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Laser-induced excitation and wavelength-resolved emission spectra of the methoxy (CH;0) radical have been obtained in a
supersonic jet environment. Fluorescence in the near ultraviolet from several vibronic bands belonging to the A 2A,~X ZE elec-
tronic system of CH;0 has been dispersed by a 0.6 m monochromator with a resolution of 0.3 nm. A complete set of vibrational
frequencies with all assignments for the X 2E state of CH,O has been obtained. To the best of our knowledge, the dispersed spectra
of CH;0 for the 23 and 2} 3} bands are presented here for the first time. The vibrational constants determined by a least-squares
fit for the v mode are w? = 1071 cm ~! and @y x7 =8.4 cm ~!, For the Jahn—-Teller active s mode, the vibrational and anharmonic
constants w? =786 cm ! and wZx” =55 cm ~!, respectively, have been obtained for the first time.

1. Introduction

The methoxy (CH;0) radical is an important
chemical intermediate in combustion and atmos-
pheric reactions [1,2]. It also has astronomical sig-
nificance because of its presence in interstellar space
[3]. The spectroscopy of CH;O built around the
A2A,-X %E electronic transition is intriguing on ac-
count of the orbitally degenerate ground state X2E
[4], whereby the molecule exhibits Jahn-Teller dis-
tortion, Coriolis coupling and hyperfine structure
[5,6]. A first order Jahn-Teller effect causes a spon-
taneous breaking of the nominal C;, symmetry in
CH,0 [7]. A quenched electronic angular momen-
tum and the associated reduction in spin—orbit split-
ting [8] give rise to unusual spectral features for
CH,0. The spin-orbit interaction splits the 2E level
into two components “E,, and ?E;/;. As a conse-
quence, any vibronic level belonging to the upper
A A, state can have transitions to both spin—orbit
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components of the X 2E state. This is confirmed by
the manifestation of spectral doublets in the vibronic
spectrum of CH;0 [9].

Laser magnetic resonance investigations of Rad-
ford and Russell [10] in the far infrared and the mi-
crowave studies of Hirota et al. [11] have yielded
considerable information about the ground °E state
of CH,0. Emission ascribed to the first excited state
2A, of CH40 was first observed by Style and Ward
[12] following the photolysis of CH;ONO by a hy-
drogen continuum lamp and subsequently by Ohbay-
ashi and coworkers [ 13] by the photodissociation of
the same precursor using various vacuum-UV lamps.
Wendt and Hunziker [14] recorded the electronic
spectrum of CH;0 in absorption by using the modu-
lated  mercury-sensitized  decomposition  of
HCO-OCH;. Several investigators [ 1 5-18] have used
the technique of laser-induced fluorescence (LIF) to
examine the AZ?A,~XZ’E electronic spectrum of
CH,0. LIF, in turn, has been combined with super-
sonic expansion [9,19-22] to study jet-cooled CH;O
radicals.
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Liu et al. [22] have performed a detailed rovi-
bronic analysis of the 05 and 3} bands of CH;0 in
the near ultraviolet. Foster et al. [9] have reported a
comprehensive vibrational analysis relating to the LIF
excitation and wavelength-resolved emission spectra
of the A2A,-XE system of CH;0 in a supersonic
Jet. Chiang et al. [23] reported four of six vibrational
constants of CH;0 in solid argon. However, there still
remains a certain measure of uncertainty [9] about
some of the fundamental vibrational frequencies of
CH;O0 in both the A and X states. In this paper, we
present a comprehensive vibronic analysis of the
wavelength-resolved emission spectra corresponding
1o the A ?A,-X 2E system of CH,O that extends the
vibrational assignments of Foster et al. [9] and pre-
sents an analysis of the dispersed fluorescence spec-
tra of the 22 and 2}3} bands of the A-X electronic
system of CH;O for the first time. In addition, there
is an important departure from Foster et al.’s assign-
ment of the vibrational intervals relative to an origin
that is midway between the spin-orbit doublet (cor-
responding to half the separation between the
X 2E, ,, and X 2E; , states) at the pump frequency of
a vibronic band involving a symmetric mode. The
observed vibrational intervals have been carefully
separated into two groups, one corresponding to the
A2A-X 2E;,, transition and the other to A 2A,-
X 2E, ;2 8O as to assign precisely the single lines cor-
responding to the Jahn-Teller active e vibrations.
Moreover, such an approach for the vibrational in-
tervals makes assignments involving 2 combination
of modes less ambiguous. Fluorescence from the A %A,
state was dispersed employing a 0.6 m monochrom-
ator with 0.3 nm resolution over a wider spectral re-
gion than reported in the previously cited study [9].
A complete set of vibrational frequencies has been
obtained for the X 2E state and the uncertainty in the
assignments for the most part is estimated to be less
than 25 cm~—".

2. Experimental

The precursor for the methoxy (CH;0) radical was
methyl nitrite (CH,ONO). It was synthesized by
adopting the protocol established by Blatt [9,24]. The
boiling point of the methyl nitrite precursor is — 12°C
[25]. A Fourier Transform infrared spectrum of the

gaseous precursor showed infrared bands predomi-
nantly characteristic of methyl nitrite [26]. The
sample was stored in liquid nitrogen until needed for
the jet expansion.

Helium was used as a carrier gas and mixed with
the methyl nitrite in the ratio 200: 1 by volume. The
mixture of helium and precursor (at a typical pres-
sure of 10 to 14 atm) was introduced into a vacuum
chamber through a commercial pulsed valve (Gen-
eral Valve IOTA ONE) of 0.5 mm orifice. The pres-
sure in the evacuated chamber was typically ~10-*
Torr and the open duration of the pulsed valve was
set at 300 ps. Methyl nitrite seeded in the supersonic
Jjet expansion was photolyzed by the KrF line at 248
nm of an excimer laser (Questek 2000). The excimer
laser beam was focused into the expansion chamber
by a quartz lens of focal length 750 mm, where the
laser beam was set as close to the nozzle as possible.
Methoxy molecules generated in situ in the super-
sonic expansion were then excited by a dye laser
probe, which was a YAG (Quanta Ray DCR-11)
pumped tunable dye laser [PDL-2] that was fre-
quency-doubled to operate in the near UV, Both the
YAG and excimer lasers were run at 10 Hz. Exciton
dyes: KR620, Rh640 and DCM, were used to gener-
ate the requisite range of dye laser wavelengths. The
linewidth afforded by the dye laser pulse was about
0.2 cm~' and it could be reduced to 0.05 cm~' by
employing an etalon in the resonator cavity of the dye
laser. Frequency-doubling was accomplished by a
KDP crystal using an autotracker (Quanta Ray WEX-
1A). The separation between the photolysis and probe
lasers was typically 10-12 mm within the jet stream.
Laser-induced fluorescence from the excited meth-
oxy radicals was collected by a quartz lens at right
angles to the plane containing the counterpropagat-
ing laser beams and the supersonic nozzle and was
detected by a photomultiplier tube (EMI 9658R).
Fluorescence excitation spectra for the methoxy rad-
ical were recorded by scanning the dye laser wave-
length. The signals were accumulated and averaged
by a boxcar integrator (Stanford Research Systems
Model 250) with a gate-width of 0.5 ps in conjunc-
tion with an IBM /X T microcomputer-aided data ac-
quisition system. Frequency calibration was accom-
plished by simultaneously recording the well-known
BI13,~X 'ZF clectronic system [27] of I, in absorp-
tion with the dye laser fundamental while observing
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the CH,O spectrum with the doubled output. An io-
dine cell of 1.2 m length was used in the double-pass
mode and kept at room temperature. lodine lines were
identificd with the aid of an atlas [27] and the abso-
lute wavenumbers for the rotational transitions of the
A-X system of methoxy were generated by a least-
squares [1t using the known iodine transitions.

To obtain the information concerning the vibra-
tional intervals in the ground state, the dye laser was
tuned to the wavelength where the radical emitted the
strongest fluorescence in a certain chosen vibronic
band. Single vibronic level dispersed fluorescence
spectra were recorded by focusing the total fluores-
cence onto the entrance slit of a scanning 0.6 meter
monochromator (Jobin Yvon HRS 2). Output signal
at the exit slit was collected by a photomultiplier tube
(Hamamatsu R905) and was relayed to a data ac-
quisition system. The gate-width of the boxcar inte-
grator used was typically 3 ps. The resolution of the
monochromator was estimated to be 0.3 nm for a slit-
width of 0.2 mm. Each data point was an average over
10 events and the scan speed for the grating was set
at 24 A per minute. The monochromator was cali-
brated by using mercury lines. With a mercury lamp
in front of the entrance slit (0.025 mm wide}), the
monochromator was scanned from 290 to 400 nm. In
this wavelength region, ten intense and well-known
mercury transitions were recognized [28]. After a
least-squares fit (using the commercial software
EasyPlot), an equation relating the readings of the
monochromator dial to the calibrated wavenumbers
for the dispersed fluorescence spectra for CH,O was
obtained.

3. Results and discussion

Fig. 1 is an illustration of the 32890-32990 cm ™!
region of a typical LIF excitation spectrum of jet-
cooled CH;0 obtained at a resolution of 0.2 cm™".
The backing pressure of the helium and nitrite mix-
ture behind the pulsed valve was 120 psi and the time
delay between the photolysis and probe lasers was 10
ps. Fig. 1 shows the 33 band around 32930 cm~' and
the 2} band in the vicinity of 32960 cm~'. Three scans
for the 33 and 2435 bands obtained with 120 psi
backing pressure for three separate time delays of 4.5,
6.5 and 8.0 us, respectively, between the photolysis

~
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Fig. 1. Laser excitation spectrum of CH,O showing the 3% and
2! bands. The helium backing pressure was 120 psi and the time
delay between the photolysis and probe lasers was 10 ps.
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Fig. 2. Laser excitation scans showing the 33 and 2§34 bands of
CH,O obtained with 120 psi helium backing pressure for three
separate time delays of 4.5, 6.5 and 8.0 ps, respectively, between
the photolysis and probe lasers.

and probe lasers are shown in fig. 2. Even a cursory
examination of the three spectra indicates the cool-
ing effect realized in the supersonic jet expansion for
longer time delays. Longer the time delay between the
two lasers, the greater the number of collisions that
the methoxy radicals suffer with the helium particles
comprising the carrier gas and lower the transla-
tional, vibrational and rotational temperatures in the
jet expansion. For polyatomic molecules, like CH30,
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increased cooling results in perceptibly enhanced
spectral resolution as is abundantly clear in the spec-
tra displayed in fig. 2.

Dispcrsed ﬂuoresccncc spectra for seven vibronic
bands: 2}, 23, 3}, 33, 33, 33, and 2)3), are reported
in this paper. Of these wavelength-resolved emission
spectra, the 2§ and 243} bands are presented here for
the first time. In addition, our analysis provides new
vibrational intervals for the emission from the 2§,
34, 33, 33 and 3 bands that span a wider frequency
range than reported previously [9]. Four illustrative
dispersed fluorescence scans are shown in figs. 3-6.
The first peak on the left of each scan corresponds to
a mixture of the pump laser wavelength and the flu-
orescence from the methoxy transition from the vi-
brational level in the excited state to that in the ground
state. The third peak in figs. 3-6 is a doublet with an
average separation of 64 cm~! (see table 1) relative
to the first peak and is characteristic of the spin—orbit
splitting in the ground state. Of the six normal vibra-
tional modes possible for CH,O [9], two symmetric
a, vibrations (V;_ V3 ) and two doubly degenerate e
vibrations (7%, v¢) can be identified unambigu-
ously in the single vibronic level dispersed fluores-
cence spectra. Two other vibrational frequencies
(v7 and v} ) can also be determined but with less
certainty because the corresponding vibronic bands
have low intensity and do not exhibit long progres-
sions. The intensity variations of the spectral lines are
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Fig. 3. Laser-excited dispersed fluorescence spectrum of the 23
band of CH,0 using a 0.6 m monochromator with 0.3 nm
resolution.
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Fig. 4. Laser-excited dispersed fluorescence spectrum of the 33
band of CH;O. Each data point was averaged over 10 events and
the scan speed of the monochromator was set at 24 A per minute.
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Fig. 5. Laser-excited dispersed fluorescence spectrum of CH;0
observed when the 33 band was pumped. Progressions in 5 and
vg were clearly visible,

due to changes in the Franck—-Condon factors when
different bands are pumped. A smooth envelope for
the vibronic intensity pattern is clearly visible when
progressions are followed to lower v5 — as noted by
earlier authors [9,14]; for example, the 243% pro-
gression shown in fig. 3 and the 3] progression in fig.
4 illustrate clearly these smooth contours. And yet the
vibrational intervals remain essentially firm. An av-
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Fig. 6. Laser-excited dispersed fluorescence spectrum of CH;0
observed when the 213} combination band was excited.

erage was taken over seven scans, and then a vibra-
tional assignment was made corresponding to the
mean wavenumber interval. The v% mode corre-
sponding to the C-O symmetric stretch gives the
strongest emission, and its “doubled progressions” are
obvious; although the intensities of the members cor-
responding to the spin—orbit doublets vary. By “dou-
bled progressions” is meant the consistent doubling
of vibronic features in the dispersed spectrum - the
doubling simply refers to the spin—-orbit splitting of
the ground state. The v, emission is strong when the
v, mode (corresponding to the umbrella vibration)
is pumped. Also, the v; (scissor vibrational mode)
and v; (rocking mode) emissions are relatively
stronger compared to those involving v, (a, C-H
stretch) and », (e C-H stretch). One can find the
v% peaks when 2§, 23, 35, 33, and 2} 3} bands are dis-
persed; while vg features are visible in 2§, 23, 32, 33,
33, and 243} wavelength-resolved emission spectra.
Overtones of vg (for e.g. 2v¢ and 3v¢) are promi-
nent in some of the recorded spectra (figs. 3-5). For
instance, when the 33 band is pumped and dispersed,
the 2v§ peak appears as a strong spectral feature
comparable in intensity to the v4 peaks, and the
3vg line is also identifiable. The v, and », vibrations
show up as weak peaks. The vibrational assignments
have been made using the fundamental ground state
vibrational frequencies cited for CH,O in the litera-
ture and those for similar symmetric top molecules.
Frequencies assigned to the v, and v, modes were

similar to those for CH3F and CH,Cl [29]. Since
vi> vy for both CH;F and CH,Cl [29], our as-
signed fundamentals »5 =3020cm ~' and »7 =2869
cm ~' for CH;O are corroborated because they main-
tain such a relationship also. All transitions observed
are listed in table 1, and their assignments are listed
in table 2. The transitions from the upper A 2A, state
to the lower X ’E;,, state have been collected and
placed on the left in table 2, and those to the X 2E, ,,
state on the right. We did not take the origin of tran-
sitions to be the mean of the A A -X ’E,,, and A ’A -
X %E, ,, excitation frequencies as emploved in ref. [91,
but separated them into two groups as indicated
above, especially because the three e modes show up
as single lines. The advantage of this approach be-
comes more obvious when it is used for the vibra-
tional assignments relating to the CH;S radical, where
the magnitude of the spin-orbit splitting of the sym-
metric modes is as large as 257 cm~! [30]. We have
also made vibrational assignments using the above
cited approach for CH,S, which is being published
elsewhere. All of the vibrational assignments are con-
sistent to within a deviation thatis less than 25 cm—!,
except for the 2535 cm~! vibration that has a large
deviation (exceeding 25 cm~') and is tagged with a
question mark (?). This large deviation in vibra-
tional interval is in all probability due to interaction
between the umbrella (#,) and C-O symmetric
stretch (¥3) modes.

The total energy for a single vibrational mode, ne-
glecting the rotational energy term, is given by [31]

T=T. 4w, (v4+3) —o.x.(v+3)+..., (1)

where T, w,., w.x. and v are the electronic energy
term, the vibrational constant, the anharmonic con-
stant and the vibrational quantum number, respec-
tively. The wave numbers of the spectral lines corre-
sponding to the transitions between two electronic
states are given by

v=T"-T"

=T-T{+we(vV+i)—wi(v'+1})

—wexe (V' +1) ol xi (v +1)+ ., (2)
where a single prime indicates the upper state, and a

double prime denotes the lower state. When v* =0,
v=vg yields the band origin »,. Thus, we have
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Table 1

CH,0 X °E vibrational intervals observed in dispersed fluorescence. The numbers listed are the differences between the pump frequency
and the corresponding emission frequencies (incm™")

28 23 35 33 33 33 2438 Average

(em~")
65 63 55 80 68 57 75 64
693 690 674 693 689 687 688
1059 1099 1055 1072 1050 1035 1066 1062
1120 1165 1126 1127 1128 1104 1123 1128
1248 1240 1232 1240
1381 1375 1382 1361 1372 1367 1388 1375
1434 1432 1446 1438 1441 1441 1437 1438
1527 1533 1522 1523 1534 1528
1694 1694
1756 1760 1762 1762 1765 1760
2077 2088 2085 2103 2083 2061 2094 2084
2141 2149 2152 2153 2150 2151 2149
2238 2248 2246 2255 2247
2386 2382 2379 2392 2392 2380 2390 2386
2485 2483 2486 2489 2471 2487 2484
2538 2540 2527 2535
2592 2569 2567
2726 2724 2708 2719
2798 2790 2801 2796
2814 2822 2815 2823 2818
2869 2873 2869
2961 2945 2953 2953
3020 3020 3020
3110 3110 3112 3116 3121 3107 3115 3113
3169 3156 3147 3163 3161 3164 3160
3264 3281 3260 3271 3269
3404 3424 3410 3416 3422 3399 3416 3413
3508 3519 3515 3532 3511 3526 3518
3560 3548 3561 3570 3560
3715 3695 3705 3712 3707
3772 3763 3766 3776 3772 3770
3863 3881 3831 3846 3859 3854 3872 3858
4109 4119 4109 4112 4113 4112
4159 4176 4180 4176 4173
4306 4306
4400 4417 4420 4412
4530 4552 4525 4536
4740 4740
4818 4812 4815
4902 4908 4906 4905
5101 5100 5101
5142 5142
5428 5428
5514 5554 5540 5536
5703 5703
5812 5805 5808
5944 5918 5931
6089 6089
6118 6118

6497 6497
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Table 2

Vibrational assignments of the intervals observed in dispersed
fluorescence of CH,0 X 2E. The numbers listed are differences
between the pump frequency and the corresponding emission
frequencies (incm™")

AZA =X *Eypn A2A-XE,, Assignment
0 64
688 Vg
1062 1128 Vs
1240 2v6
1375 1438 Vs
1528 Vs
1694 3y,
1760 V3t v
2084 2149 2,
2247 vs+ e
2386 v3+2vg
2484 vyt
2535 "
2567 v3+vs
2719 2796 2,
2818 2vy+ g
2869 2953 vy
3020 Vg
3113 3160 3v,
3269 v3+rs+vg
3413 2v,t+ v,
3518 2vs+ v,
3560 v+ Vs
3707 v+ g
3770 3858 vy3t+2v;
4112 4173 4u,
4203 v+ 203+ v
4306 2v,+vs
4412 3us+20,
4536 33+,
4740 va+2v3+2vu,
4815 4905 2u342p,
5101 5142 Sus
5428 4yy+2u
5536 4+,
5703 4ui+ s
5808 Svs+ve
5931 3us+2p,
6089 6118 6y
6497 Svs+u;
vo—v=(—y0¢+j0ixy)
+wl (v +]) —wlxl (0" +])?. (3)

The observed average wavenumbers, which are also
listed in table 1, were fitted by the least-squares tech-
nique to the above equation for ¥,— v. The lines be-

longing to the », progression yield the vibrational
constants w5 =107l em ~'and wixi=84cm~' and
thosc part of the », progression gave wy =786 cm !
and wix{=355cm ', We were unable to fit similarly
the other four vibrational modes because there were
not adequate members forming progressions involv-
ing these vibrations. Some vibrational constants for
the », mode determined in earlier studies
[15,17,18,21] are listed in table 3 for comparison.
The constants for the ¥4 mode are also listed in table
3 and to the best of our knowledge have been deter-
mined for the first time. Interestingly, the anhar-
monic constant wgxg for the Jahn-Teller active v,
mode is about 6.5 times larger than wjx%. Table 4
summarizes the complete set of fundamental vibra-
tional frequencies determined in the present study for
the X 2E state of CH;0, which is compared with those
for two other X CH,X (X =F, Cl) molecules and also
with those for X CH,O cited in a previous work [9].
For the symmetric a, vibrations, the observed dou-
blet progressions yield average vibrational intervals
that help determine fundamental vibrational fre-
quencies »{, v3 and v5. The frequencies for v5 and
v% are consistent with earlier studies [9,23] and are
within our experimental uncertainty of 25 cm~'.
However, v/ has been a assigned a value 2869 cm ~!
based on our data, and it compares reasonably well
with v% =2840 cm ~' for X CH;0 quoted in ref. [9].
For the asymmetric e vibrations, our analysis of the
singlet progressions yield values for the fundamental
vibrational frequencies ¥4, v% and v{. It needs to be
emphasized that we have carefully separated (in ta-
ble 2) the e progressions involving X 2E,, and
X, /2, Tespectively. In this manner, the present val-
ues for »4, v? and v¢ can be compared directly with

Table 3
Vibrational constants (in cm~!) for the v5 and ¥, modes of the
X 2E state of CH;0

wi w3x5 ws wexs Ref.
1022 i, [15]
1035 6.02 [17]
1064 9.5 [21]
1051 6.5 [18]
1071 8.4 786 55 this work
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Table 4

Fundamental vibrational frequencies (in cm =) for X CH,0 compared with those of X CH;F and X CH,CI

Molccule Mode
¥y uy Vs I Vs I ref.
X CH,F 2965 1475 1048 2982 1471 1196 [29]
X CH,Cl 2966 1355 732 3042 1455 1015 [29]
X CH,0 2840 1362 1047 2774 1487 653 [91]
X CH;0 2869 1375 1062 3020 1528 688 this work

the average vibrational intervals derived in ref. [9]
(table 4) relative to the pump. Our values v? = [528
cm ™' and v{ =688 cm ~' compare well with the val-
ues ¥5=1519 cm "' and v{ =685 cm ! relative to
the pump given in ref. [9]. However, »% was not de-
termined well in ref. [9] (it was mentioned to be
27747 in table 4). On the basis of our new data, we
reassign a new value 3020 cm ~! to »4 for X CH,0,
which compares well with v% =3044 cm ! for X
CH,CL Our present study also determines for the first
time several overtone vibrational frequencies (for
c.g., 4v3, 5vj and 6775) as indicated in table 2) for
the X ?E state of methoxy.
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