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The combination of a pulsed supersonic slit-discharge source and single-mode difference frequency
direct absorption infrared spectroscopy permit first high resolution infrared study of the iodomethyl
(CH2I) radical, with the CH2I radical species generated in a slit jet Ne/He discharge and cooled to
16 K in the supersonic expansion. Dual laser beam detection and collisional collimation in the slit
expansion yield sub-Doppler linewidths (60 MHz), an absolute frequency calibration of 13 MHz, and
absorbance sensitivities within a factor of two of the shot-noise limit. Fully rovibrationally resolved
direct absorption spectra of the CH2 symmetric stretch mode (ν2) are obtained and fitted to a Wat-
son asymmetric top Hamiltonian with electron spin-rotation coupling, providing precision rotational
constants and spin-rotation tensor elements for the vibrationally excited state. Analysis of the asym-
metric top rotational constants confirms a vibrationally averaged planar geometry in both the ground-
and first-excited vibrational levels. Sub-Doppler resolution permits additional nuclear spin hyperfine
structures to be observed, with splittings in excellent agreement with microwave measurements on the
ground state. Spectroscopic data on CH2I facilitate systematic comparison with previous studies of
halogen-substituted methyl radicals, with the periodic trends strongly correlated with the electroneg-
ativity of the halogen atom. Interestingly, we do not observe any asymmetric CH2 stretch transitions,
despite S/N ≈ 25:1 on strongest lines in the corresponding symmetric CH2 stretch manifold. This
dramatic reversal of the more typical 3:1 antisymmetric/symmetric CH2 stretch intensity ratio sig-
nals a vibrational transition moment poorly described by simple “bond-dipole” models. Instead, the
data suggest that this anomalous intensity ratio arises from “charge sloshing” dynamics in the highly
polar carbon-iodine bond, as supported by ab initio electron differential density plots and indeed
consistent with observations in other halomethyl radicals and protonated cluster ions. Published by
AIP Publishing. https://doi.org/10.1063/1.5028287

I. INTRODUCTION

Halogen substituted methyl species play significant roles
in a range of atmospheric processes, ranging from alkene
chemistry1,2 to ozone depletion.3 These species are also cru-
cial in important technical applications, such as semiconductor
device manufacturing,4 fire suppression,5,6 and refrigeration.
However, these halogen substituted methyl analogs are of
interest in their own right for the new fundamental insights
they can offer into the behavior of simple hydrocarbon radicals.
Specifically, the halogen atom electronegativity influences a
range of molecular properties, including the degree of sp3 vs.
sp2 hybridization of the central carbon atom as well as the
magnitude of the carbon-halogen bond stretching force con-
stant. As one example, the CX bond force constant is known
to decrease systematically along the periodic series CH2Cl,7

CH2Br,8 and CH2I.9 Such trends reflect the impact of decreas-
ing electronegativity for the halogen atom, for which decreased
“back bonding” with the radical carbon center weakens the
force constants for these species.

For methyl radicals (CH3) and the analogous monohalo-
gen substituted methyl radicals (CH2F, CH2Cl, CH2Br, and
CH2I), electronegativity has a similarly strong impact on pla-
narity and out-of-plane bending anharmonicity. For example,
the methyl radical (with the least electronegative H atom
substituent10) exhibits a relatively harmonic bending mode
with a vibrationally averaged planar equilibrium geometry.
On the other hand, CH2F, with the most highly electroneg-
ative F substituent, exhibits the least harmonic bending mode
with a non-planar double-minimum potential (see the poten-
tial energy calculations by Whitney et al.11 and Marshall
et al.12). Such systematic variations in the potential surface
reflect the influence of electronegativity and electron with-
drawal on the sp2 vs. sp3 hybridization of the central carbon
radical.

The CH2I radical has also gained much recent attention
as an important player in fundamental atmospheric and tropo-
spheric chemistry, in particular, as an efficient precursor for the
formation of “Criegee intermediates” such as CH2OO radicals.
The important class of transient radicals was first proposed in
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1947 as an important collision complex in reactions between
ozone and unsaturated hydrocarbons,13 but direct observation
of these molecules was not reported until 2008.14 In 2012, Welz
et al.15 provided unambiguous evidence that they had gen-
erated the simplest Criegee intermediate using the following
bimolecular displacement reaction:

CH2I + O2 → CH2OO + I, (1)

with the CH2I radical initially produced by UV photodisso-
ciation of CH2I2. The reaction described in Eq. (1) and other
parallel CH2I reactions, such as

CH2I + O2 → HCHO + IO, (2)

are believed to represent important atmospheric pathways
for producing highly reactive species that initiate catalytic
ozone depletion, influence olefinic concentrations, and pro-
duce cyclic hydrocarbon compounds.1,2 Such iodine chemistry
is particularly important in the marine boundary-layer environ-
ment, where methylene iodide (CH2I2) is generated by marine
organisms, enters the atmosphere, and is quickly photodis-
sociated by ultraviolet solar radiation (at wavelengths below
300 nm16) into CH2I + I.

The prototypical CH3 radical (i.e., CH2X with X = H)
was first observed in the vacuum ultraviolet17 and then
later via electron spin resonance spectroscopy.18 Condensed
phase infrared (IR) spectra of methyl radicals have been
extensively studied by matrix isolation methods.19–23 In
the gas phase, a vibrationally averaged structure has been
determined to be planar,24 with a rovibrational structure in
the CH stretch spectral region studied via high resolution
infrared (IR) absorption25 and Raman photofragment spec-
troscopy.26 Additional gas phase IR studies include probing
the out-of-plane27 and in-plane28 bending modes. A deuter-
ated methyl radical has also been studied in the gas phase at IR
frequencies.27,29

The halogen-substituted methyl radical analogs have also
been intensively studied. The CF3 radical is known to exhibit
a non-planar, pyramidal structure in its ground state,30–32

whereas high-resolution microwave and IR studies suggest
that CH2F has a vibrationally averaged, planar ground state
structure.11,33 As noted above, this difference in equilibrium
geometry between CF3 and CH2F species reflects the degree
of sp2 versus sp3 hybridization for the central carbon atom,
which influences the out-of-plane inversion potential. Other
CH2X molecules have been studied at high resolution, includ-
ing CH2Cl, whose rotational structure was investigated in both
the microwave34 and the IR regime,35 and CH2Br, whose
pure rotational structure has been studied via microwave
spectroscopy.36,37

Three of the six CH2I radical vibrational modes—the
HCH bend, the CH2 symmetric stretch, and the CI stretch
mode—have been studied while immobilized in a cold argon
matrix.9 Most relevant in this respect is the microwave and
millimeterwave study of ground vibrational level rotational
structures of CH2I by Bailleux et al.38 who report ground state
rotational constants to high precision, including quartic and
sextic centrifugal distortion terms, spin-rotation parameters,
and hyperfine coupling constants arising from both the iodine

and the hydrogen (ortho coupled, IH = 1) nuclei. Bailleux
et al. concluded that CH2I has a planar geometry, averaged
over zero-point out-of-plane CH2 wagging motion. They deter-
mined the ground electronic state to be of 2B1 symmetry and
found that the largest contribution to the hyperfine structure
originates from coupling of the quadrupole moment of the
radical with the iodine nucleus, in part due to the high nuclear
spin angular momentum (II = 5/2) of 127I. In preparation for
the studies reported herein, we have undertaken ab initio cal-
culations of CH2I using density functional theory (DFT) with
a variety of available basis sets.39 The resulting prolate asym-
metric top equilibrium structure of CH2I is illustrated in Fig. 1,
with the unpaired electron occupying a pπ orbital along the CI
axis. Out-of-plane bending is characterized by an inversion
angle θ, whose vibrationally averaged value is zero, and φ
denotes the azimuthal angle between the CH bond and the CI
symmetry axis.

In the experimental work reported herein, we use non-
linear difference frequency generation between two single-
mode visible lasers to search for the infrared v = 1 ← 0
symmetric and asymmetric stretch CH2 bands. We success-
fully observed the symmetric CH2 stretch band, with a good
signal to noise ratio (S/N ≈ 25:1) for the strongest transi-
tions. For the symmetric stretch band, the spin–rotation fine
structure is fully resolved and analyzed. A hyperfine struc-
ture is also observed at low angular momentum states, dom-
inated by coupling between electron spin (S = ½) and iodine
nuclear spin (I I = 5/2). The net hydrogen nuclear spin is either
IH = 0 for the singlet para state or IH = 1 for the triplet ortho
state, with hyperfine structures due to the triplet state con-
tributing to broadening of spectral features observed at low
total J. It is worth noting that the combination of jet cooling
and sub-Doppler resolution in the slit jet expansion geom-
etry permits substantially complete sequential resolution of
rovibrational, fine, and even hyperfine structures, which is
quite unusual for studies in the near infrared region of the
spectrum.

FIG. 1. Representation of the CH2I equilibrium structure as determined with
a DFT/B3LYP calculation. The pπ orbital of the unpaired electron is illustrated
above and below the molecular plane. The a and c principal rotation axes are
labeled (the b axis is roughly out of the page). The inversion angle is θ, and
the angle between the symmetry axis and the C–H bond is φ.
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The organization of this paper is as follows. Methods for
obtaining first high resolution spectra of supersonically cooled
CH2I radicals are described in Sec. II, with fully resolved rovi-
brational and spin-rotation structures for the Ka: 0 ← 0 and
1← 1 transitions presented in Sec. III and analyzed with a Wat-
son spin-rotation Hamiltonian. Section IV discusses how these
results inform our understanding of the potential energy and
dipole moment surfaces for CH2I and other halomethyl radical
species, with concluding comments summarized in Sec. V.

II. EXPERIMENT

The supersonic slit-discharge molecular beam source and
IR difference frequency spectrometer have been described
in detail elsewhere.40 Briefly, the success of the experiment
depends on the high absorbance sensitivity and precision
frequency control arising from several factors: (1) high rad-
ical density per quantum state, (2) sub-Doppler linewidths
(∆ν ≈ 0.002 cm�1), (3) long effective absorption path length,
(4) highly stable, broadly tunable IR sources, and (5) detec-
tion sensitivity near the quantum shot-noise limit. The first
three contributions are the consequence of operating an intense
supersonic slit-discharge pulsed beam source in vacuo inside
of a multipass Herriott cell.41 The fourth and fifth contribu-
tions are provided by active servo loop stabilized single-mode
difference-frequency laser generation and aggressive reduc-
tion of common mode technical noise with fast subtraction
electronics.

Figure 2 shows a cross section of the supersonic slit-
discharge pulsed molecular beam source and the multipass
Herriott cell. The CH2I radical is produced by bubbling diluent
carrier gas through temperature controlled CH2I2 to achieve
near saturation (≈1 mbar) partial pressure concentrations in the
vapor phase. The CH2I2 radical precursor is then delivered to
the slit jet at a stagnation pressure of 250 mbar and a fractional
precursor concentration of 0.4%, with a carrier gas mixture of
62% neon, 22% helium, and 5% hydrogen. The Ne:He ratio

FIG. 2. Cross section of the supersonic slit-discharge pulsed valve. A rare-
gas/H2/CH2I2 mixture flows into the stagnation region behind the slit valve,
with a solenoid valve and gasket sealing/unsealing a rectangular slit aperture
(40 mm × 300 µm) with a 19 Hz duty cycle to produce gas pulses of ≈1 ms
duration. A 1 mm thick dielectric is sandwiched between the pulsed valve
body and stainless steel jaws. The discharge is struck by grounding the body
of the pulsed valve and applying a �600 V square wave to the jaws at 50 kHz,
with peak currents of order 100–1000 mA and peak current densities of 8-80
A/cm2.

is chosen to achieve stable discharge characteristics, low dis-
charge infrared background, and narrow sub-Doppler velocity
distributions in the slit supersonic expansion, with hydrogen
added to chemically optimize CH2I radical production. The slit
expansion geometry is 40 mm × 300 µm and produces sub-
Doppler linewidths along the long axis of the slit of 60 MHz
(0.002 cm�1) FWHM in the 3000 cm�1 CH stretch spec-
tral region. The slit supersonic expansion rapidly cools the
CH2I rotationally to approximately 16 K (as measured from
a rotational Boltzmann analysis) with significant but likely
less aggressive cooling of the vibrational degrees of free-
dom. The pulsed valve operates at 19 Hz with a duration of
approximately 1 ms and a 1.9% duty cycle.

CH2I2 is converted into CH2I radicals in a discharge
formed by applying a 6.0 kV/cm square wave between the
pulsed-valve slit aperture and a set of steel jaws separated by
a thin 1 mm insulating polymer to establish a 300 µm slit
width. This discharge is modulated at 50 kHz for phase sensi-
tive detection, with peak discharge currents of about 270 mA.
There are two primary reaction pathways for producing CH2I
radicals: (1) dissociative attachment of the CI bond by free
electrons contained within the discharge,

CH2I2 + e− → CH2I + I−, (3)

and (2) abstraction of I atoms by atomic hydrogen generated
within the discharge,

CH2I2 + H→ CH2I + HI, (4)

with both reactions likely contributing to the absorbance signal
under the present experimental conditions.

Narrow band IR radiation is produced via difference fre-
quency generation between two single mode visible lasers, a
ring dye laser and an etalon-narrowed single mode Ar+ laser, in
a 40 mm long, periodically poled and thermally phase matched
MgO:LiNbO3 periodically poled lithium niobate (PPLN) crys-
tal.42,43 The dye laser operates with a Rhodamine 590 dye
to produce 200 mW, with the Ar+ laser 514.5 nm line gen-
erating about 300 mW. Difference frequency generation of
the two beams produces 10-20 µW of IR radiation with
<1 MHz (<3 × 10�5 cm�1) linewidth which is broadly tunable
between 2600 cm�1 and 3500 cm�1.

The IR beam is split into two beams, with half the power
directed to a liquid-nitrogen cooled InSb reference detector and
the remaining IR beam making 16-passes (4 cm slit, 64 cm
path length) through the throat of the slit-discharge pulsed
molecular beam source, as illustrated in Fig. 2. After exit-
ing the Herriott cell, the IR radiation is focused onto an InSb
signal detector. The signal beam is corrected for laser ampli-
tude noise by a fast subtraction circuit (>30 dB reduction
in common mode noise from 10 kHz to 1 MHz) and phase
sensitively detected with a lock-in amplifier circuit to extract
50 kHz absorption signals due to the modulated radicals. The
demodulated signal is then digitized by a fast analog-to-digital
(A/D) converter and boxcar integrated to achieve additional
background subtraction in the time domain. This arrangement
achieves an rms absorbance noise (1.5 × 10−6/

√
Hz) within a

factor of two of the shot noise limit, which yields signal-to-
noise ratios of 25:1 on optimal symmetric stretch absorption
lines.



174308-4 Kortyna, Lesko, and Nesbitt J. Chem. Phys. 148, 174308 (2018)

The high IR frequency stability and reproducibility are
obtained by referencing both single-mode lasers to a Fabry-
Pérot interferometer and a traveling Michelson interferometer
wavemeter, both of which are referenced to a frequency stabi-
lized HeNe laser. The Fabry-Pérot cavity has a 250 MHz free
spectral range, with a length actively controlled by locking
to a frequency stabilized HeNe laser, as described by Riedle
et al.44 The single-mode Ar+ laser, in turn, is locked to a
different fringe of the same Fabry-Pérot cavity, effectively
transferring the stability of the HeNe laser to the Ar+ laser.
The dye laser frequency is determined by recording fringes
transmitted through the stabilized Fabry-Pérot cavity, yield-
ing an IR frequency reproducibility of ±12 MHz or ±3.9
× 10�4 cm�1. Absolute IR frequencies are referenced to known
R(2) methane lines in the ν3 asymmetric stretch manifold,45

which are determined in the slit jet to an uncertainty of ±6
MHz (±2 × 10�4 cm�1) by Gaussian fits to the absorption
profiles. The net result is an absolute frequency accuracy of
±13 MHz (±4.5 × 10�4 cm�1) for each sub-Doppler limited
spectral feature.

Such high resolution direct absorption studies also pro-
vide a novel opportunity for the direct measurement of the
absolute radical number densities for highly reactive species.
To implement such Beer’s law estimates (i.e., A = [N]σeffl),
one requires (i) an assigned spectrum of experimental frac-
tional absorbances (A), (ii) integrated IR absorption inten-
sities (S0) which can be reliably predicted from ab initio
calculations described in Sec. III, (iii) measured sub-Doppler
linewidths (∆ν) and effective absorbance cross sections
(σeff ≈ S0/∆ν), and (iv) the path length (`) of the probe
laser through the Herriott cell slit discharge expansion
region. Combining experimentally obtained column integrated
absorbances, the laser path length, and the calculated S0

= 3.9 km/mol, one estimates the total CH2I radical density
(summed over all quantum states) to be 9.6× 1012 radicals/cm3

for a probe laser position 10 slit widths (3 mm) downstream
from the slit aperture. This translates into an even higher den-
sity of ≈1.0 × 1014 radicals/cm3 at the slit jet orifice, which
underscores the efficiency of both Langevin electron dissocia-
tive attachment to and H atom abstraction from the methylene
iodide precursor, as well as the remarkable densities of tran-
sient species that can be formed in a 1D supersonic discharge
expansion.

III. RESULTS AND ANALYSIS

The frequency range of our apparatus provides the oppor-
tunity to observe two CH stretching modes in CH2I: the a-type
CH2 symmetric stretch and the b-type CH2 asymmetric stretch.
The infrared frequency regions searched have been guided by
ab initio theory. In particular, Gaussian 09 DFT/B3LYP calcu-
lations with AnZP (n = 3, 4, 5) basis sets46 provide harmonic
band origins that are scaled by 0.9637 ± 0.0031 to estimate
the corresponding anharmonic values (see the work of Dong
et al.47). These harmonic calculations with the highest quality
(AQZP) basis set predict a symmetric stretch band origin at
3056 ± 10 cm�1. By way of additional confirmation, anhar-
monic Gaussian 09 ab initio calculations yield predictions of
3042 cm�1 for the symmetric stretch band origin. Based on

both scaled harmonic and anharmonic CH stretch values from
B3LYP/AQZP calculations as the best guide, we also predict
the asymmetric stretch band origin to be somewhere in the
3151 cm�1 to 3186 cm�1 window.

A. The CH2 symmetric stretch mode

High resolution searches initiated in the 3040 cm�1 sym-
metric stretch region quickly revealed lines attributable to the
CH2I radical. After optimization of conditions for CH2I radical
production in the slit discharge, high-resolution IR absorp-
tion data for the symmetric stretch band were then collected
over the 3039-3055 cm�1 frequency range at 12.5 MHz (4.17
× 10�4 cm�1) intervals, with all assigned spectral features mea-
sured independently in three separate scans to improve the
statistics. An overview scan of the a-type symmetric stretch
band (∆Ka = even, ∆Kc = odd) is displayed in Fig. 3. The data
are averaged over a time window of 4 ms per frequency incre-
ment except between 3045.7 cm�1 and 3048 cm�1, where the
averaging is increased 4-fold per frequency point to improve
S/N on the iodine nuclear hyperfine structure (which is only
observed for transitions out of the lowest N = 0, 1, and 2
rotational states).

The most prominent features in Fig. 3 belong to the Ka:
0← 0 progression. Figure 3 also includes a spectral simulation
based on a 16 K rotational temperature and 60 MHz linewidths,
with rotational constants obtained from the fits reported in
Sec. III B. Despite a large A constant (≈9 cm�1) on the order
of kTjet, a-type progressions in Ka: 1← 1 are also evident in the
symmetric stretch band, as well as fully resolved doublets due
to spin-rotation splitting in both the Ka = 0 and 1 lower states.
These details are further illustrated in an expanded 1.5 cm�1

spectral window of the R branch (see Fig. 4), which clearly

FIG. 3. Upper panel: The CH2 symmetric stretch transition from the ground
state (v = 0) to the first excited (v = 1) vibrational state. The most prominent
progression (Ka: 0← 0) is labeled with N, the ground-state rotational quantum
number. Averaging is 4 ms per point, except between 3045.7 cm�1 and 3048.0
cm�1 where the averaging is increased 4-fold to observe the hyperfine structure
at low N values. Lower panel: PGOPHER spectral simulation assuming a 16 K
rotational temperature and 60 MHz linewidth.48,49 Rotational constants used
in the simulation are those reported in Sec. III B.
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FIG. 4. Upper panel: A detailed section of the CH2 symmetric stretch R
branch. The Ka: 0← 0 and 1← 1 progressions are labeled with N, the ground-
state rotational angular momentum quantum number. The spin-rotation split-
ting is clearly resolved. Lower panel: Simulation assuming a 16 K rotational
temperature and 60 MHz linewidth, and spectroscopic constants reported in
Sec. III B.

resolves the spin-rotation dynamics in both Ka: 1← 1 and Ka:
0 ← 0 progressions. The downward facing spectra in Fig. 4
reflect a simulation based on parameters from a least squares
fit, as described in Fig. 3. At our sensitivities, the bands out of
the Ka = 1 manifold at such low jet temperatures are detectable
in spite of the additional 3-fold reduction in population for
Ka = odd vs. even states by para:ortho nuclear spin statistics,
which arises as a result of the two equivalent (I =½) hydrogen
atoms in the CH2 moiety.

In the interest of completeness, we also searched exten-
sively for the CH2 asymmetric stretch (b-type band), which as
mentioned above, one would expect from scaled harmonic and
anharmonic frequency calculations to find in the 3151 cm�1

to 3186 cm�1 range. For a b-type band of a near prolate top
at such low jet temperatures, the most obvious spectral signa-
ture will be the Ka: 1← 0 Q-branch progression which should
be further blue shifted by roughly A ≈ 9 cm�1 from the band
origin. We therefore searched continuously for this asymmet-
ric stretch absorption band from 3143.8 cm�1 to 3212 cm�1,
with no signals observable at our current absorbance
sensitivity.

In order to extract suitably quantitative upper limits for
the missing band intensity, we note from PGOPHER simula-
tions48,49 that a-type and b-type bands should exhibit features
of similar intensities for comparable S0 integrated intensities.
The root-mean-square (RMS) absorbance noise in this region
is 2.2 × 10�5, with the feature of greatest intensity in the
a-type band (505 ← 404) having an absorbance of about 8.3
× 10�4. We therefore predict the asymmetric stretch to have
an integrated absorbance upper limit that is at least a factor of
25 smaller than the symmetric stretch. This seems quite sur-
prising at first, since for a sp2 hydridized radical center and a
120◦ HCH bond angle, the simple bond-dipole model would
predict a 3-fold larger intensity for the asymmetric vs. sym-
metric stretch bands. Indeed, this is reminiscent of a similar

reversal of symmetric vs. asymmetric stretch intensity behav-
ior noted previously in the chloromethyl (CH2Cl) radical, for
which the asymmetric stretch was also too weak to be detected.
This provides additional evidence for the influence of vibra-
tionally induced charge transfer in such halomethyl radicals
due to a strongly polar CX bond. In essence, such effects
arise from the collateral increase (or decrease) in the tran-
sition dipole moment due to vibrationally mediated “charge-
sloshing” along the polar CX bond, which in turn is caused by
normal mode and/or anharmonic coupling of the CX and CH2

stretch vibrational degrees of freedom.11,35,50 These issues
will be revisited in more detail with ab initio calculations
in Sec. IV B.

B. Fine-structure interactions and rotational constants

As illustrated in Fig. 4, an additional doublet fine-structure
on each of the rovibrational transitions is clearly resolved,
with splittings due to coupling between overall rotational end-
over-end tumbling angular momentum (N) and the intrinsic
spin angular momentum of the unpaired electron (S = 1/2),
which by vector addition generates total spin plus rotational
angular momentum quantum numbers J = N + S. We can quan-
tify the effect of spin-rotation on the overall rotational mani-
fold by considering the rigid-rotor spin-rotation Hamiltonian,
H = Hrot + Hsr , or

H =
∑
α

AαJ2
α +

1
2

∑
α,β

εαβ(NαSβ + SβNα), (5)

where εαβ are the elements of the spin-rotation tensor, Aα rep-
resents the A, B, and C rotational constants, and the labels α, β
denote the a, b, and c principal rotation axes.51 For molecules
of orthorhombic symmetry, the only non-zero elements of εαβ
are along the diagonal, i.e., εaa, εbb, and εcc. Figure 5 illus-
trates the spin-rotation manifold structure for Ka = 0 and 1

FIG. 5. Energy-level diagram for Ka = 0 and 1 transitions, showing the effects
of coupling of the molecule’s rotational angular momentum (N) with the spin
½ angular momentum of the unpaired electron. The strong∆J =∆N transitions
observed in the CH2I symmetric-stretch absorption spectrum are designated
by red arrows.
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a-type transitions. Each end-over-end tumbling angular
momentum state (N) is split by the electron spin angular
momentum into doublets (except for N = 0) with the total
angular momentum quantum number J = N ± 1/2. Although
∆J = 0, ±1 selection rules allow three transitions in the P
and R branches (and four in the Q branch), there is a strong
propensity for ∆J = ∆N transitions being the highest intensity.
Thus, the current instrumental sensitivity permits observation
of only the two strongest lines corresponding to ∆J = ∆N
(see Fig. 5).

To compute the v = 1 rotational constants, the ground
state values are fixed at the microwave spectroscopy values,38

and the v = 1 quartic and sextic centrifugal distortion terms
are held at the ground-state microwave values in the A reduc-
tion and Ir representation. The upper-state eigenvalues A′, B′,
C ′, εaa

′, εbb
′, and εcc

′, and the band origin ν0, are then least
squares fit to 36 spin-rotation resolved Ka = 0 transitions and
40 spin-rotation resolved Ka = 1 transitions. We used two
computational approaches for evaluating these spectroscopic
constants. The first one involves fitting the spectroscopic data
to a rigid, prolate asymmetric top Watson Hamiltonian52 in
a Wang basis set53 (A-reduction, Ir representation) with the
eigenvalues determined by nonlinear weighted least-squares
fitting routines from STARPAC.54 The second approach uses
the versatile spectral simulation and least-squares fitting pro-
gram PGOPHER.48,49 Both fitting programs agree within their
reported statistical uncertainties, with the PGOPHER fit results
summarized in Table I. All ground-state spectroscopic con-
stants of Bailleux et al.38 are included as fixed parameters in
the fit. As shown in Sec. IV A, hyperfine contributions can
be neglected or included by choice of transitions from low
N tumbling states in which hyperfine interactions are most

TABLE I. Spectroscopic results from a rigid rotor/spin rotation Watson
Hamiltonian least squares fit (based on the PGOPHER software in the A
reduction and Ir representation) to the CH2I (v = 1 ← 0) symmetric stretch
data, with ground state rotational constants and excited state quartic and sextic
centrifugal distortion terms fixed at microwave values38 (σ = 0.000 24 cm�1).
All values are in cm�1, with numbers in parentheses representing uncertainties
in the least significant digit.

Ground state Symmetric CH2 stretch

A 9.228 915 9.121 03(5)
B 0.296 756 00 0.296 398 4(11)
C 0.287 312 78 0.286 814 4(11)
∆N 2.544 39 × 10�7 2.544 4 × 10�7a

∆NK 8.274 89 × 10�6 8.274 9 × 10�6a

∆K 8.089 × 10�4 8.089 × 10�4a

δN 7.872 4 × 10�9 7.872 × 10�9a

δK 4.678 9 × 10�6 4.679 × 10�6a

φN �1.13 × 10�13
�1.1 × 10�13a

φNK 7.61 × 10�12 7.6 × 10�12a

φKN 2.92 × 10�10 2.9 × 10�10a

εaa �0.981 004 70 �0.965 3(4)
εbb �3.090 56 × 10�2

�3.077(2) × 10�2

εcc 6.965 12 × 10�3 6.97(2) × 10�3

ν0 . . . 3046.952 7(6)

aIn least squares fits to the symmetric stretch excited state spectra, all ground state con-
stants as well as centrifugal distortion constants in the upper state have been fixed at
values from the microwave studies of Bailleux et al.38

cleanly observed. We verify this by comparing ground-state
two-line combination differences from our data to simulations
using hyperfine-resolved microwave values by Bailleux et al.
(excluding hyperfine interaction parameters), which reveals
negligible deviations for observed vs predicted ground state
combination differences above N ′ = 3 and N ′ = 6 for the
Ka = 0 and Ka = 1 progressions, respectively.

IV. DISCUSSION
A. Nuclear spin statistics and hyperfine structure

The rovibrational spectrum of CH2I reveals the effects
of nuclear spin in two ways: (i) nuclear spin statistics due
to the exchange of two identical hydrogen atoms and (ii)
nuclear hyperfine structures arising from coupling between
the nuclear spin and the rotation plus electron-spin angular
momentum, as well as iodine quadrupolar interactions with
the electric field gradient at the iodine nucleus. The nuclear
spin statistics arise from the required antisymmetry of the total
wavefunction for exchange of two indistinguishable fermions
(I = ½). With respect to such H atom exchange (topolog-
ically equivalent to a 180◦ rotation about the a axis), the
angular momenta of the two identical H nuclei must couple
to yield either nuclear spin triplet eigenstates of even sym-
metry (|↑↑〉 , 1√

2
(|↑↓〉 + |↓↑〉) , |↓↓〉) or nuclear spin singlets of

odd symmetry ( 1√
2

(|↑↓〉 − |↓↑〉)). The electronic wavefunc-
tion is always odd due to a half filled pπ orbital on the C
atom, the ground state vibrational wavefunction is always
even, and the rotational wavefunction is symmetric (antisym-
metric) with respect to π rotation for even (odd) values of
Ka. Since the total wavefunction must be antisymmetric, this
requires that eigenstates associated with Ka = 0, 2, 4, . . .
and Ka = 1, 3, 5, . . . couple with the triplet and singlet
nuclear-spin eigenstates, respectively. The same reasoning
applies to the symmetric stretch excited state of A1 symme-
try, thus predicting a statistical ratio of 3:1 for even:odd Ka

levels.
The intensities of individual rovibrational transitions in

an absorption band vary according to

S0 = N0lgNS(Ka)gJgK A(J ′, J ′′)e−
Erot (v′′,J′′)

kT | 〈ψ ′vib |µ |ψ
′′
vib〉 |

2,
(6)

where N0 is the population of the ground vibrational state,
` is the absorption path length, gNS(Ka) is the nuclear spin
weight for a particular Ka, gJ = 2J + 1 is the mJ degen-
eracy, gK is the angular momentum projection degeneracy,
A(J ′,J ′′) is the Hönl-London factor, Erot(v′′,J ′′) is the energy
of the ground ro-vibrational state, kT is the thermal energy
associated with rotation, ψ ′vib and ψ ′′vib are the excited- and
ground-state vibrational wavefunctions, and µ is the transi-
tion dipole operator. The natural logarithm of Eq. (6) predicts
a linear Boltzmann relationship between ln

[
S/gK gJA(J ′, J ′′)

]
and Erot(v′′,J ′′), which is presented in Fig. 6 for both P and
R branches of the CH2I symmetric CH stretch band. Data for
both Ka = 0 ← 0 and Ka = 1 ← 1 progressions nicely sat-
isfy the Boltzmann expectations for a linear plot with a slope
of �1/kT and a y-intercept of ln[N0lgNS(Ka)|〈ψ ′vib |µ |ψ

′′
vib〉|

2].
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FIG. 6. Boltzmann plot of the CH2I symmetric stretch P and R branches.
Data from the Ka = 0 and Ka = 1 progressions are shown as red circles and
blue squares, respectively, with solid lines representing the least-square fit.
Both progressions yield the same slopes within uncertainty and thus are least
squares fit to a common rotational temperature (Trot = 15.8 ± 0.5 K). The data
are normalized such that the Ka = 0 y-intercept is zero, yielding a ratio of
H atom nuclear spin statistical weights of gNS(0)/gNS(1) = 3.15 ± 0.13. This
value is in excellent agreement with the 3:1 ortho to para nuclear spin ratio
anticipated for an identical pair of H atoms in CH2I.

Furthermore, we expect all the radicals to be equilibrated to
the same rotational temperature (i.e., the slope of Boltzmann
plot), as is confirmed by independent least squares linear fits
to these Ka = 0 and 1 transitions; we therefore fit both rota-
tional progressions simultaneously to the same slope, allowing
the y-intercepts to float independently. This results in a rota-
tional temperature of 15.8± 0.5 K which is consistent with
several previous spectroscopic studies of neutral radicals in
the slit-discharge spectrometer. The y-intercepts yield a ratio
of the nuclear spin degeneracies to be gNS(0)/gNS(1) = 3.15
± 0.13 which is also consistent with the unrelaxed nuclear-
spin weights of 3:1. As one interesting take-home message,
the data clearly indicate that there is still insufficient time
in the slit jet expansion for collisional equilibration between
nuclear spin states, even for (i) open shell species, (ii) the much
slower density drop off (ρ ∝ 1/r) and thus much higher colli-
sion numbers of a 1D slit jet expansion, and (iii) molecules
with high atomic number constituents such as iodomethyl
radicals.

Nuclear spin effects can also become evident by way of
hyperfine structures in the spectra, which, although typically
with such small frequency splittings as to be only accessible
by microwave studies, is indeed detectable in the near infrared
due to the sub-Doppler resolution capabilities achievable in
a slit jet expansion. For the iodomethyl radical, such a struc-
ture is only resolvable for transitions out of the very lowest
N, Ka, Kc states, for which the vector difference between the
total (F = N + S + I) and end-over-end tumbling (N) angular
momenta can become appreciable. For the present slit expan-
sion geometry, hyperfine structures for the symmetric stretch
of CH2I becomes observable for N ′′ ≤ 2 in the Ka = 0 ← 0
progressions and N ′′ ≤ 5 for the Ka = 1 ← 1 progressions.
Indeed, the vanishing of such additional hyperfine splittings in

the infrared spectra is what permitted us to fit spectral data at
higher rotational levels to a simpler rigid-rotor/spin-rotation
Hamiltonian, neglecting structures due to nuclear hyperfine
effects (as described in Sec. III B).

At sufficiently low N ′′, however, the hyperfine structure
clearly becomes partially resolvable. By way of example, the
top panel of Fig. 7 shows a detailed spectrum of the 101← 000

transition. Here, the iodine nuclear spin (I I = 5/2) dominates
the hyperfine structure in the ground vibrational state via the
iodine nuclear quadrupole moment. According to Bailleux
et al.,38 the iodine nuclear quadrupole coupling is two orders
of magnitude larger than the hydrogen Fermi contact interac-
tion. This predominance of iodine in the hyperfine structure
is evident in the energy level patterns in Fig. 7 (see inset)
which show (sequentially from left to right) (i) the coupling
of N with S to yield J, followed by (ii) coupling of J with
II = 5/2 to make F1, and then, finally (iii) the coupling of F1
with IH to make the total angular momentum F. Specifically,
the iodine hyperfine lines (labeled a-f) are all well resolved,
with much weaker contributions due to the hydrogen Fermi
contact interactions that are unresolved at our 60 MHz reso-
lution, but clearly still contribute to a slight broadening of the
spectral features.

The spectral simulation in the bottom panel of Fig. 7
shows a stick diagram of all the hyperfine transitions for
101(J ′, F ′1, F ′) ← 000(J ′′, F ′′1 , F ′′) predicted by coupling the
J, I I , and IH angular momenta, as well as a convolution

FIG. 7. Upper panel: Sample experimental scan over the 101(J′, F′1, F′) ←
000(J′, F′′1 , F′′) transition revealing a partially resolved hyperfine structure.
Lower panel: Predicted hyperfine spectrum (red stick plot) and the corre-
sponding convolution (blue line) over a 60 MHz experimental linewidth.
a–f represent transitions between hyperfine levels arising from coupling of
J = N + S to the iodine nuclear spin, II. Inset: Energy levels arising from
spin-rotation and sequential hyperfine coupling of J = N + S to both II and
IH. The less pronounced hyperfine structure due to additional coupling with
IH is not resolved but does contribute to broadening of the sub-Doppler lines.
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of the stick spectrum with our 60 MHz sub-Doppler instru-
mental linewidth. This simulation in Fig. 7 is based on least
squares fitted values for the vibrationally excited state obtained
from rovibrational/spin rotation spectroscopic analysis of the
present work (as reported in Table I), along with the ground
state hyperfine constants of Bailleux et al.38 which are assumed
to be the same in the vibrationally excited state. The agree-
ment between the experimental and predicted spectral hyper-
fine structure is clearly extremely good. It is worth noting
that the ability to resolve such levels of hyperfine detail
is quite unusual for infrared spectroscopy (particularly for
highly reactive radical species) and made possible only by
sub-Doppler capabilities intrinsic to the slit jet expansion
geometry.

B. Asymmetric vs. symmetric stretch IR
intensities: “Charge-sloshing” effects

Closely related to planarity of the molecule and the elec-
tronegativity of the substitution atom is the strength of the
asymmetric-stretch infrared intensity relative to that of the
symmetric stretch. As stated in Sec. III A, we searched for the
asymmetric stretch band over a wide spectral range (3143.8
cm�1 to 3212 cm�1) and found it to be at least 25-fold
weaker than the corresponding symmetric stretch. The tran-
sition strength of any particular vibrational mode depends,
to first order, on how the dipole moment, µ(Q) =

∑
i qiri,

changes with respect to the relevant normal mode coordinate
Q, where qi is the charge distribution and ri is the effective
charge separation. The so-called transition dipole moment,
∂µ/∂Q, contains two terms: (1)

∑
i qi(∂ri/∂Q), the change of

the dipole moment due to the change of the effective charge
separation, and (2)

∑
i (∂qi/∂Q)ri, the change of the dipole

charge distribution. The first term corresponds to the so-called
bond-dipole model, where the charge distribution along the
bond axis is assumed to be constant and the transition dipole
moment depends on the change of the bond length due to the
excitation of an anharmonic oscillator, i.e., the change of the
effective charge separation due to the new geometry induced
by the transition. Given a H–C–H bond angle, it is straight-
forward to compute the bond-dipole model prediction for the
ratio of the asymmetric to symmetric stretch intensities. For
a pure sp2 hybridization of the central C and a 2φ = 120◦

HCH bond angle, the bond-dipole model predicts an intensity
ratio of Iasym/Isym = tan2(φ) = 3/1. Figure 8 plots the avail-
able asymmetric to symmetric stretch intensity ratios for all
substituted methyl radicals under discussion, none of which
match the simple bond-dipole expectations. The closest is
CH2D, with a ratio of 1.9 ± 0.2,29 followed by CH2F, with
a ratio of 0.55 ± 0.06.11 Note that for both CH2Cl35 and CH2I
radicals, the asymmetric-stretch modes were not detected and
thus the values plotted in Fig. 8 reflect the experimental upper
limits.

The bond-dipole model fails to predict accurate inten-
sity ratios in these substituted halomethyl radicals because it
ignores shifts in the dipolar charge distribution with stretching
of the molecular bond. This effect has been given the descrip-
tive name “charge sloshing.” Indeed, Whitney et al.35 first
proposed this charge-sloshing motif in spectroscopic studies

FIG. 8. Ratios of asymmetric stretch IR intensity to symmetric stretch IR
intensity for CH2X. The values for CH2Cl and CH2I represent the experi-
mentally determined upper limits. Note that the experimental values are all
much lower than the 3:1 ratio predicted from the bond dipole (BD) model
but could be consistent with an intensity enhancement for the symmetric
stretch by “charge-sloshing” effects noted in previous radical and molecular
ion spectroscopy studies.11,35,50,55–57

of CH2Cl, which at the time was ascribed to additional elec-
tron flows along the strongly polar CCl bond upon symmetric
stretching of the CH bond. The electron flow along the CH
bond is predominantly from the H to the C atom. This charge
sloshing effect adds constructively and can therefore enhance
the symmetric stretch IR intensity by many folds over the
bond-dipole contributions. Conversely, the asymmetric CH
stretch excitation has by symmetry a vanishing component
of the dipole transition moment along the C–Cl bond axis,
which therefore precludes a similar enhancement mechanism.
There have been several examples of such a “charge sloshing”
paradigm playing a major role in halides, hydronium ions, and
water complexes, as nicely elucidated by McCoy, Johnson, and
co-workers.50,55–57

We can address this issue quantitatively by looking at
differential charge density maps in the relevant ab initio wave-
functions. Toward this end, we have performed a series of
ab initio calculations at the B3LYP/AnZP (n = 3,4) level46

for CH2X (X = D, F, Cl, Br, and I), optimizing the equilib-
rium geometries and calculating the symmetric/asymmetric
CH stretch normal mode coordinates. We then performed a
second set of calculations for these same molecules at a fixed
normal mode displacement (Q = 0.1) along each of the sym-
metric and asymmetric CH stretch coordinates, subtracting the
vibrationally excited and equilibrium electron densities at the
wavefunction level. The quality of the ab initio method/basis
set is held constant throughout this series of methyl radi-
cals, which we choose to be at the B3LYP/AQZP level due
to the more limited options for the heavy iodine atoms. To
achieve uniformity across this suite of comparisons, we also
maintain Cs symmetry to reflect the vibrationally averaged
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FIG. 9. Wavefunction differential charge densities for
CH2X (X = Cl, Br) between (i) Q = 0.1 excitation of
the symmetric and asymmetric CH stretching modes
and (ii) the equilibrium geometry (red/gold represent
the increase/decrease of electron density). Calculations
are done in Gaussian 09 using density functional theory
(B3LYP) in an AQZP basis set.39 Note the significant flow
of electron density (“charge sloshing”) outward along the
CCl and CBr bond axes for the symmetric vs. asymmetric
CH stretch excitation (see the text for details).

planar geometry for all species. Plotted as signed isocontours
of charge difference probability in Fig. 9, these charge dif-
ference density plots serve to highlight both the sign and
appreciable magnitude for such a vibrationally induced charge
flow. Most importantly, this also permits unambiguous identi-
fication of where the charge density is moving with respect to
the molecular bonding framework.

The wavefunction results summarized in Fig. 9 reveal par-
ticularly clearly strong differential electron density effects for
CH2Cl and CH2Br halomethyl radicals, with weaker “charge
sloshing” contributions for CH2F and CH2I (not shown). For
each of these species, there is visual evidence for an addi-
tional electron flow outward along the CX bond, adding con-
structively to the HCH transition dipole moment. Conversely,
asymmetric CH2 stretch excitation, although of course facil-
itating charge displacement along the b axis, cannot induce
a charge flow parallel to the CX bond by symmetry. Indeed,
the differential density plots indicate a modest counter flow
of charge on the C atom that would even interfere destruc-
tively with the conventional bond-dipole transition moment
for the asymmetric stretch. Simply summarized, the differ-
ential electron density plots in Fig. 9 provide clear theoretical
support and a mechanism for preferential enhancement of sym-
metric over asymmetric CH2 stretch intensities in the series
of halomethyl radicals, as further confirmed by the data in
Fig. 8.

V. SUMMARY AND CONCLUSION

First high-resolution infrared data in the CH stretching
region for jet cooled CH2I radicals have been presented.

Sub-Doppler absorption spectra for excitation into the first
symmetric (ν2) vibrational band system have been obtained
and analyzed within a rigid-rotor asymmetric top + spin rota-
tion Hamiltonian framework. This analysis provides precise
values for principal rotational constants (A, B, C), spin-
rotation matrix elements (εaa, εbb, εcc), and band origin for
the v = 1 symmetric CH2 stretch manifold. We have also per-
formed spectral searches over a wide frequency range (3143.8
cm�1 to 3212 cm�1) for the corresponding asymmetric stretch
band. This permits us to place an upper limit on the integrated
Isym/Iasym ratio of >25:1 which is in very poor agreement with
bond-dipole model predictions of ≈1:3.

This provides clear support for substantial enhancement
in the symmetric-stretch transition dipole moment by vibra-
tionally induced displacement of local electron density in
the total wavefunction, i.e., the so-called “charge-sloshing”
mechanism, as highlighted previously by Whitney et al.35 and
McCoy and co-workers.50 Additional evidence for the exis-
tence of this mechanism is obtained from the ab initio calcu-
lation of differential electron density wavefunction plots as a
function of displacement along the symmetric and asymmet-
ric CH2 stretch normal mode coordinate. Notably, this analysis
reveals a significant (A1 symmetry) electron displacement out-
ward along the CI bond axis with symmetric stretch excitation,
which constructively adds to the dipole moment derivative
and dramatically increases the infrared intensity. Conversely,
vibrational excitation along the asymmetric stretch normal
mode coordinate is of the wrong symmetry (B2) to induce
charge sloshing along the CI bond axis, thus yielding a tran-
sition dipole moment matrix element unenhanced (and even
weakly diminished) by such a mechanism.
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