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ABSTRACT: We present an analysis of the hyperfine-resolved rotational spectrum of gas-phase
phenyl radical, ¢-C¢Hs, between 9 and 35 GHz. The isotropic and anisotropic hyperfine
parameters of all five protons and the electronic spin-rotation fine structure parameters are
accurately determined from this study, which allow detailed insight into the distribution and
interactions of the unpaired electron in this prototypical o-radical. The implications for laboratory
and astronomical investigations of phenyl that are reliant on a precise centimeter-wave catalog are
discussed, as are the prospects for detecting and assigning the hyperfine-resolved rotational spectra

of other large, weakly polar hydrocarbon chain and ring radicals.

he phenyl radical is a critical intermediate in the formation

of large polycyclic aromatic hydrocarbons (PAHs) and
soot in combustion, atmospheric, and astronomical environ-
ments.'~® Its reactivity arises from the unpaired & electron that
results from homolytic cleavage of the strong C—H bond of
benzene.” The formation of phenyl from smaller radical
precursors'*~'* as well as its subsequent ring-addition
reactions®"? can proceed via barrierless, exothermic pathways,
highlighting the central role this prototypical o-type aryl radical
plays in low-temperature conditions including those of the
interstellar medium.’® Indeed, the formation of the first aromatic
ring is thought to be the rate-limiting step in PAH growth in
both interstellar and combustion processes,”'” wherein phenyl
may represent a more efficient ring-formation route than direct
formation of benzene itself.

Previous spectroscopic studies of the phenyl radical have
provided considerable insight into its structure and reactivity. Its
vibrational and electronic spectra have been measured optically
in both cryogenic matrices' *~'? and the gas phase,”’”*" and its
critical thermochemical properties have been accurately derived
from photoelectron and photoionization measurements.”*”>’
Electron spin resonance (ESR) studies in solid- and solution-
phase environments®* > resolved (albeit at low resolution) the
magnetic hyperfine structure arising from the interaction of the
unpaired electron spin (S = 1/2) with the nuclear spin of each
proton (I = 1/2). This extensive hyperfine structure,
compounded by additional fine structure due to the interaction
of the electron spin with total molecular rotation, however,
greatly complicates analysis of its rotational spectrum at very
high spectral resolution. Thus, although the pure rotational
spectrum of phenyl has been detected in both the microwave
and millimeter-wave regions,”*** only the latter portion of the
spectrum (ca. 150—300 GHz, where proton hyperfine structure
has collapsed) has been accurately assigned and fit to date. Using
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a similar approach, the singly substituted *C and D isotopic
species were measured, yielding a precise molecular structure.”
This study revisits the microwave region (9—35 GHz) of
phenyl radical. We present a complete assignment of the
extensive but well-resolved proton hyperfine structure that is
observed via cavity-enhanced Fourier transform microwave
(FTMW) spectroscopy. The newly derived spectroscopic
parameters provide a direct probe of the spin distribution and
spin—orbit interactions of the singly occupied o orbital in
isolated gas-phase phenyl radicals, complementary to prior
condensed-phase ESR measurements.’”*”>* The highly accu-
rate spectroscopic catalog (ca. 1 kHz) resulting from this work
enables sensitive and selective detection of phenyl radicals in
complex mixtures and reaction environments by narrow- and
broadband microwave techniques. The laboratory rest frequen-
cies are also of sufficient accuracy to search for evidence of this
fundamental radical in narrow line width interstellar sources
such as the cold, dense Taurus Molecular Cloud (TMC-1), the
target of the GOTHAM’® and QUIJOTE?” radio surveys where
many new carbon chains and organic rings have been discovered
in the last five years. More generally, our results provide a
foundation for the high-resolution analysis and potential radio
detection of other large, open-shell, weakly polar hydrocarbons,
including benzyl, indenyl, and naphthyl, that are crucial reactive
intermediates in astrochemical and combustion processes.
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Figure 1. Microwave spectrum of phenyl. (a) Simulated spectrum of the 0—35 GHz region assuming T, = 2 K. The rotational transitions measured in
this study are marked with blue dots. (b) Measured (top, black) and simulated (bottom, red) hyperfine structure of the 2, — 1;; rotational transition
near 14.36 GHz. The measured spectrum is a concatenation of 55 individual spectra, each of which are 0.2 MHz wide; the total integration time is 370
min. The simulated spectrum is derived from the best-fit spectroscopic constants in Tables 1 and 2. The double-peaked line profiles are purely
instrumental in origin, arising from the Doppler effect as the gas expands along the axis of the Fabry—Perot cavity. Note that some of the weaker
hyperfine components are not observed in the measured spectrum with the expected relative intensity. These AF = 0 transitions are very sensitive to
magnetic fields, yielding free induction decays with dephasing times comparable to the ring-down time (1—2 us) of the excitation pulse within the
cavity. Because the first ~10 us of the FID signal is discarded owing to this residual excitation field, rapidly dephased molecular features are

disproportionately attenuated.

Gas-phase phenyl radicals were generated and detected with
an upgraded version of the supersonic expansion-discharge
source and cavity FTMW spectrometer used for the original
microwave measurements.”*® A dilute mixture of chloroben-
zene in neon buffer gas 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 held ata 750 V potential, striking an electric discharge
that produces phenyl via cleavage of the weak C—Cl bond.
Rotational transitions of phenyl were excited by a short pulse of
resonant microwave radiation and detected by a sensitive
receiver. The rest frequencies of the transitions were measured
to an accuracy of 2 kHz. Further details are provided in
Experimental Methods.

Twelve pure rotational transitions (N <5, K, < 3) were
measured in the 9—35 GHz frequency range. At high resolution,
each transition is a dense collection of features in which several
dozen lines are typically clustered within a ~10 MHz window,
the center frequency of which was accurately predicted with the
rotational constants derived from the prior mm-wave analysis.”*
Figure 1 provides a comparison between a best-fit simulated
spectrum and the measured hyperfine structure for a typical
transition (NKRK( =20 — L)

The assignment and fitting of the spectrum were aided by
reliable a priori estimates of the fine and hyperfine parameters. A
rough estimate of the three nonzero spin-rotation tensor
components was derived®” from the ESR Ag measurements of
phenyl in an argon matrix,** which yielded €,,, €y, €. ~ 11 + 6,
0 + 5, =6 + 3 MHz. These estimates agree within their
measurement uncertainty with high-level ab initio predic-
tions ' (€, €4 €. X 8.9, 1.5, —5.1 + 1.0 MHz). The nuclear
magnetic hyperfine structure is described by an isotropic Fermi
contact parameter (ap) and two independent spin-dipole
anisotropic coupling parameters for each proton (T, and
Typsw With T, + Ty, + T, = 0). There are two pairs of
symmetry-related protons: one ortho pair (located closest to the
radical C atom) and one meta pair (the next nearest protons).
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The protons in each pair have equilvalent hyperfine constants,
leaving only nine independent hyperfine parameters in total.
Matrix and solution-phase ESR measurements”**** provided
relatively accurate experimental values for these hyperfine
parameters (1—10% statistical uncertainty, with additional
systematic effects from the condensed-phase environment). In
addition to theoretical hyperfine estimates available in the
literature,””*" we performed coupled cluster calculations with
the CFOUR package42’43 including single, double, and
perturbative triple valence excitations™"* with correlation-
consistent triple-{ basis sets*® and a restricted open-shell
Hartree—Fock reference wavefunction (ROHF-CCSD(T)/cc-
pVTZ).

Altogether, the fine and hyperfine interactions split each
rotational transition into dozens of individual components that
span a few tens of MHz centered around the rotational
frequency that would be calculated in the absence of these
interactions. Fermi spin-statistics of the protons leads to some
simplification of this structure. In the *A; ground electronic state
of phenyl radical, the total spin of the ortho proton pair (1,4, = 0
or 1) and meta proton pair (I, = 0 or 1) can only occur as
(Iythoy Lneta) = (0, 0) or (1,1) in rotational levels with K, + K, =
even, and (I, L) = (0, 1) or (1,0) with K, + K, = odd. These
statistics reduce the line density by about a factor of 2 relative to
its maximum value. Most of the integrated intensity of a given
rotational transition is ultimately carried by between 10 and 25
of the strongest hyperfine components.

Initial assignments were made using spectra simulated with
the PGOPHER program.”” The AF = +1 transitions from
hyperfine states with the highest possible F values were assigned
first based on their relative intensities and qualitative Zeeman
splitting patterns under applied bias magnetic fields. After some
initial refinement of the spectroscopic constants, additional
assignments could then be made with confidence in an iterative,
boot-strapped procedure. A total of 185 hyperfine components
from 12 rotational transitions were ultimately assigned, and a
final least-squares optimization was carried out with the SPFIT
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program.”® Tables 1 and 2 summarize the best-fit parameters,
which reproduce the measured rest frequencies with an rms

Table 1. Rotation, Centrifugal Distortion, and Spin-Rotation
Constants of Phenyl”

Parameter This work mm-wave>>
A 6279.17555(12) 6280.203(113)
B 5600.46688(18) 5599.597(92)
C 2959.40030(5) 2959.40114(57)
Dy X 10° [1.43716]” 1.43716(191)
Dpx X 10° [—2.4335]" —2.4335(42)
Dgx 10° [1.11047]° 1.11047(231)
d; x 10° [0.1182]° 0.1182

d, x 10 [0.02909]” 0.02909

€ 8.1075(12)

€ —0.4581(14)

€. —5.2422(7) +4.775(18)°

“All values are in MHz with a 1o uncertainty given in parentheses.
bCentrifugal distortion constants in the S-reduced (III') representa-
tion were held fixed to the values used in the mm-wave analysis of ref
35. “Sign of €, was undetermined and assumed to be positive.****

Table 2. Hydrogen Hyperfine Parameters of Phenyl”

Parameter” This work ESR (aq)* ESR (Ar)? Calc.
o-ag 49.3901(242) 48.85(8) 48.8(3) 428
o-T,. —6.5249(19) -7.0(3) -6.7
0-Thp—ua —17.1539(33) -17.6(3) -17.5
m-ag 16.6145(35) 17.52(8) 16.5(3) 13.9
m-T,, —2.9056(22) -2.5(3) -30
1-Tpy—a —1.0140(45) -02(3) -11
p-ag 5.4113(16) 5.72(8) 5.3(3) 5.1
p-T,. —1.6612(35) -2.0(3) -17
P Topsa 1.3678(43) 1.4(3) 0.7

“All values are in MHz with a 16 uncertainty given in parentheses. bo
= ortho, m = meta, and p = para. “Electron spin resonance

. . 33 d :
measurement in aqueous solution. Electron Spin resonance

measurement in a 4 K argon matrix.>> °Calculated values at the
frozen-core ROHF-CCSD(T)/cc-pVTZ level of theory.

residual of 3.6 kHz. The SPFIT input and output files are
included in the Supporting Information.

The complete set of proton hyperfine parameters determined
here allows one to quantify the delocalization of the unpaired
radical electron over the o-bond network of phenyl. Taking the
electron density of a H 1s orbital to be ly;,(0)I* = 1/7, its atomic
isotropic coupling constant is a = 1420 MHz. The sum of a for
the five phenyl hydrogens is 137 MHz, meaning that roughly
10% of the unpaired spin density resides on the H atoms, mostly
on the ortho pair, which is closest to the cleaved C—H bond. The
relative magnitudes of the hydrogen spin densities are well
described qualitatively by the singly occupied molecular orbital,
illustrated in Figure 2, and the calculated CCSD(T) isotropic
and anisotropic hyperfine parameters show excellent agreement
with the measured gas-phase values (Table 2). The parameters
derived from the microwave data are about 100-fold more
precise than previously determined solution- and matrix-phase
values,”””” but they otherwise do not differ significantly,
indicating that the condensed-phase environment effects are
small.

The primary contributions to the spin-rotation constants are
from second-order spin—orbit interactions.”” These contribu-
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Figure 2. Singly occupied (11a;) molecular orbital of phenyl radical.
The ROHF/cc-pVTZ orbital is plotted with an isosurface value of 0.02
au. The experimental isotropic hyperfine parameters (ay) are shown on
the left for the ortho, meta, and para protons, and the derived unpaired
spin densities (Iyi*) are on the right. The a and b principal axes are
indicated.

tions can be expressed approximately as a sum over both
molecular orbitals and atoms

(nll,, J0)(OlI, In)

€~ 4B Y. Y CkTEo
n

n#0 k

(1)

where B; is the rotational constant about the ith principal axis, {;
is the atomic spin—orbit parameter for carbon atom k (ca. 29
em™b),7 ,; is the electronic orbital angular momentum about axis
iand atom k, E, is the energy of the molecular orbital In), and 10)
is the singly occupied 11a; orbital.”” The C,, symmetry of phenyl
restricts contributions to €,,, €, and €, from excited states of B,
A,, and B, electronic symmetry, respectively. These symmetry
conditions and eq 1 explain the relative magnitudes of the
measured spin-rotation constants. Recall that the unpaired
electron occupies an a; orbital of sp character centered at C,y,,
(the C atom with the cleaved C—H bond; see Figure 2). The €,
sum involves /, matrix elements, which are strictly zero for both
the C,, s and p;, atomic orbitals. (The s component has zero
total angular momentum, while the p component has a
projection of zero along the b symmetry axis.) Moreover,
these b-axis interactions couple only to excited states of A,
symmetry, but a, molecular orbitals have zero contribution from
Cipso s and p atomic orbitals. The €,, sum will have large positive
contributions from interactions induced by /,, which rotates the
Cipso p orbital to overlap closely lying 7 orbitals. The €, sum has
smaller negative contributions from interactions induced by /,,
which rotates C,, to overlap b, 6 bonding orbitals. A relatively
crude estimate of these effects can be derived from the Ag
estimates of Kasai et al. based on the extended Hiickel theory
molecular orbitals calculated in their early ESR study of phenyl
radical.*” These results indicate that €, ~ 11, €, ~ 0,and €, & —
4 MHz, which are in remarkably good agreement with the
measured values given the approximations of the calculation.
While modern electronic structure methods refine these
estimates to €,, ® 89 + 1, ¢, & 1.5+ l,and e, =~ =51 + 1
MHyz, it appears that a simple, qualitative molecular orbital
picture adequately captures the most important physical
interactions.

The hyperfine parameters of the '*C nuclei would provide a
complete description of the radical electronic structure.
Although all four singly substituted *C isotopologues of g)henyl
radical have been detected in the mm-wave region, > 13C
hyperfine structure was evident only in ipso-'*CCHs (in which
the '3C nucleus is located at the nominal radical center and
therefore has the largest hyperfine interactions). This species
required the inclusion of the isotropic coupling constant

https://doi.org/10.1021/acs.jpclett.3c01243
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ap(*C), but its gas-phase value could not be determined reliably
from the mm-wave spectrum and was instead fixed to the value
derived from ESR matrix measurements (az = 361(6) MHz>").
The microwave lines of phenyl are strong enough that single-'*C
isotopic species may be detectable even in natural abundance.
Because their rotational constants (A, B, C) are already
accurately known™ and the spin-rotation constants (€,,, €
€..) satisfy simple isotopic scaling relations,” the assignment of
their microwave spectra should be relatively straightforward
despite the 2—4-fold increase in line density arising from the
additional nuclear spin (I5c = 1/2). Determining both the
isotropic and anisotropic Bc coupling constants of ip-
s0-*CCsHg would be particularly illuminating, as it would
allow the relative s and p orbital character of the radical center to
be established.

The spectroscopic catalog of phenyl calculated using the best-
fit parameters in Tables 1 and 2 has an uncertainty of about 1
kHz for the rest frequencies of the most intense rotational
transitions up to 40 GHz. This degree of accuracy enables new
spectroscopic applications for investigating the phenyl radical
and its chemistry in both the laboratory and in space. Microwave
spectroscopy provides sensitive isomer- and isotopologue-
specific detection of C4Hg in complex reactive mixtures in a
frequency range particularly well suited for low-temperature
laboratory environments, including cryogenic buffer-gas cooled
cells,”” supersonic expansions,”" and uniform flows.>* >

The astronomical detection of phenyl radical in cold, dense
molecular clouds would place a further and likely important
constraint on the formation of complex PAHs in the interstellar
medium. The well-studied, chemically rich Taurus Molecular
Cloud (TMC-1)*° is the target of two large radio surveys,
GOTHAM®® and QUIJOTE,*” which cover the 8—36 GHz and
31—-50 GHz regions, respectively. These surveys have recently
revealed the unexpected presence of several cyclic and aromatic
species, including cyanobenzene,”” cyanonapthalene,®
dene,””*° and cyanoindene,”" that represent the incipient stages
of PAH growth. The chemistry of phenyl is likely critical to the
formation of these and even larger PAHs. Its astronomical
abundance, or a rigorous upper bound thereof, can now be
determined from sensitive radio survey data with high
confidence.

The rotational spectra of other large hydrocarbon radicals that
are thought to be crucial to PAH growth (e.g., benzyl, indenyl,
and naphthyl®®) remain completely unknown. Our results for
phenyl suggest that such species may now be amenable to
microwave detection and analysis by similar means. The most
important factors governing their detectability are molecular size
and symmetry (i.e., the rotational partition function, Q,., and
symmetry number, ¢), the permanent dipole moment (), and
the number of proton spins (ny). Assuming rotational
transitions can be optimally polarized, the cavity-FTMW signal
scales linearly with y, and the total figure of merit is proportional
to uo/ thZ"H. For astronomical detection, radio emission

in-

scales as 4% so the relevant figure of merit is o/ Q2" Table

3 compares these quantities for several hydrocarbon radicals
both smaller and larger in size than phenyl. (We assume
rotational temperatures of T,,, = 2 K for laboratory supersonic
expansions and T, = 7 K, the typical excitation temperature in
TMC-1,% for astronomical detection.) These order-of-
magnitude estimates illustrate that microwave studies of heavier
species with sensitive cavity spectrometers and radio telescopes
will be challenging but not insurmountably so. The dipole
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Table 3. Estimated Detectability of Hydrocarbon Radicals by
Cavity-FTMW Spectroscopy and Radio Astronomy

2"/ x Q1 Figure of merit”
Molecule 2K 7K " (D)? Lab. Astro.
phenyl, C{H; 7.7 X 10 49X 10°  0.87 1.0 1.0
benzyl, C,H, 60x10° 39x10* 0.10 0.015  0.0017
indenyl, C,H, L1x 10"  74x10* 014 0.011  0.0017
1-naphthyl, 33x10*  21x10° 0877 0.023  0.023
C10H7
cyclopropyl, c- L1X 10> 64X 10> 049 4.1 2.4
C3H5
allyl, C;H, 12x10*  73x10> 0.5 0.38 0.022
propargyl, 72%x10°  31x10" 015 18 438
H,CCCH

“Q,o is calculated by direct summation using rigid rotor energies and
rotational constants from refs 63 and 65—72. “Dipole moments from
refs 40, 67, 71, and 73. “Figure of merit (uo/Q (2 K)2™ for
(7 K)2"™ for astronomical

detection in TMC-1) relative to phenyl. “Assumed equal to phenyl.

laboratory cavity detection and u’6/Q

rot

moments of the resonance-stabilized z-radicals allyl, propargyl,
benzyl, and indenyl are particularly small (u < 0.15 D). As with
their closed-shell parents, the much larger dipole moments of
the cyano-tagged derivatives of these species (4 = 4—5 D) may
make them the preferred targets for both laboratory and
astronomical searches.’*"*> The propargyl radical is in fact
already known both in the laboratory and in TMC-1.°*%* The
microwave detection of the small, moderately polar cyclopropyl
radical, ¢-C;Hj, is particularly favorable by this metric and
additionally benefits from the accurate rotational constants
derived from existing high-resolution infrared spectroscopy.’®
Indeed, cursory efforts in our laboratory have already been
successful in detecting several hyperfine-resolved transitions of
¢-C3H; with a signal-to-noise ratio comparable to phenyl, and a
parallel search for its allyl isomer (CH,CHCH,) is underway.
Detection of still larger hydrocarbon radicals by microwave
spectroscopy is an intriguing possibility and would provide
another means to critically quantify and assess their roles in gas-
phase organic chemistry.

B EXPERIMENTAL METHODS

A dilute mixture of 0.1% chlorobenzene in neon at a total
pressure of 2500 Torr was expanded from a solenoid valve in 500
us pulses at a repetition rate of 5 Hz. As the gas expands into a
large vacuum chamber where a confocal microwave cavity is
located, the rotational temperature rapidly drops to within a few
Kelvin. As the gas exits the valve, it passes through two
cylindrical copper ring electrodes which differ in potential by
750 V. At high density, the breakdown voltage is reached, and an
electric discharge (20—40 mA peak current) is struck between
the electrodes. Phenyl was produced efficiently in the discharge
by electron-attachment dissociation of the carbon—halogen
bond.*"**** At optimal conditions, the chlorobenzene
precursor produced 10—100-fold more phenyl radicals than a
benzene precursor.

Rotational transitions of phenyl were excited by a 1 ys pulse of
resonant radiation, and the subsequent free induction decay was
detected by a sensitive microwave receiver and Fourier
transformed. Phenyl has a moderate dipole moment (u, =
0.87 D*), and its transitions were detected with a signal-to-
noise ratio of 140:1 in 400 s of integration in the most favorable
cases, noting however that the instantaneous bandwidth is

https://doi.org/10.1021/acs.jpclett.3c01243
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limited to 0.3 MHz because of the high cavity Q. Three mutually
orthogonal pairs of Helmholtz coils surrounding the vacuum
chamber were tuned to null the 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 spin-
rovibronic angular momentum quantum number). The
measured rest frequencies have an accuracy of about 2 kHz.
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