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ABSTRACT: Phenyl radical has been studied via sub-Doppler
infrared spectroscopy in a slit supersonic discharge expansion
source, with assignments for the highest frequency b2 out-of-phase
C−H symmetric stretch vibration (ν19) unambiguously confirmed
by ≤6 MHz (0.0002 cm−1) agreement with microwave ground state
combination differences of McMahon et al. [Astrophys. J. 2003, 590,
L61−64]. Least squares analysis of over 100 resolved rovibrational
peaks in the sub-Doppler spectrum to a Watson Hamiltonian yields
precision excited-state rotational constants and a vibrational band
origin (ν0 = 3071.8915(4) cm−1) consistent with a surprisingly
small red-shift (0.9 cm−1) with respect to Ar matrix isolation studies
of Ellison and co-workers [J. Am. Chem. Soc. 2001, 123, 1977].
Nuclear spin weights and inertial defects confirm the vibrationally averaged planarity and 2A1 rovibronic symmetry of phenyl
radical, with analysis of the rotational constants consistent with a modest C2v distortion of the carbon backbone frame due to
partial sp rehybridization of the σ C radical-center. Most importantly, despite the number of atoms (N = 11) and vibrational
modes (3N − 6 = 27), phenyl radical exhibits a remarkably clean jet cooled high-resolution IR spectrum that shows no evidence
of intramolecular vibrational relaxation (IVR) phenomena such as local or nonlocal perturbations due to strongly coupled nearby
dark states. This provides strong support for the feasibility of high-resolution infrared spectroscopy in other aromatic
hydrocarbon radical systems.

I. INTRODUCTION
Phenyl radical (C6H5, Figure 1) is the product of homolytic CH
bond cleavage in benzene and is arguably one of the most

fundamental aromatic hydrocarbon radical species in all of
chemistry. By virtue of its aromatic character and unpaired
electron, phenyl constitutes a highly reactive radical species
known to play an important role in chemistry ranging from
geologic formation of hydrocarbon fuels to industrial syn-
thesis.1,2 Of particular interest, this radical is also strongly
implicated as a crucial chemical intermediate in soot formation,
combustion, and polycyclic aromatic hydrocarbon (PAH)

chemistry in the interstellar medium (ISM).3−11 In multiple
areas of chemistry, reaction schemes detailing the production
and depletion of ring hydrocarbon species often invoke phenyl
radical as a proposed intermediate,11−14 which continues to
provide strong motivation for detailed first principles under-
standing of its fundamental properties.
In contrast to its widespread chemical impact and

importance, there is a remarkable lack of detailed spectroscopic
information on phenyl radical, in particular high-resolution
infrared spectroscopy in the gas phase. Indeed, a deeper
understanding of the structural properties, reaction kinetics,
and dynamics of radicals in general can be obtained via high-
resolution infrared spectroscopy of highly reactive intermedi-
ates, both in ground and vibrationally excited states. In
particular, such experiments offer benchmark tests under ideal
laboratory conditions with which to confirm high-level
theoretical predications, as well as provide insight into
complicated reaction pathways under more challenging and
exotic chemical conditions. One of the reasons for this is clearly
high chemical reactivity, which makes it a challenge to prepare
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Figure 1. Phenyl radical with its body fixed principle rotation axes
labeled. For C2v point group symmetry analysis, the x, y, and z axes are
taken as a right-hand coordinate system pointing along the C, A, B
principle axes, respectively. The arrows indicate the displacement
vectors for the b2 symmetry out-of-phase symmetric CH stretch (ν19)
reported herein.
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phenyl radical in sufficiently high densities per quantum state to
allow such detailed characterization to be feasible. This is
particularly true for relatively large polyatomic radical species
with small rotational constants such as phenyl radical, for which
rotational partition functions under conventional temperature
conditions can be quite large and thus yielding correspondingly
low populations per quantum state.
In combustion chemistry, phenyl radical is a proposed

intermediate in both synthetic and destructive pathways of
PAH systems.3 The importance of phenyl radical is especially
relevant for heavy oil and tar sand deposits, which greatly
exceed the existing reserves of conventional oil, but require
additional chemical processing due to their significant PAH
content.15 In order to convert such reserves into cleaner and
more efficient fuel sources, the hydrogen-to-carbon ratio can be
increased by catalytic hydrocracking, which uses homolytic
bond cleavage of large aromatic molecules to yield lower
molecular weight combustible reagents.16 Indeed, for con-
jugated hydrocarbon systems such as those present in heavy
fuel sources, phenyl radical is directly produced through
breaking the biaryl C−C bonds, a process known as
hydrogenolysis.17 In addition, mechanisms for combustion of
even simple aliphatic fuels also highlight phenyl radical as a
critical species in the net production of aromatics and therefore
a key intermediate on the path to the formation of macroscopic
soot.18

Although much less well determined at present, phenyl
radical is thought to play an equally central role in
astrochemistry. In particular, it has been definitively established
that PAHs are indeed present in the ISM19,20 with phenyl
radical a likely key player in the underlying chemistry. For
example, reaction schemes such as those presented by Wang
and Frenklach3 highlight phenyl radical as a critical reactive
intermediate in the conversion from the simplest aromatics
(e.g., benzene) to larger PAH species. This so-called hydrogen-
abstraction-C2H2-addition (HACA) is initiated by activation of
benzene via removal of a hydrogen atom to yield phenyl radical,
which then reacts with acetylene to form H + phenylacetylene.
Subsequent hydrogen abstraction from the α-carbon followed
by a second C2H2 addition produces a diacetylenic radical. This
species can rapidly undergo electron rearrangement to produce
a bicyclic aromatic radical, which in turn may either proceed
with further C2H2 additions or terminate via hydrogen atom
addition to yield naphthalene. Indeed, such HACA pathways
have been adapted from combustion chemistry and applied to
PAH formation in carbon rich stars3,20−23 where the high
temperatures (∼1000 K) can provide sufficient energy to
overcome the significant activation barriers for such a reaction
scheme.
Interestingly, such combustion motivated HACA mecha-

nisms are challenging to invoke in explaining the formation of
PAHs in the ISM, where the much lower temperatures (≈ 10
K) would strongly limit such activated processes. Of particular
relevance, therefore, crossed molecular beam experiments by
Tielens et al.24 have recently discovered a barrierless reaction
between phenyl radical and vinylacetylene, whereby naphtha-
lene can be produced in a single collision event, even at low
temperatures similar to those found in the ISM. Clearly,
definitive confirmation of such mechanisms for PAH synthesis
in astrochemical environments will require considerable
additional work, for which observational spectroscopy of
relevant reaction intermediates such as phenyl radical may
offer critical support. Indeed, phenyl radical is indicated as an

intermediate for both low and high temperature reaction
pathways, for which advanced knowledge about phenyl radical
is needed to facilitate accurate predictions of its concentration
and chemical activity. By way of example, the precursor
molecule benzene has recently been observed spectroscopically
in the proto-planetary nebula CRL 618.25 Infrared, millimeter,
and/or microwave detection of phenyl radical spectra in
collocated regions of space could provide critical supporting
evidence for such reaction mechanisms as well as information
on kinetics of PAH formation.26 This, in turn, could
significantly advance future prospects for successful search for
these species in the ISM with new far-IR/submm telescope
capabilities coming on line.27−29 Such detection and con-
firmation efforts would greatly profit from accurate spectro-
scopic characterization by laboratory studies of gas phase
phenyl radical, toward which the present work is directed.
The infrared C−H stretch region of phenyl radical has been

studied previously in the condensed phase via matrix isolation
spectroscopy,30 but of the 5 normal mode stretches predicted in
the infrared CH stretch energy region, there has been
remarkably little success at obtaining further information by
high-resolution gas phase efforts.31 Indeed, there are only two
sources of high-resolution spectroscopic data on phenyl radical
to date: (i) pioneering microwave studies by McMahon et al,32

and (ii) a recent communication from our group31 on high-
resolution infrared studies of phenyl in a slit jet discharge. We
have since then considerably improved our experimental
conditions for phenyl radical production, and recently exploited
this experimental capability for high-resolution spectral search
throughout the 3000−3200 cm−1 near-infrared region. Such
efforts have yielded detailed gas phase spectra for 3 of the 5
fundamental CH stretch spectral bands in this near-IR region.
The focus of this work is a more complete description and
analysis of the b2 out-of-phase symmetric CH stretch mode, ν19,
with spectral results for two weaker a1 symmetry CH stretching
modes (ν1 and ν2) modes currently under analysis and to be
presented elsewhere.
What is particularly noteworthy about this observation is

that, despite the relatively large number of atoms in phenyl
radical, the CH stretch spectra can be clearly rovibrationally
resolved, unambiguously assigned, and successfully analyzed.
This is far from an obvious result, since large polyatomic
hydrocarbon molecules with correspondingly many vibrational
modes can exhibit extensive coupling between excited zero
order vibrational “bright states” and the dense bath of near
resonant “dark states” that are energetically accessible at C−H
stretch frequencies.33−36 The lack of strong rovibrational state
coupling evident in the high-resolution phenyl radical spectra
indicates surprisingly small complications due to intramolecular
vibrational relaxation (IVR) of energy, which bodes promisingly
for high-resolution spectroscopy of other cyclic aromatic radical
species, as well as potentially even more complicated PAH
radical systems.
The outline of this paper is as follows. The experimental

setup is described briefly in section II, including a description of
the pulsed slit jet discharge and present methods of producing
frequency stabilized tunable IR light. Section III presents results
and analysis of the spectroscopic data, with discussion of the
relevant experimental findings in section IV. In particular, the
rotational constants and nuclear spin statistics offer insight into
the structural planarity, in-plane distortion, and rovibronic
symmetry of the molecule, while the simplicity of the gas phase
rovibrational spectrum at the fundamental vibrational level
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indicates a remarkable lack of unimolecular dynamics due to
intramolecular vibrational coupling effects. Section V summa-
rizes the main results and conclusions.

II. EXPERIMENTAL SECTION
The ability to obtain well-resolved rovibrational spectra of
phenyl radical in the gas phase relies largely on several
experimental advantages: (i) high radical densities per quantum
state accessible with low temperature discharge expansions, (ii)
sub-Doppler compression of velocity broadening in the slit jet,
(iii) long absorption path geometry, and (iv) precisely tunable
frequency stabilized IR light source. The experimental setup has
been described in previous papers,34,37,38 thus only a brief
summary of details relevant to the present work need be
presented here.
The spectroscopic target phenyl radical species is produced

via CX bond fragmentation of monohalobenzenes (C6H5X) in
a slit supersonic jet expansion, yielding typical signal-to-noise
on the strongest absorption peaks of roughly 50:1. The
mechanism for CX bond fission is presumably electron
dissociative attachment to form the radical center + X−,
which would clearly favor use of halogenated precursor species
with weakest CX bond strengths. Indeed, phenyl radical can be
efficiently synthesized in the discharge with bromobenzene and
iodobenzene, but with signal intensities greatly limited by
reduced vapor pressures at room temperature. As a
compromise between vapor pressure, control and formation
efficiency, the carrier gas Ne70 (70% neon, 30% helium) is
therefore bubbled through liquid-phase chlorobenzene cooled
at 0 °C, with the gas mixture further diluted with Ne70 to
produce 0.5% C6H5Cl gas samples in the stagnation region at
280 Torr total pressure. The gas is supersonically expanded
through a JILA-built solenoid-driven slit valve capable of
generating intense pulses with tunable duration (1000 μs, < 50
μs rise time) that exit through a 4 cm long, 300 μm wide slit
into a vacuum chamber. This supersonic expansion is triggered
at a repetition rate of 19 Hz, with pressure in the vacuum
chamber maintained <50 mTorr by a 560 L/second Roots
blower (Leybold WS200). During each gas pulse, a 50 kHz
modulated square wave voltage (≈ 500 V) is applied across an
insulated 1 mm region located immediately prior to the
expansion orifice, as illustrated in Figure 2. This voltage is
sufficient to produce a glow discharge with 280 mA peak
current through the sample and carrier gas mixture, which
causes dissociative electron attachment and homolytic cleavage
of the CCl bond to produce the desired phenyl radical.
The slit jet expansion rapidly cools the phenyl radical down

to ≈11(1) K, where infrared light 5 mm downstream from the
nozzle orifice permits for direct absorption by the newly formed
radical molecules. Near shot noise limited absorption
sensitivities on the order of 0.002% (A = 2 × 10−5) in a 10
kHz bandwidth are made possible by fast servo loop subtraction
of signal and reference detector technical common mode noise
on the IR laser. The signal is further augmented by increasing
the absorption path length using of a 16-pass Herriott cell,
which is aligned directly below the slit orifice. This alignment
minimizes molecular velocity parallel to the beam path, lowers
the Doppler width of the measured absorption peaks by an
additional 5−10 fold (in Ne70), and thereby increases the peak
absorption cross section by an equivalent 5−10 fold. In
combination with the much slower (1/r vs 1/r2) density drop
off in a slit versus pinhole jet, this yields a net sensitivity
enhancement for direct IR absorption on high reactive radicals

by some 3−4 orders of magnitude. Combined with typical
integrated absorption strengths (5−20 km/mol)39 for hydro-
carbon species such as phenyl radical, these absorption
sensitivities translates into minimum detectable number
densities of (2−8) × 108 #/cm3/quantum state in a detection
region 5 mm downstream of the slit jet orifice. Indeed, based
on calculated integrated absorption cross sections for the
present ν19 out-of-phase symmetric CH stretch band, infrared
light is produced by spatially overlapping two visible laser
beams in a temperature controlled, periodically poled lithium
niobate crystal, which results in difference frequency generation
of tunable light in the 2.5−4 μm region. The two visible light
sources are (i) a fixed frequency argon ion (Ar+) laser operating
at 514 nm (19429.88 cm−1) and (ii) a tunable ring dye laser
(R6G dye) between 17500 to 16000 cm−1. The Ar+ laser is
locked via servo-loop to the transmission fringes of an external
Fabry−Perot cavity (FSR = 250 MHz), which in turn is locked
to a polarization-stabilized helium−neon (HeNe) laser to
achieve a long-term frequency stability over multiple days.
Scanning progress of the dye laser is measured with respect to
fringes on the same ultrastable Fabry−Perot cavity, yielding
comparable precision for frequency measurement on the
difference frequency IR light. Absolute frequencies are
determined by reference absorption line of jet cooled methane
(R(4), 3067.3000 cm−1) observed under identical slit jet
conditions,40 providing a calibrated IR frequency axis with
typical root-mean-square (rms) reproducibility of 8 MHz
(<0.0003 cm−1) for the transitions reported.
The IR light is divided into two beams by a 50:50 beam

splitter, with one portion measured directly on a liquid nitrogen
cooled InSb reference detector. The remainder of the IR light is
then directed through the slit jet discharge/Herriott cell
vacuum chamber, extracted after 16 passes, and recollimated
onto a matched liquid nitrogen cooled InSb signal detector.
Noise between signal and reference detector is actively

Figure 2. Cartoon diagram of pulsed slit jet discharge. During the
1000 μs gas pulse, the carrier gas and precursor flow into the discharge
region where a square wave modulated voltage (−500 V) is applied
with a 50 kHz frequency. The electric field induced glow discharge
results in efficient electron dissociative attachment of the weak
carbon−halogen bond. This high concentration of phenyl radicals is
then rapidly cooled to ≈11(1) K in the slit supersonic expansion.
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balanced using high bandwidth (1 MHz) home-built active
subtraction electronics, with the weak absorption signals at the
50 kHz discharge modulation frequency obtained via lock-in
detection to provide additional signal-to-noise enhancement.
These lock-in detection signals are then further analyzed in the
time domain by gated integration and differential baseline
correction before, during and after the slit jet pulse, with all
resulting data and frequency diagnostics stored in a computer
for later analysis.

III. RESULTS AND ANALYSIS

Phenyl radical is predicted to be a planar, near-oblate
asymmetric top with a rigid structure described by C2v point
group symmetry with x, y, and z axes pointing along the C, A,
and B principle axis directions (see Figure 1). Normal mode
analysis predicts five infrared active fundamental modes in the
3000−3200 cm−1 region consisting of predominantly CH
stretching character. There are three CH stretch vibrations of a1
symmetry, which, in order of decreasing frequency, can be
predominantly characterized as (i) in-phase, symmetric stretch
of all 5 CH bonds (a1, ν1, 3192 cm−1), (ii) out-of-phase,
symmetric stretch between the ortho (i.e., carbon atoms 2,6)
and para (i.e., carbon atom 4) CH bond positions (a1, ν2, 3180
cm−1), and (iii) in-phase, antisymmetric stretch of the
corresponding ortho/meta CH bonds (a1, ν3, 3160 cm−1). In
addition, there are 2 CH stretch vibrations of b2 symmetry: (i)
out-of-phase, symmetric stretch (b2, ν19, 3182 cm−1) and (ii)
out-of-phase, antisymmetric stretch (b2, ν20, 3166 cm−1) of the
ortho/meta CH bonds. The predicted frequencies for these five
vibrations are based on anharmonic scaling (0.9637(31))
B3LYP/6-31++g(3pd,3df) predictions of Dong et al.,38,39

which in turn have been benchmarked against a comprehensive
set of high-resolution CH stretch spectra for hydrocarbon
radicals. Of the five IR active CH stretching modes, the b2
symmetric out-of-phase CH stretch (ν19) is predicted from
simple density functional calculations [B3LYP/6-311++g-
(3df,3pd)] to have the largest integrated infrared intensity (S0
≈ 17.3 km/mol).39 A sample overview spectral region for the
phenyl radical in the slit jet discharge absorption spectrometer

is shown in Figure 3, revealing extensive rotationally resolved P,
R branch progressions and a clear Q branch feature near 3071.9
cm−1. Typical isolated line absorbances are ≈ 0.04%, which for
the above integrated absorption cross section translates into a
typical number density per quantum state of ≈ 3 × 109

radicals/cm3 in the slit jet probe region and ≈ 5 × 1010

radicals/cm3 extrapolated up toward the discharge slit orifice.
Although this represents a > 10-fold lower formation efficiency
than observed for other hydrocarbon radicals in the slit jet
discharge geometry, this nevertheless translates into a
respectable S/N ≈ 20 for typical absorbance sensitivities of
0.002% in our detection bandwidth.
As discussed in detail below, this rotational structure is

indeed predominantly due to the symmetric out-of-phase CH
stretch (ν19) band, with a dipole derivative moment along the A
principal axis and thus an A-type band dominated by ΔKa = 0
and ΔKc = ± 1 transitions. Closer inspection also reveals
additional B-type band transitions from the much weaker a1
totally symmetric ν1 CH stretch vibration fortuitously occurring
in the same spectral region, which is not considered herein. The
ν19 Q-branch feature band origin near 3071.9 cm−1 is in quite
good agreement with and indeed suggests an unusually small
red shift with respect to Ar matrix isolation studies (ν19 = 3072
cm−1) performed by Ellison and co-workers.30 The high-
resolution capabilities of the slit jet expansion are often
sufficient for resolving spin-rotation fine structure and some-
times even nuclear spin-electron spin hyperfine structure in
these open shell systems. In the case of phenyl radical, however,
these fine structure contributions are known from microwave
studies to be quite small (εcc ≈ 4.8 MHz) and in fact are seen
only as unresolved additional broadening beyond the sub-
Doppler limit.32 To be consistent with our other studies,
however, we will nevertheless refer to total angular momentum
simply by the end-over-end rotational quantum number N,
although at even higher resolution these levels would of be split
into doublets by coupling with electron spin (S = 1/2).
Due to H atom loss and ring distortion of the C radical

center, the degeneracy of the in-plane principle rotation axes is
broken (A ≥ B > C), which makes phenyl radical a near-oblate

Figure 3. Overview rovibrational spectrum of the symmetric out-of-phase C−H stretch, ν19, in phenyl radical at Trot ≈ 11(1)K. The band origin is at
3071.8915 cm−1, with extensive P, Q, and R branch structure clearly evident. In spite of spectral overlap due to the near oblate top nature of phenyl
radical, the combination of supersonic jet cooling and sub-Doppler transverse velocity compression allows for assignment and analysis of over 100
fully resolved rovibrational transitions.
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asymmetric top. Though the total angular momentum N
remains a conserved quantum number, the unsigned body fixed
projections of N along the A and C principle axes, Ka and Kc,
offer a further useful designation of energy levels by NKaKc.
Though these projection quantum numbers are only
approximate for an asymmetric top, the even (e) or odd (o)
nature of Ka and Kc is rigorous, since these correspond to ±1
eigenvalues for body fixed C2(y) and C2(x) rotation operators
that commute with the total Hamiltonian. As a result, the
rotational energy levels of phenyl radical can be readily solved
by expanding the total asymmetric top Hamiltonian in a Wang
basis set comprised of symmetric/antisymmetric linear
combinations of oblate symmetric top functions (e.g., 1/
√2{|NK⟩ ± |N − K⟩} for K = even/odd), where K is the
signed projection along the C axis. Rotational constants for
phenyl radical are then obtained by iterative assignment of
absorption peak frequencies to rovibrational transitions
(N′Ka′Kc′ ← N″Ka″Kc″) in a least-squares fitting program based
on a Watson asymmetric top Hamiltonian. Due to the low
rotational temperatures (≈ 11(1) K) in the jet expansion, these
fits are sufficient to reproduce the transition frequencies to
within experimental precision without need for higher order
centrifugal distortion terms, and thus the choice of reduction
and representation is arbitrary.
For a near oblate asymmetric top, the eigenenergies for a

given N decrease with increasing Kc, which implies most
favorable Boltzmann factors for low Ka values with Kc ≈ N.
Furthermore, for a planar near-oblate top (i.e., A ≈ B ≈ 2C),
the structure of each Kc subband is shifted by ≈ 2(X − B̅)Kc ≈
−B̅Kc, which for alternate Kc values approximately matches the
≈ 2B̅ spacing in the P and R branch progressions. The net
result is a closely spaced progression of transitions with a
natural propensity for spectral overlap. We therefore begin the
assignment using only spectrally fully resolved and isolated
features in the P and R branch region. The advantage of this
approach is that it permits immediate confirmation from two-
line combination differences based upon microwave spectros-
copy of Thaddeus et al.,32 to which the present assignments
match within 6 MHz (0.0002 cm−1). Therefore, the ground
state constants are held fixed at the microwave values, with the
excited vibrational state rotational constants (A′, B′, and C′)
and vibrational band origin ν0 subject to refinement in this first
round of least-squares fit.
This initial P/R branch analysis provides a sufficiently good

fit to the Watson Hamiltonian to enable confident spectral
prediction of fully resolved albeit weaker spectral structure
within the central Q branch. With the inclusion of these
additional Q branch lines in the fit, the spectral predictions are
now sufficiently accurate to confidently identify the weaker

individual P and R branch lines (N ≠ Kc and/or ΔN ≠ ΔKc)
that do not satisfy requirements for both high Boltzmann
population and Hönl−London factor line strength. This
iterative process results in more than 100 spectrally isolated
transitions that can be unambiguously assigned and least-
squares fit to extract high resolution rotational constants (see
Table 1) and a band origin. Even without centrifugal distortion
terms, the random errors in such a least-squares analysis yield a
residual standard deviation of 0.00037 cm−1 (11 MHz), i.e.,
roughly comparable to rms experimental error in our frequency
measurements.
At closer inspection, a small Q branch region for ν19 phenyl

radical is expanded in Figure 4, with the band origin designated

with a black arrow. The predicted spectrum (downward, red
line) is generated using experimental least-squares fit constants
and recapitulates the high-resolution experimental spectrum
(upward, black line) of phenyl radical quite well. As seen in
Figure 4, due to compensating Hönl-London factors, the
strongest peaks in the Q-branch occur near the band origin and
correspond to transitions that originate from higher energy
states with Ka″ ≈ N″ and Kc″ ≈ small, with corresponding Q-
branch transitions out of the lower energy states (i.e., with Ka″
≈ small and Kc″ ≈ N″) shifted significantly to higher (ΔKc =
−1) and lower (ΔKc = +1) transition frequencies from ν0. If we
focus on the Q branch transitions with small frequency shifts,
these form clear blue (ΔKc = +1) and red (ΔKc = −1) shaded

Table 1. Ab Initio Theoretical and Experimental Rovibrational Constantsa

theoryb (CCSD(T)/vtz-f12) experiment

benzene “sp2 phenyl” phenyl benzene (gnd state) phenyl (gnd state) phenyl (ν19)

A (cm−1) 0.19024 0.20472 (+7.6%) 0.20980 (+10.2%) 0.189751(25) 0.209472(10) (+10.3%) 0.209380(4) (+10.3%)
B (cm−1) 0.19024 0.19024 (0.0%) 0.18720 (−1.6%) 0.189751(25) 0.186793(7) (−1.6%) 0.186578(4) (−1.7%)
C (cm−1) 0.09512 0.09861 (+3.6%) 0.09893 (+4.0%) 0.094876(13) 0.098714988(2) (+4.0%) 0.0986098(8) (+4.0%)
Δ 0 0 0 0.046 0.089

aHigh level ab initio predictions48 (left three columns), obtained at a fixed CCSD(T)/vtz-f12 level to facilitate quantitative comparison, reflect (i)
benzene, (ii) “sp2 phenyl” (i.e., equilibrium benzene geometry with one hydrogen removed), and (iii) phenyl radical. The three rightmost columns
represent experimentally determined values for (i) benzene,47,69 (ii) ground state phenyl radical,1 and (iii) ν19 phenyl radical excited in the out-of-
phase symmetric CH stretching mode. To aid quantitative comparison, fractional changes in each quantity with respect to theoretical and
experimental values for benzene are indicated in %. bAb initio MOLPRO calculations.48

Figure 4. (a) Q branch region of the phenyl radical out-of-phase CH
symmetric stretch, band origin (3071.8915 cm−1) labeled with a black
arrow. The simulated spectrum using experimental fits is shown below
in red. (b,c) Rovibrational energy level diagrams highlighting the N = 2
← 2 and 6 ← 6 Q-branch manifold transitions. Color coded arrows in
panel a correspond to transitions in panels b and c.
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progressions out of Kc″ = 0 and K″c = 1, respectively,
converging upon one another near the band origin. This
behavior can be rationalized by the right-hand panels in Figure
4, which illustrate the approximate energy level dependence on
N, Ka, and Kc for pairs of Q-branch transitions. For low N
values, the energy difference between Kc = 0 and the mean of
the split Kc = 1 levels is approximately independent of N (i.e.,
ΔE ≈ (C − B)Kc

2), while the Kc =1 asymmetry splitting for low
N (ΔE ≈ 1/2 (A − B)N(N + 1)) grows quadratically with N.
With increasing N, therefore, the N′N′1 ← N″N″0 and N′N′0 ←
N″N″1 progressions necessarily shift to the blue and red,
respectively. For sufficiently high N, however, the asymmetric
top energy level pattern approaches a more prolate top
behavior, with the NN0 and NN1 states converging to form pairs
of Kc asymmetry split levels for Ka = N. The net result is that
the N′N′1 ← N″N″0 and N′N′0 ← N″N″1 Q-branch progressions
converge to the same transition frequency. Indeed, for
negligible changes in upper and lower state rotational constants,
this would predict a perfect convergence of transitions at the
band origin, as is the qualitative trend evident in Figure 4. With
a reliable spectral assignment in hand, we can similarly look at a
sample data region in the P and R branches (see Figure 5). As

expected for a near oblate planar asymmetric top (A ≈ B ≈
2C), the spectral structure is dominated by nearly overlapping
progressions in ΔN = ΔKc = ± 1, where the congestion arises
from the near commensurate match between P/R branch
spacing and the shift in alternate Kc sub-band origins for an A-
type band (ΔKc = ± 1). Nevertheless, agreement between
experimental data and the partially overlapping asymmetric top
predictions is clearly extremely good.

IV. DISCUSSION
A. Nuclear Spin Weights. As a first point of discussion,

relative intensities in the rotationally resolved rovibrational
spectrum can be used to provide additional confirmation on the

underlying nuclear spin statistics and thus rovibronic symmetry
of the phenyl radical ground state. Although the most complete
treatment of nuclear spin statistics in “floppy” molecules is
provided by molecular permutation group theory, this is not
essential in phenyl radical, for which results are readily obtained
simply by assuming a rigid structure with C2v point group
symmetry.41 From a point group perspective, phenyl radical has
two sets of equivalent hydrogen nuclei, each of which undergo
feasible exchange by low barrier rotation of the molecule
around the C2 axis. The four hydrogen atoms (I = 1/2) have
either spin up or spin down, which translates into 24 = 16 total
spin states for the molecule. This forms a reducible
representation of the C2v point group, which can be reduced
with the C2v character table to yield Γnuc‑spin = 10A1⊕6B2. To
obtain nuclear spin weights, we note that Fermi-Dirac statistics
requires the total wave function (Ψtot) to be antisymmetric with
respect to exchange of equivalent hydrogen atoms and thus two
equivalent pairs of fermions must transform symmetrically with
respect to C2 rotation. Furthermore, the eigenvalues for C2
rotation around the B axis are +1 and −1 for asymmetric top
eigenfunctions with Ka + Kc = even and odd, respectively. In
conjunction with a totally symmetric A1 ground vibronic state,
this corresponds to a 10:6 ratio of nuclear spin statistical
weights for Ka + Kc = even/odd states, respectively.
Spectroscopic confirmation of the correct nuclear spin

weighting can be found in Figure 6, which shows a small
segment of the Q branch for the ν19 stretch of phenyl radical.
The top panel (in blue) shows stick plot predictions calculated
with the correct nuclear spin ratio of 10:6 for Ka + Kc =
even:odd. Conversely, the stick plot in the bottom panel (in
red) is the same prediction but with nuclear spin statistics

Figure 5. Scan of phenyl radical in the R branch region of the ν19 CH
stretch. The simulated spectrum based on experimentally fit rotational
and vibrational constants is shown below in red. The spectral
congestion observed in these rotational structures arises naturally for a
perpendicular band in a planar, near-oblate asymmetric top (A ≈ B ≈
2C), for which the P/R branch spacings are near commensurate with
sub-band spacings as a function of Kc.

Figure 6. Comparison of two simulated spectra which highlight the
effect of nuclear spin statistics in the spectrum of phenyl radical in the
ν19 region. The middle panel shows experimental absorption spectra,
whereas the lower and upper panels present intensity predictions for
correct (10:6) vs inverted (6:10) nuclear spin statistical weights
anticipated for Ka + Kc = even/odd levels in the ground state. These
nuclear spin weights confirm the 2A1 electronic symmetry of the
ground state and thus the σ nature of the C radical center.
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reversed, i.e., 6:10 for Ka + Kc = even:odd. Comparison of the
two simulated stick plots with the high resolution results clearly
confirms a 10:6 ratio for Ka + Kc = even:odd to correctly
reproduce the spectral data. It is worth noting that overall wave
function symmetry with respect to rotation around the B axis is
directly influenced by and therefore reports on the electronic
symmetry of the ground state. Specifically, for a putative π
radical ground state with B1 electronic symmetry, C2 rotation
around the B principal axis would invoke an additional sign
change, and thus the nuclear spin weights would shift from 10:6
to 6:10 for Ka + Kc = even/odd states. In conjunction with the
above discussion of electronic symmetry, these 10:6 nuclear
spin weights can be taken as independent spectral confirmation
of a ground state A1 rather than B1 electronic symmetry, which
in turn requires a σ vs π electronic structure for the radical
center on the C atom. This is also consistent with aromatic
stabilization of phenyl radical, which significantly lowers the
energy of the π electron cloud and makes homolytic bond
cleavage to form the σ radical center the energetically preferred
pathway.
B. Planarity and In-Plane Ring Distortion. The rovibra-

tionally analyzed spectra also provide additional information on
the vibrationally averaged planarity of phenyl radical, as well as
evidence for a static in-plane distortion of the six-membered
ring. Specifically we consider the inertial defect (Δ), i.e., Δ = Ic
− Ia − Ib, where Ii is obtained from a sum over all masses times
the distance squared from the corresponding principle rotation
axis. For a perfectly rigid, classical molecule with all mass
constrained to a plane, the inertial defect should vanish
identically, although systematic shifts in Δ arise due to higher
order quantum effects such as finite electron mass, zero point
motion of the nuclei, as well as in-plane versus out-of-plane
vibrational motion.42−44 Table 1 summarizes the experimental
inertial defects for phenyl radical in ground and vibrationally
excited states. The ground state value for phenyl is small (Δ =
+0.046 amu Å2) and in fact remarkably close to benzene in its
ground vibrational state (Δ = +0.044 amu Å2).45−47 This is
consistent with a planar aromatic molecular structure for phenyl
radical, with the slight positive contribution to Δ arising from
in-plane vibrational zero point effects. It is worth noting that
this inertial defect increases by nearly 2-fold in the ν19 excited
state (Δ = +0.089 amu Å2), which is also consistent with
additional CH stretch motion in one of the in-plane vibrational
degrees of freedom.
Although benzene and phenyl radical have the same number

of carbon atoms and π-electrons, homolytic cleavage of a CH
bond results in a less saturated radical carbon that is no longer
purely sp2 hybridized, now mixing in partial sp character in
order to generate a σ radical. To investigate distortion of the
phenyl backbone away from 6-fold symmetry, we compare both
a theoretical/experimental rotational constants for a pro-
gression of C6 ring molecules in the absence/presence of
such rehybridization effects due to radical formation. As
summarized in Table 1, the leftmost three columns reflect
theoretical rotational constant values calculated at a high but
uniform ab initio level48 (MOLPRO, CCSD(T)/vtz-f12) for (i)
benzene, (ii) a fictitious fully “sp2 phenyl” species clamped at
the D6h benzene geometry but one hydrogen atom removed
along the B axis, and (iii) phenyl radical itself with complete
relaxation of the carbon backbone allowed. Percent changes in
each of these theoretical values with respect to benzene are
indicated in parentheses. Similarly, the next three columns
represent the experimental rotational constant values for (i)

ground state benzene, and phenyl radical in the (ii) ground
state and (iii) with one quanta of excitation in the ν19 stretch,
again with fractional changes in the quantities shown in
parentheses.
In the theoretically predicted values, there is clearly a

substantial increase (10.2%) in the A rotational constant
between benzene and phenyl radical. However, the “sp2 phenyl”
limit (i.e., H atom removal with no change in nuclear
coordinates of the C6 frame) accounts for only ≈ 75% of the
observed difference. This indicates that H atom loss can not be
the only source of increase in A and that indeed the phenyl
radical ring is more compressed with respect to the A-axis. The
shifts in B provide further evidence for such compression of the
carbon ring. Specifically, since the H atom removed originates
on the B-axis, there must be identically zero change in B
between benzene and “sp2 phenyl” resulting purely from H
atom removal. Experimentally, however, the B constant for
phenyl radical decreases by an additional 1.6% as a result of
rehybridization, providing confirmation that the two pairs of
meta/ortho C atoms must be on average stretched further away
from the B axis than in benzene.
In the absence of a full isotope substitution study, such

changes in rotational constants are insufficient to determine the
nuclear coordinates of phenyl radical. However, a simple
rehybridization picture consistent with these changes is
illustrated in Figure 7, with coordinates taken from theoretical

calculations. The unique carbon atom in phenyl radical has two
filled bonding molecular orbitals with a third orbital only half
occupied, thus resulting in an admixture of sp and sp2 character.
Partial sp character yields a greater propensity toward linear
vstrigonal planar geometry that causes the C−C−C bond angle
to be substantially larger (≈ +6°) than the conventional 120°
value for sp2 bonding. Simply summarized, rehybridization of
the C radical center results in (i) decreased distance of the
unique carbon atom to the A axis and (ii) increased distance of
the two adjacent (para) carbon atoms from the B axis. Such in-
plane distortion is consistent with experimental results in Table
1, which reveal an anomalously large fractional increase in A
and decrease in B from phenyl radical to benzene. Alternately
stated, despite having the same number of carbon atoms and π-
electrons as benzene, the one-half filled bonding orbital in
phenyl radical clearly has measurable effects on the ring
backbone geometry of the molecule. Finally, the phenyl radical

Figure 7. Ab initio theoretical comparison (CCSD(T)/vtz-f12)
between benzene (left) and phenyl radical (right), illustrating the
subtle distortion of the carbon ring upon H atom abstraction and
radical formation.48 The greater sp hybridization character of the
unique radical carbon atom center both (i) increases the C−C−C
bond angle as well as (ii) decreases the adjacent C−C bond lengths.
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data in Table 1 indicate very good agreement between
experiment and theory (<1%). Moreover, since these
predictions ignore zero point quantum averaging over the
vibrational wave function, the remaining discrepancies are
largely systematic, for which one can empirically compensate by
scaling to the ratio of experimental/theoretical values for a
related molecule such as benzene. The result of such scaling
improves the rotational constant agreement between theory
and experiment by an additional order of magnitude (≈ 0.1%).
C. Intramolecular Vibrational Dynamics. As a final topic

of discussion, we consider the role of intramolecular vibrational
coupling in the phenyl spectra. In high-resolution IR spectra of
sufficiently large gas phase molecules, isolated transitions which
carry the oscillator strength to so-called zero order “bright
states” can be broadened or split into multiplets by
unimolecular vibrational coupling to a typically much denser
manifold of zero order “dark states.”33,35,49,50 This occurs
because when two or more zero order states have similar
energies, residual coupling in the Hamiltonian can mix the zero
order states to form eigenstates with both fractional bright and
dark state character. As a result, excitation into an optically
bright state necessarily prepares a coherent superposition of
eigenstates, which in turn results in a time dependent transfer
of vibrational energy into nearby states, or, expressed
equivalently in the time domain, IVR. The critical question of
interest is therefore whether typical off-diagonal IVR coupling
matrix elements (i.e., Vij = ⟨Ψdark|H|Ψbright⟩) are sufficiently
large with respect to the inverse density of vibrational states (1/
ρ(Evib)) for such intramolecular coupling effects to become
evident in the high-resolution spectrum. Experimentally, the ν19
rovibrational spectrum of phenyl radical appears completely
assignable and shows no effects from IVR at sub-Doppler
spectroscopic resolution (Δνfwhm ≈ 50 MHz = 0.00167 cm−1)
under Ne slit discharge expansion conditions. The relevant
issue is whether the (i) vibrational state density and (ii)
coupling matrix elements in phenyl radical are each sufficiently
small to rationalize this behavior.
The vibrational state density of a molecule at a given

excitation energy grows exceptionally rapidly with the number
of vibrational degrees of freedom, and in particular, the number
of low vibrational modes.51−57 Due to the presence of 3N − 6 =
27 vibrational normal modes, the phenyl radical might be
expected to suffer substantial loss of spectral simplicity from
IVR induced fragmentation of isolated eigenstates of the lower
order and largely separable Hamiltonian. Note that such
intramolecular vibrational dynamics does not necessarily imply
any true homogeneous broadening of lines beyond the sub-
Doppler line width, as could occur for the case of strong
predissociative coupling with the continuum. However, clearly
neither scenario is the correct description, which we would
experience as partial blurring in each of the high-resolution
spectral samples (Figures 3−6). Instead, based on efficient
backtracking state counting algorithms by Kemper et al. and
simple harmonic predictions,55 the vibrational state density per
symmetry group in phenyl radical can be readily predicted to be
ρ(Evib) ≈ 0.15 states/cm−1 at Evib ∼3000 cm−1, which is clearly
unusually small for a molecule with 11 atoms. The obvious
reason for this is its aromatic C6 ring conformation, which
constrains proliferation of low frequency bends and internal
torsional modes that can dramatically increase the density of
states in linear hydrocarbon systems and thus the impact of
mode−mode coupling.58 In a closed C6 ring structure, on the
other hand, the lowest frequency vibrational modes are

considerably higher than for a linear C6 chain structure,
which considerable decreases the state density at typical CH
stretch frequencies.
To provide some additional quantitative context, there have

been systematic high-resolution IR studies of IVR coupling
dynamics for hydrocarbons such as terminal CH stretch excited
substituted acetylenes.36,53,59 By virtue of jet cooling and sub-
Doppler resolution, these studies were able to resolve the true
molecular eigenstates arising from these bright state/dark state
interactions in the CH stretch manifold, which thus permitted
coupling matrix elements to be extracted directly from the
spectra. A typical coupling matrix element size was found to be
on the order of ⟨Vij⟩ ∼ 0.01 cm−1, which was consistent with an
empirical threshold of state density on the order of ρ(Evib) ∼
102 symmetry selected states per cm−1 for onset of additional
spectral complexity due to IVR mixing.49,60,61 Note that this
critical threshold state density is nearly 3 orders of magnitude
smaller than predicted for phenyl radical at 3000 cm−1 levels of
internal excitation. Thus, if one were to assume a similar range
of coupling matrix elements for fundamental CH stretch
excitation in aromatic ring systems, this would indeed be
entirely consistent with the observed lack of IVR induced
fragmentation of bright states with near resonant dark states in
the current phenyl radical spectra.
As a parting comment, we briefly consider the future

prospects for extending such high-resolution IR studies to even
larger polyatomic aromatic hydrocarbon systems. Figure 8

Figure 8. Estimates of symmetry selected vibrational state density (i.e.,
scaled to point group order) for a series of aromatic and PAH
molecules, based on simple density functional predictions (B3LYP/6-
311++g(3df,3pd)) and an efficient backtracking algorithm by Kemper
et al.39,55 The vertical arrow represents the fundamental CH stretch
region, while the horizontal band indicates the threshold region of
state density (∼ 100 sym selected states/cm−1) suggested from high-
resolution studies to be necessary for promoting IVR coupling
between “bright” and “dark” zeroth order levels.33,35,49,50,54,61,68 Color/
shape coding for the calculations: single ring: phenyl (green circles),
benzene (red triangles), pyrazine (purple hexagons), pyridazine (gray
diamonds), pyridine (dk red squares), naphthalene (red hexagons),
phenanthrene (cyan diamonds), anthracene (dk blue squares), pyrene
(yellow circles). Note that all the single ring species are well below this
critical state density at ∼3000 cm−1, which suggests the feasibility of
high-resolution infrared detection for any of the corresponding single
ring aromatic radical species under supersonically cooled conditions.
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summarizes vibrational state density predictions (ρ(Evib)) as a
function of internal energy for a series of single, double and
larger aromatic ring systems, based on simple harmonic
frequency predictions (B3LYP/6-311++g(3df,3pd)) and the
Kemper backtracking algorithm.39,55 Given that the arguments
here rely on only approximate vibrational state densities, the
choice of density functional theory predictions for these
frequencies should be entirely adequate. For each of the single
aromatic ring species, the density of states at fundamental CH
stretch energies is roughly ρ(Evib) ∼ 0.1 states/cm−1, with the
corresponding numbers of ρ(Evib) ∼ 20 states/cm−1 and ρ(Evib)
∼1000 states/cm−1for double (naphthalene) and triple
(phenenthrene, anthracene) aromatic ring systems. Also
indicated on this plot is the ∼102 states/cm−1 threshold
density of states empirically obtained from high-resolution
studies for CH stretch excitation in the terminal acetylenes.60,61

The predictions for the larger ring systems suggest that spectral
congestion due to IVR coupling will be dominant, although
results for double aromatic ring systems such as naphthalene
may be sufficiently sparse to tackle with high-resolution
methods. However, it is also worth noting that these state
densities represent extremely rapidly growing functions of
internal vibrational energy, and thus any such IVR imposed
limits on molecular size in the CH stretch region could be
considerably reduced for excitation at lower frequencies. In any
event, the data for each of the single aromatic ring systems at
the fundamental CH stretch excitation are already consistently
2−3 orders of magnitude below this threshold state density,
which clearly bodes well for further study of the corresponding
radical species via high resolution IR spectroscopy.

V. SUMMARY AND CONCLUSIONS
The phenyl radical has been studied with high-resolution
infrared spectroscopy enabling the identification of the ν = 1←
0 excitation of the C−H symmetric out-of-phase vibration, ν19.
This assignment has been unambiguously confirmed via ground
state combination difference band comparison with previously
published microwave data,32 with a vibrational band origin
determined to high precision (ν0 = 3071.8915(4) cm−1) and
over 100 spectrally resolved transitions fit to near experimental
uncertainty levels (σ = 11 MHz ≈ 0.0004 cm−1). The band
origin is in quite good agreement with matrix isolation studies
(ν19 = 3072 cm−1) performed by Ellison and co-workers. This
would be consistent with a red shift that is remarkably small (≈
0.96 cm−1) and more typical of those observed under the more
weakly perturbative conditions of rare gas Ne matrices or even
van der Waals complexes.30,62−67 Given the relatively large
number of atoms and normal modes in phenyl radical, the
observed IR spectrum is surprisingly clean and lacks any
additional structure and/or broadening due to IVR. Exper-
imental and theoretical analysis of ground and excited state
rotational constants help inform on changes in intramolecular
bonding due to the half-filled σ molecular orbital, with
increased CCC bond angle and decreased bond CC lengths
consistent with partial sp versus sp2 character for the radical-
carbon atom. Analysis of nuclear spin statistical weights and
experimental inertial defects confirm the vibrationally averaged
planarity of phenyl as well as the 2A1 symmetry of the electronic
ground state. The feasibility of such a spectral analysis
constitutes an important step progress toward high resolution
infrared spectroscopy of additional aromatic ring hydrocarbon
radical systems, which likely play important roles in both
combustion and interstellar chemistry.
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