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IR/UV double resonant spectroscopy of the methyl radical: Determination

of 5 in the 3p, Rydberg state
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IR+ UV double resonant ion-dip and ion-enhancement spectroscopies are employed to study the v
asymmetric CH stretch vibration fundamental of CHj in the ground and 3p, Rydberg electronic
states. CH; radical is synthesized in the supersonic jet expansion by flash pyrolysis of azomethane
(CH3;NNCHy3) prior to the expansion. The Q band of the 3{ 3pz<—f transition of CH;, not detected
by conventional UV resonantly enhanced multiphoton ionization (REMPI) spectroscopy, is
determined to lie at 59 898 cm™~! using IR+ UV REMPI spectroscopy. Energy of the asymmetric CH
stretch of CHj in the 3p, Rydberg state, v3(3p,), is 3087 cm™!, redshifted by ~74 cm™! with respect

to ground state v;(X). © 2005 American Institute of Physics. [DOI: 10.1063/1.2135772]

I. INTRODUCTION

The methyl radical is an important intermediate in many
chemical processes of current environmental and industrial
interests. These include atmospheric1 and interstellar® chem-
istry, hydrocarbon combustion,” and chemical-vapor deposi-
tion of diamond films.* The methyl radical also serves as a
prototype species for the entire family of alkyl radicals and,
historically, as a benchmark system for open shell molecular-
orbital theory. Because of its fundamental and practical im-
portance, CH; has been a target for numerous
experimentals_15 and theoretical®™"? studies exploring its
structural, reaction, and spectroscopic properties. Extensive
efforts have been dedicated to establishing sensitive and se-
lective detection methods for CHs, as a diagnostic and/or
concentration titration technique for various chemical reac-
tions and processes.Z(F25 Its ground- and excited-state dy-
namics have also been investigated. The (2+1) UV reso-
nantly enhanced multiphoton ionization (REMPI) process,
employing the 3p,(*A}) or 4p,(*A%) Rydberg intermediate
state, is a viable detection technique for this species and has
enjoyed wide applicability for the study of reactions involv-
ing the methyl radical.®'® In several state-resolved studies,
infrared-absorption spectroscopy has been shown to be an
attractive choice for interrogation of the methyl radical.”*?’

CHj; (D3;, symmetry) has four vibrational modes: v;(a;)
symmetric stretch, v,(a3) out-of-plane bend, vs(e’) degener-
ate asymmetric stretch, and v,(e’) degenerate in-plane bend.
Their energies in the ground electronic state X(*A}) have
been carefully examined by various techniques. The first few
v, umbrella mode vibrational bands of both CH; (Ref. 15)
and CDj; (Ref. 28) have been recorded and analyzed by diode
laser spectroscopy. The higher-energy v; fundamental band
has been investigated employing a difference frequency
laser.'* The infrared inactive v, symmetric stretch has been
examined employing the coherent anti-Stokes Raman spec-
troscopy (CARS) technique.29 All two-photon spectra of the

YElectronic mail: erb@lamar.colostate.edu

0021-9606/2005/123(23)/234307/5/$22.50

123, 234307-1

3pz<—55 transition seem to be dominated by the 02, 2}, and 2(2)
features and previous spectra of the 3p_ or 4p, Rydberg states
do not evidence any vibrations of ¢’ symmetry (v3,1,).5"°
Selection rules for multiphoton spectroscopy do not forbid
any of the four fundamental vibrations from being
detected,e"30 but the v, mode must be obtained as a hot tran-
sition or an overtone. Most recently, Liu and co-workers re-

ported detection of the 1}, 3], and 4} 3p.« X transitions of
CDj; produced from a F+CHDj; crossed-beam reaction using
REMPI spectroscopy.’*** These authors deduced the v3(3p.)
of CH;=3114 cm™! based on the isotope shift of the ground
state,25 about 100 cm™! smaller than the calculated value of
v3(3p,)=3210 cm™! for CH; reported by Mebel and Lin.'®
In order to understand the energy levels and dynamics
for the methyl radical, the energies of the vibrational modes
in the 3p, and 4p, Rydberg states are needed. In this report,
three separate experiments are designed to observe and as-
sign the 3} 3pz<—)? transition of CH; and thereby to deter-
mine a value for the v3(3p,) vibrational mode. First, employ-
ing the IR+UV double resonant ion-dip (DRID-IR)

technique, v3(X) is recorded by the depletion of CH ion
signal obtained from (2+ 1) REMPI spectroscopy via the 4p.

electronic state whenever IR absorption to v (X) occurs. Sec-
ond, IR+ UV REMPI spectroscopy is utilized to identify the

3i 3pz<—)? transition by scanning the UV laser energy with
the IR laser wavelength fixed at the maximum absorption
found by DRID-IR. Third, IR+UV double resonant ion-
enhancement (DRIE-IR) spectroscopy is developed based on
the optical selection rules of CHjz in D3, symmetry, and
achieved by scanning the IR laser frequency with the UV

laser frequency fixed at the Q band of the 3{ 3pz<—)? transi-
tion. DRIE-IR spectra are detected by the increase of CH}
intensity because the v3(X) vibrationally excited CH; radi-
cals can be selectively ionized by the UV radiation via
the v3(3p.) state. The success of DRIE-IR spectroscopy con-
firms the assignment of the 3] 3p,«— X transition located by
the IR+UV REMPI spectroscopy. The Q band of the

© 2005 American Institute of Physics
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3! 3p,«X transition of CHj is redshifted from the Q band

of the 0) 3p,«X transition by ~74 cm™'. The 15(3p,) is
calculated to be ~3087 cm™.

Il. EXPERIMENTAL PROCEDURES

Methyl radicals are produced by pyrolysis of
azomethane (CH;NNCH;) prior to supersonic expansion.
Azomethane 1is synthesized according to published
procedures3 32 and stored in a stainless-steel cylinder at
room temperature. A hyperthermal pulsed nozzle source,
modeled after the design by Chen ef al. with some modifi-
cations, is employed for the expansion.m’33 The optimized
pyrolysis temperature for azomethane is 1100 K.

A gas mixture of ~0.5% azomethane and ~99.5% argon
at a backing pressure of ~50 psi is expanded through the
orifice of the pulsed valve into the SiC tube. The temperature
in the heating zone is high enough so that nearly all the
azomethane is decomposed to CH; and N,. The sample con-
tact time in the heating zone is estimated to be ~30 us, short
enough to suppress radical-radical reactions.” Subsequent
supersonic expansion into vacuum chamber cools CHj; to
~50 K rotational temperature by collision with inert carrier
gas. Since only molecular nitrogen is produced as a by-
product of this decomposition reaction, flash pyrolysis of
azomethane with subsequent supersonic cooling provides a
clean source of methyl radicals.

Tunable IR radiation from 3000 to 3450 cm™', produced
in an optical parametric oscillator (OPO, Laser Vision)
pumped by a 10 Hz Nd/YAG (yttrium aluminum garnet) la-
ser (532 nm), is used to excite the radical to a selected vi-
brational level in the ground electronic state. The IR radia-
tion has a pulse energy of 15 mJ with a full width at half
maximum (FWHM) pulse length of ~10 ns and a bandwidth
of ~3 cm™!. The IR radiation is focused into the core of the
skimmed supersonic beam using a 40 cm focal length lens.
The output of a frequency-doubled dye laser (Spectra Phys-
ics) pumped by a frequency-doubled Nd/YAG laser (Spectra
Physics) is focused coaxially to the same jet region by a
50 cm focal length lens from the opposite direction. (2+1)
REMPI transitions for 3p, and 4p, intermediate states are
generated by a tunable dye laser employing a mixture of
DCM and LDS 698 (3p.) and Rhodamine 590 (4p,) as the
active medium. The relative time between IR and UV laser
pulses is controlled by a digital delay generator (SRS,
DG535). Optimum signal is obtained for zero time delay
between the two laser pulses. Laser wavelengths (vacuum)
are calibrated as known IR and UV molecular transitions in
appropriate spectral regions.

Ions created by the ionization (dye) laser are extracted
from the ionization region of the time-of-flight mass spec-
trometer (TOFMS) at 4 keV total energy. Mass-resolved de-
tection is achieved by using a Galieo Electro-Optics micro-
channel plate (MCP) at the end of a 1.5 m flight tube. The
data-acquisition scheme for the infrared spectroscopy is
similar to that we used to record REMPI spectroscopy de-
scribed in details from this 1ab01ratory.34’35 IR+UV double
resonant ionization spectroscopy has been exploited widely
in studying IR absorption of molecules*®’ and radicals.™
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FIG. 1. Energetic diagrams of (a) DRID-IR and (b) DRIE-IR and IR+UV
REMPI spectroscopies. The symbols in the parentheses indicate the overall
vibronic symmetry of corresponding state. See text for the assignment of the

31 3p. —X transition.

Figure 1 illustrates the energetic diagrams of (a) DRID-IR
and (b) DRIE-IR and IR+UV REMPI spectroscopies for
CHj; radicals.

lll. RESULTS

The initially resolved gas-phase IR single-photon 1@()?)
spectrum of CH; was first recorded and analyzed by Amano
et al. using a difference frequency laser and Zeeman modu-
lation absorption spectroscopy.14 The »; vibrational mode of
CHj; is doubly degenerate and has vibrational angular mo-
mentum /=1 with overall vibronic symmetry ¥, W =E" in

the electronic ground state §(2Ag). Figure 2(a) displays the

2
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FIG. 2. The 1@()?) asymmetric CH stretch spectra of CHj; in the fundamental
region recorded by (a) DRID-IR and (b) DRIE-IR spectroscopies with the
UV laser fixed at 34 927 and 29 949 cm™" to reach the 0) 4p.«—X and the
3{ 3pz<—)? transitions, respectively. Curve (c) shows the theoretically calcu-
lated spectrum with 7,,,~ 50 K. Stick plot represents the calculated bands
with relative intensities. The solid and dashed arrows indicate the IR laser
frequencies used in the IR+UV REMPI experiment (see text for details).
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TABLE I. Optical selection rules for CHj transitions with different initial and final state vibronic symmetries.

Vibronic state symmetry

Numbers of

(r,wv,) absorbed identical photons
Initial Final One photon Two photon
Al Al Forbidden AK=0
For K=0, AN=0, +2
For K#0, AN=0, %1, +2
Al E" AK=Al==1 or AG=0" AK=2(-Al)=+2
AN=0, =1 AN=0, =1, 2
E" E" Forbidden AK=0
For K=0, AN=0, +2
For K#0, AN=0, %1, +2
E" Al AK=Al=%1 or AG=0"  AK=2(-Al)=+2
AN=0, =1 AN=0, =1, £2

G has been defined as G=I—k, with K=|k|. k is the projection of the total angular momentum along the

molecule-fixed z axis (top axis).

v3(X) spectrum of CH; recorded by the DRID-IR spectros-
copy. Although the high level of background CHj signal pro-
duced by the UV laser decreases the S/N ratio, DRID-IR

spectrum (using the 08 4pz<—)? transition as part of the de-
tection chain) still exhibits well-resolved rotational structure.
Employing the rotational constants determined by Amano et

al.,"* the v;(X) fundamental of CHj is simulated as displayed
in Fig. 2(c); in the modeling, higher-order parameters of the
rotational Hamiltonian (e.g., centrifugal distortion, spin-
rotation interaction, etc.) are set to zero, and rotational lines
are convolved with a Gaussian width of 3 cm™! (the IR laser
bandwidth). Trace (c) is in good agreement with the

DRID-IR spectrum [trace (a)]. The band origin of »;(X) at
~3161 cm™" is consistent with the published value of

13(X)=3160.821 cm™".'* An acceptable fit within our S/N
ratio is obtained using 7,,~ 50 K, similar to the value esti-
mated from (2+1) REMPI spectrum via the 3p, state.'® The
simulation results are also given as a stick plot in Fig. 2(c).
Clearly, each single peak in the DRID-IR spectrum (at cur-
rent resolution) contains many rotation transitions. As shown

in Table I, selection rules for the v4(X)—0(X) [E"—A)
single-photon transition are AN=0, +1, AK=+1, and Al
=+1, or AG=0."% Examples of assignments are labeled in
the traditional *AN4(N) manner in Fig. 2. The absence of
QQK(N) transitions results from the planar geometry of CH,
in D5, point group. Since the v3(X) < 0(X) [E"«—A3] band is
perpendicular (a pure b-type band), the subband origins de-
pend strongly on K. For example, peak positions of RQO(N)
and ’Q,(N) in Fig. 2 depend on K value and vary little with
N value.

The dashed line in Fig. 3 depicts the conventional (2
+1) REMPI spectrum of CHj; in the vicinity of the 0 3p.

—X transition. The general appearance of this spectrum is
consistent with that reported previously9’10’24’25—a dominant
Q branch with rotational-resolved P, Q, R, and S (not shown
in Fig. 3) branches on either side. The value of the wave
number in Fig. 3 is in vacuum, and the Q band of the

08 3pZH)~(J transition is 59 972 cm™! according to Refs. 6,
41, and 42. The solid line spectrum in Fig. 3 is the IR+ UV

REMPI spectrum recorded by scanning the UV laser energy
with the IR laser energy fixed at 3184 cm™' as indicated in
Fig. 2 by the solid arrow. As compared with the conventional
UV REMPI spectrum, a new feature, centered at
59 898 cm™!, is observed to overlap the P(4) band of the
08 3pz<—f transition and redshift from the Q band of the
00 3p, <X transition by ~74 cm™' using the IR+UV
REMPI spectroscopy. Meanwhile, other rotational structures
belonging to the 03 3p,«— X transition (UV REMPI) remain
the same. This new IR+UV REMPI feature has a FWHM of
~9 cm™!, similar to the Q band of the 08 3pZH)? transition,
but broader than other rotational features of the 03 3p,«— X
transition (typical FWHM ~5 cm™!). The IR+UV REMPI
feature at 59 898 cm™' is not observed if the IR laser radia-
tion is absent or if the IR frequency is changed from
3184 to 3179 cm™!, i.e., from a peak position to an off-peak
position as indicated in Fig. 2 by the solid (on) and dashed

5 Q 020

REMPI Intensity (CH,')

59840 59880 59920 59960

Two UV photon energy (cm"l)

FIG. 3. The conventional UV REMPI (dashed line) and IR+UV REMPI
(solid line) spectra of CHj in the vicinity of the ()8 3171%? transition. The

intense Q band of the 08 3p:<—}? transition is broken off in order to display
the weaker P, R, and O branches. The arrow points to the Q band of the

3! 3p_ X transition.



234307-4 Fu, Hu, and Bernstein

(off) arrows. This clarifies that the IR+ UV REMPI detected

transition arises from V3()?) vibrationally excited CHj in-
duced by IR excitation.

The initial state for this IR+UV REMPI process is
v3(X), which has A X ' =E" vibronic symmetry. For an al-
lowed two-photon (from the same laser) transition, both A5
and E” final vibronic states are accessible for the methyl
radical. In this regard, v;(3p,), »3(3p.), and v4(3p,) can be
candidates for the final state with vibronic symmetries of A%,
E", and E", respectively. Two-photon selection rules (see
Table I) for perpendicular bands, such as the v(3p,)
—1y(X) [A} — E"] transition, generally produce a congested
spectrum; in particular, the very strong Q branch observed
for parallel bands is not expected. All of CH; previous spec-

troscopy studies do not observe the V3(3pz)<—0()?) [E"
«—A7] transition, which is a cold band and shares the same
selection rules as the v1(3pZ)HV3(}?) [AS«— E"] transition.
Moreover, the energy difference between v3(X) and v(3p.)
is 59725 cm™, according to 1)—w;(X) with 15(3p.—X)
=62 886 cm™' reported by Hudgens er al® and w;(X)
=3161 cm™', far away from the IR+UV REMPI detected
band at 59 898 cm™!. Thus the v,(3p,) is excluded as a pos-
sible final state for the 3pz<—f IR+UYV transition. On the
other hand, a transition from V3(}?) (asymmetric stretch) to
v4(3p,) (degenerate in-plane bend) is not expected, on theo-
retical grounds, ® to have a large Franck-Condon factor.
Based on the harmonic approximation, a recent ab initio cal-
culation indicates that the diagonal transitions x; of all four
CHj; vibrational modes (v,,x=1,...,4) for the 3pz<—)? tran-
sition should exhibit large Franck-Condon factors in the (2
+1) REMPI scheme.” Most recently, Liu and co-workers
reported detection of the 11, 3], and 4] 3p.« X transitions of
CD3.24’25 Therefore, the IR+ UV REMPI detected transition
at 59 898 cm™' is assigned to the Q band of the 3} 3p,—X
transition of CHs.

The IR energy can be fixed at any peak position dis-
played in the DRID-IR spectrum in Fig. 2(a), and the Q band
of the 3] 3p.« X transition observed in IR+UV experiments
remains within the range of 59 898+1 cm™!. This circum-
stance arises because of the selection rules presented in Table
I for the v;(X)«— 0(X) [E"—A3] IR single-photon transition
and for the v3(3p,) — v5(X) [E"—E"] UV two-photon tran-
sition. The AK=0 selection rule for the 3} 3p.« X transition
generates a very strong Q branch if the rotational constants
of CHj; in the lower X and upper 3p, states do not differ
significantly [AB(CD3)=4.76(3pz)—4.80(§)=0.04 em™1].#
Contributions from each K component fall at nearly the same
energy for each particular transition (AN=0,+1,+2). Only
the intense Q band of the 3% 3pz<—)? transition can be de-
tected in the IR+ UV REMPI experiment. Since the energy
of this transition is determined by the difference between
v3()?)(K,N) and v3(3p.)(K,N) levels, the AK=0=AN selec-
tion rule makes this energy (59 898 cm™) insensitive to K or
N values. Therefore, the Q band of the 3] 3p,« X transition
always appears at 59 898 cm~! in IR+UV REMPI experi-
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ment, redshifted from the Q band of the 0 3p, — X transition
by ~74 cm™!, no matter which (K,N) levels of v;(X) are
populated by IR excitation. This leads to the development of
DRIE-IR spectroscopy for CH;. Figure 2(b) is the v;(X)
spectrum of CHj recorded by DRIE-IR spectroscopy. Fea-
tures shown in DRIE-IR spectrum correspond well to those
identified in the depletion spectrum [Fig. 3(a)]. UV radiation
at 29 949 cm™" is not resonant for 0(X) CHj radicals, thus
DRIE-IR spectrum has nearly a zero background. The suc-
cess of DRIE-IR experiment further confirms the assignment
of the new band at 59 898 cm~! in IR+UV REMPI spectrum

to the Q band of the 3] 3p,« X transition of CHj.

IV. DISCUSSION

The Q band of the 3! 3p, < X transition of CH; identi-
fied by the IR+UV REMPI spectroscopy is redshifted from
the O band of the 08 3pz<—)? transition by ~74 cm, overlap-
ping the P(4) band of the 0) 3p,—X transition. Note that the
Q band of the 1! 3pz<—}? transition of CHj; reported by Ep-
pink and Parker33 and Liu and co-workers™*** also overlaps
the P(4) band of the 0) 3p,«— X transition. Because of the
spectral broadening as a result of the predissociative nature
of the 3p, state, the Q bands of the 3} and 1} 3p,« X tran-
sitions of CH; may both overlap the P(4) band of the
09 3p, <X transition. In our DRIE-IR experiment, 0(X) CHj,
radicals are excited to the v3(X) state by the IR laser, but
0(X) CH; cannot be populated to the »(X) state because
v,(X) is IR inactive.”’ The IR+ UV REMPI detected feature
at 59 898 cm™! belongs to the Q band of the 3] 3p,« X tran-
sition of CHj, redshifted by ~74 cm™' with respect to the Q
band of the 0f) 3p,« X transition at 59 972 cm™".

v3(3p.) of CHj is calculated at 3087 cm™! according to
13(3p,)=13(X)+(31-00), with v3(X)=3161 cm™' and (3!
—00)==74 cm™'. One would initially think that all these ex-
periments, DRID-IR, DRIE-IR, and IR+UV REMPI, could
have been carried out for the 3p,« X transition to obtain the
v3(3p,) more directly. Nonetheless, the DRID-IR technique
only works for the 08 4pZH)Z transition and the DRIE-IR
only works for the 3] 3p,« X transition. The transitions that
remain undetected (for a S/N>1) are the 3! 4p,—X
DRIE-IR transition and the 03 3p,< X DRID-IR transition.
Problems dealing with dynamics (4p,), cross sections, and
background (3p.) may be the cause of these missing pro-
cesses.

A final point concerns the techniques used in the present
study of CH;. The IR+UV DRID-IR depletion scheme ex-
ploits the known Franck-Condon factor for the UV transition
and functions as a standard procedure that can be applied for
different targets. In IR+ UV DRIE-IR, as the IR-excited rovi-
bronic state changes, UV excitation of the IR-populated rovi-
bronic state to Frank-Condon favored levels in the upper
electronic state also changes. One would initially think that
IR and UV laser frequencies have to be tuned simultaneously
to acquire the IR+UV DRIE-IR spectrum, as was reported
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for the study of hydroxymethyl radical.”® Limited by the
symmetry of CH,OH, the energy of the UV transition for
DRIE-IR is different if different rovibronic levels in the
ground electronic state are prepared by IR radiation.™® CH;
has a planar geometry with D3, symmetry, however, no mat-

ter which K or N levels in v4(X) are populated by IR radia-
tion; the UV transition used in DRIE-IR, i.e., the Q band of

the 31 3pz<—55 transition, does not change position. Our re-
sults demonstrate that IR+UV REMPI combined with
DRIE-IR spectroscopy provides an important mechanism for
observing and assigning new vibronic transitions that are in-

accessible by conventional REMPI from the 0(X) state.
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