this expression are listed in Table 3. Our results also
include the anisotropic H hyperfine coupling constants (T, Ty,
and T,), reported here apparently for the first time. Similar
approximate expressions” also relate the in-plane (a and b axes)
anisotropy parameters to the adjacent C spin population

T,, ~ (433 MHz X cos” 6 — 387 MHz X sin” 0)p  (2)

3)

where 0 is the angle between the CH bond vector and the
principal a axis (which is parallel to the CO bond). The spin
populations derived from T, and T}, assuming that the bond

T,, ~ (43.3 MHz X sin” @ — 38.7 MHz X cos’ )p

https://doi.org/10.1021/acs.jpclett.4c00962
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Table 3. Unpaired Spin Populations in Phenoxy . 42oB PxPa,
bb ~
atom pag)? p(T,)° p(Ty,)? calculated” AEAl—X (5)
(¢] +0.41
€. ~0 6
C, —0.09 c (6)
Cy +0.32 +0.35 +0.34 +0.30 where {o = —139 cm ™" is the effective spin—orbit constant for
Css -0.10 -0.08 +0.08 -0.13 O(2p) electrons (assumed equal to the spin—orbit splitting of
C, +0.45 +0.34 +0.40 +0.39 the 1 state of OH>") and A and B are the rotational constants

“Spin populations derived from the H ag parameters using eq 1. bSpin
populations derived from the H T,, and T}, parameters using eqs 2
and 3. “Total atomic spin populations calculated at the ROHF-
CCSD(T)/cc-pVTZ level of theory.

angles equal our best estimate equilibrium values [0(C,H) =
58.5° and 6(C;H) = 120.1°% 6(C,H) = 180.0° exactly by
symmetry], are listed in Table 3, which also includes the
theoretical Mulliken spin populations from the ground-state
electronic wave function. The large positive spin populations on
the O, C,, C,, and C,4 atoms are consistent with qualitative
expectations based on the resonance forms in Figure 2. These
resonance structures also illustrate why the inconsistency in sign
and magnitude among the empirical and ab initio results is
greatest for the meta positions (C; and C;). The spin population
at these atoms is itself dominated by spin polarization from the
large positive spin density at the adjacent atoms (C,, C,, and
Cs). The resulting hyperfine coupling constants at the meta H
nuclei are therefore influenced by both first- and second-order
spin-polarization contributions from the nearest neighbor and
next nearest neighbor C atoms.>” Only the former is accounted
for by eqs 1-3.

The spin-rotation parameters (€., €, and €,) reveal
additional insight into the excited electronic manifold of
phenoxy. Under the (usually good) approximation that these
parameters are dominated by second-order spin—orbit inter-
actions that mix small amounts of electronic orbital angular
momentum into the ground-state wave function, the €; tensor
elements are directly proportional to the magnetic g-tensor
anisotropy, €; = 2(g. — g;i)B, where i = a, b, and c labels the
molecule-fixed principal axes, g, & 2.002319 is the free-electron g
factor, and B, is the rotational constant.”® A rigorous calculation
of €; based on analytic second-derivative techniques™** is in
good agreement with the experimentally derived values (Table
1) but is nonetheless difficult to interpret physically because it
comprises second-order response contributions from an entire
manifold of electronic excitations. Nevertheless, we can make a
series of approximations to these second-order spin—orbit
effects to better understand the most important contributions.
Following Stone,”* we neglect differential orbital overlap to
reduce the problem to a sum of single-center, single-electron
contributions. Moreover, given that O has a spin—orbit constant
much larger than that of C ({o/{c & S), we consider only
contributions from the unpaired spin density localized on the O
atom."® The largest contributions to ¢;; will then be from mixing
with the lowest excited electronic states of B, and A; symmetry,
i.e., those that result from rotating the one-electron hole in the
O(2p,) component of the singly occupied 7(b;) orbital of the
X’B; ground electronic state by 90° to overlap the in-plane
O(2p,) and O(2p,) atomic orbitals, respectively. The
corresponding single-center, single-perturber approximations
for the €; parameters are

PxPy,
)
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(Table 1). Px Pay and p,, are the O atomic spin populations in
the ground X°B, electronic state, the first excited B, state, and
the first excited A, state, respectively. AE; _y and AE, _x are
the corresponding vertical electronic energies. The unpaired

spin densities and vertical energies of these electronic states are
listed in Figure 3. The theoretical O spin populations are py =

,A‘ h
Everr=9,000cm™  E,e= 44,000 cm™

Figure 3. Unpaired spin density of phenoxy. The spin density isosurface
(£0.005 au) is shown for the X’B, ground electronic state (red
contours, positive; blue contours, negative). Spin—orbit interactions
about the molecular z = a axis couple the ground state to the low-lying
’B, state. The corresponding y = b axis interactions couple to much
higher lying %A, states. The spin density contours and vertical energy of
the first excited state of each symmetry are shown at the ROHF-
CCSD(T)/cc-pVTZ level of theory.

+0.41, pp = +0.89,and p, = +0.29. Substituting these quantities

into eqs 4 and $ yields €,, ® =120 MHz and €}, & —4.2 MHz.
The a-axis value is in reasonable agreement (20%) with the
measured value, €,, = —99.466(3) MHz, which indicates that
the magnetic anisotropy along this axis is indeed dominated by
the quasi-atomic O(2p) electronic orbital angular momentum
about the O— C, bond, i.e., a simple quenching of the first-order
spin—orbit effects observed in the orbitally degenerate ground
electronic states of OH (*IT) and CH;O (*E), which correlate to
the ground ?B, and first-excited ?B, states in phenoxy.lé The b-
axis estimate reproduces the sign of the measured value, €, =
—13.213(1) MHz, but is a factor of ~3 too small. A more
comprehensive study of the electronic states of phenoxy”®*®
shows that the O(2p,) orbital character is in fact dispersed over a
number of additional 2A; excited states with similar vertical
energies, so that the single-perturber approximation for this axis
is not very accurate. The c-axis magnetic anisotropy is expected

https://doi.org/10.1021/acs.jpclett.4c00962
J. Phys. Chem. Lett. 2024, 15, 5063—5069


https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00962?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00962?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00962?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c00962?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

to be small because the O(2p,) orbital has zero orbital angular
momentum about the x = ¢ axis. Indeed, the small negative
measured value, ¢, = —0.0859(5) MHz, reflects the sum of
numerous small contributions of both positive and negative
signs.

The hyperfine-resolved microwave spectrum of the singly
substituted 7O (I = 5/2) and *C (I = 1/2) species would
provide a complete description of the unpaired spin distribution
and heavy-atom structural parameters in phenoxy. The very
small natural abundance of '’O (0.04%) will require the use of
isotopically enriched discharge precursors, e.g,, benzene + 70,
or '7O-labeled anisole. Although the microwave lines of phenoxy
are strong enough to observe individual '*C rotational
transitions in natural abundance (1%) with long integration
times (we estimate 10 h per cavity position), the large number of
experimental measurements needed to derive accurate spectro-
scopic constants makes this approach impractical. A precursor
mixture of CC;Hg + O, would be an efficient strategy for
producing all singly substituted '3C species. A similar approach
for single-deuterium species (i.e., C¢HsD + O,) would provide
the necessary data to derive the complete chemical structure.
Now that the rotation, spin-rotation, and nuclear hyperfine
parameters of the parent isotopologue are accurately known, the
isotopically shifted values can be reliably predicted using the
theoretical equilibrium geometry and spin-rotation scaling
relations.”” That is, only the hyperfine structure of the
substituted nucleus is unconstrained, and its assignment should
be straightforward using the theoretical spin densities calculated
in this work.

The microwave rest frequencies of phenoxy derived from the
best fit parameters in Tables 1 and 2 have an uncertainty of 1-5
kHz for the most intense rotational transitions up to about 40
GHz. This catalog enables studies of phenoxy and its chemistry
in both the laboratory and space to be undertaken with
considerable confidence. Narrow- and broadband microwave
spectroscopy in the centimeter wave region is ideally suited for
isomer- and isotopologue-specific detection of phenoxy in
complex reactive mixtures at the rotationally cold laboratory
conditions achieved in supersonic e)q):ansions,30’57’58 uniform
flows,” %% and cryogenic buffer-gas-cooled cells.””

The cold, dense Taurus molecular cloud (TMC-1) is a well-
studied astronomical object that hosts a rich chemical
inventory.®* Two large radio surveys, GOTHAM®* and
QUIJOTE,*" which target this object in the 8—50 GHz region,
have recently revealed several unexpectedly abundant closed-
shell mono- and bicyclic aromatic species® ™ that may
represent the first stages of PAH formation. The oxidation
chemistry of these and their derived radicals, e.g.,, phenyl, in
molecular clouds, however, is poorly understood. Our results
provide the requisite laboratory rest frequencies to undertake a
sensitive search for phenoxy in radio surveys of TMC-1. Its
detection (or a rigorous upper bound on its column density)
could place important constraints on the highly uncertain
distribution and abundance of atomic and molecular oxygen in
the interstellar medium.”””"

Experimental Methods. A dilute mixture of either [0.1%
CgHg + 0.2% O,] or 0.1% anisole in neon at a total pressure of
3.3 bar was expanded from a solenoid valve in 400—500 s gas
pulses at a rate of SHz. As the gas exits the valve, it passes
through two copper ring electrodes that differ in potential by
700—1000 V, striking a 20—40 mA discharge when a high gas
density is reached. As the gas expands from the discharge
volume, it supersonically expands and rapidly cools to a
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rotational temperature of T, ~ 2 K. At optimal conditions,
the anisole precursor produced 2—5X as many phenoxy radicals
as the benzene/O, mixture.

Rotational transitions of phenoxy were excited by a 1 us pulse
of resonant radiation, and the subsequent FID was detected by a
sensitive microwave receiver, sampled by a digital oscilloscope,
and Fourier-transformed. Phenoxy has a large permanent dipole
moment [y, ~ 3.7 D; ROHF-CCSD(T)/cc-pVQZ equilibrium
value], and its transitions were detected with a signal-to-noise
ratio of 50:1 in 1 min of integration in the most favorable cases
(FID exponential filter time constant 200 us and
instantaneous cavity acquisition bandwidth = 0.3 MHz).
Three mutually orthogonal pairs of Helmholtz coils surrounding
the vacuum chamber were tuned to null the Earth’s magnetic
field at the center of the microwave cavity. Zeeman broadening
from the residual field at the edges of the cavity volume (<50
mG) prevented the detection of only the weakest and most field-
sensitive hyperfine components (i.e.,, AF = 0 transitions, where F
is the total angular momentum quantum number). The
measured rest frequencies had an accuracy of about 2 kHz.
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