Laser optogalvanic study of HCO A state predissociation

R. Vasudev and R. N. Zare

Department of Chemistry, Stanford University, Stanford, California 94305

(Received 12 February 1982; accepted 15 February 1982)

Widths of lines in the (0, 9°, 00, 0', 0) band of the HCO 4 24 *—X *4’ transition are recorded using a single-
mode dye laser, revealing a strong dependence on the rotational quantum number N. The HCO radical is
produced in a radio frequency discharge in acetaldehyde [CH,CHO)} vapor and the A-X transition in the
570630 nm region is detected by laser-induced changes in the discharge impedance. The variation of widths
with N is interpreted in terms of Coriolis interaction and K -type resonance of the (0, 9°% 0\Z (K" = 0) level with
nearby strongly predissociated IT(K’ = 1) and 4 (K’ = 2) levels, respectively, of the upper state.

INTRODUCTION

Although the formyl radical HCO had been postulated
for a long time as an important reaction intermediate,
direct spectroscopic study of HCO was impeded by the
difficulty of obtaining a sufficiently high concentration of
this reactive species. The first high-resolution studies
of HCO were carried out by Ramsay, ! Herzberg and
Ramsay, ? and Johns, Priddle, and Ramsay, % who photo-
graphed the absorption spectrum of the HCO red bands
extending from 460 to 860 nm, following the flash photo-
lysis of acetaldehyde. The HCO red bands were identi-
fied as transitions between the A2A4’’ and X%A’ states,
which are split by strong Renner -Teller interaction. 4
This Renner —Teller pair correlates with a ] state in
the limit of linear geometry. The equilibrium geometry
of the lower state (X%4') is definitely bent, while that
of the upper state (A%24'') is linear (or nearly linear).

For HCO as well as DCO, most of the levels of the
excited state are diffuse. The absorption spectrum con-
sists mainly of a long progression of bands (0, v,, 0)-

(0, 0, 0) involving the bending vibration v, of the excited
state. Alternate bands in the progression appear sharp.
The sharp bands involve the XK'= 1 rotational levels of
the ground state and the K'=0 levels of the excited
state. Hence, the vibronic symmetry of the excited
state is either ?Z* or ?=°. The latter assignment is pre-
ferred because a *Z” excited state cannot correlate with
H(S)+ CO(=*). This assignment establishes 24’ as the
ground state of the formyl radical.

By trapping HCO in matrices of CO, the rare gases,
or in single cyrstals of formic acid, both the infrared®=7
and electron spin resonance®™!° (ESR) spectra of the
ground state of the formyl radical have been recorded.
This has permitted the determination of the frequencies
of the vibrational fundamentals and the elements of the
£ tensor and the hyperfine tensors for the proton, the
deuteron, and Bc, addition, it has also proved pos-
sible to obtain the microwave spectrum of free HCO
radicals by pumping a reaction mixture of fluorine
atoms and formaldehyde (CHf through the cavity of a
microwave spectrometer. T This had led to a deter-
mination of the elements of the spin-rotation tensor, as
well as very accurate values for two of the three mo-
ments of inertia of the ground state. Brown and Rams-
ay!? reinvestigated the HCO visible spectrum and found
some very weak AK =2 lines from which a direct mea-
surement of the remaining ground state moment of in-
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ertia could be made. From these measurements the
equilibrium geometry for the HCO X state is deduced
to be rex=1.125(5) A, rco=1.175(1) A, and fy¢0
=124, 95(25)".

The HCO radical has also been spectroscopically
studied using laser magnetic resonance!® % and laser
electric resonance.®® These investigations have deter -
mined the major molecular parameters for HCO in the
(0,1, 0) level of the X state, as well as the value of the
electric dipole moments in the (0, 0, 0) and (0,1, 0) lev-
els. Although the HCO A-X system has only been ob-
served in absorption, HCO shows a complex series of
emission bands between 250 and 410 nm, which are
characteristic of hydrocarbon-oxygen flames. 24,235 A
partial rotational analysis of these so-called hydrocar-
bon flame bands has been completed, 25-%® but does not
add substantially to our knowledge of the HCO Xor A
states. The HCO radical can also be observed by intra-
cavity gain spoiling of a broadband dye laser, 2*~3! put
so far, this technique has been applied primarily to
understand HCO appearance rates, vibrational relaxa-
tion, and reaction kinetics following pulsed photolysis
of formaldehyde or acetaldehyde.

Many of the well established laser detection tech-
niques cannot be used to study the A-X system of HCO.
Laser-induced fluorescence, for example, is normally
a powerful tool but is inapplicable here due to the very
low fluorescence quantum yield of the A state. In this
paper, we report the detection and spectroscopy of the
HCO A-X transition by exploiting the optogalvanic ef-
fect. 2 The laser optogalvanic (LOG) technique relies
on impedance changes accompanying laser excitation
of species in discharges and flames. Although almost
all studies to date have been made on atoms, molecu-
lar systems are beginning to receive attention. ¥-3" Re-
cent experiments suggest that the optogalvanic effect is
especially large when the pumped transition involves
excitation of Rydberg states or, in the case of mole-
cules, predissociated states. Compared to the conven-
tional flash-photolysis absorption technique, LOG de-
tection of HCO, as described in this paper, requires
about 10° times smaller quantity of the parent acetalde-
hyde molecule.

Almost all laser optogalvanic studies to date have in-
volved dc discharges. % However, our attempt to apply
this method failed because of carbonization of electrodes,
resulting in arcing. We overcame this problem by using
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an electrodeless rf discharge. ¥"**® The HCO LOG spec-
trum has been recorded by using a rhodamine 6G dye
laser to cover the 580-620 nm region, Scans with a
single-mode dye laser over the (0, 9°, 0)-(0, 0', 0) band
show an N-dependent linewidth which is much broader
than the Doppler width. Various predissociation
mechanisms are discussed. It is proposed that inter-
action of the upper state S(K'=0) level with neighbor-
ing, strongly predissociated II(K'=1) and A(K'=2) lev-
els can explain the heterogeneous part of the predisso-
ciation widths (rates).

EXPERIMENTAL

The present experimental setup is essentially the
same as that very recently used by Lyons et al. for
the LOG detection of the 2p,~1s; transition of neon, 3
Briefly, the HCO radical is produced in an rf discharge
through acetaidehyde, mixed with argon/helium for
sustaining the discharge (total pressure ~1.5 Torr).
The rf discharge is driven by an RCA 6AF4A triode.
Impedance changes accompanying laser excitation of
HCO are detected by the reaction of the oscillator.
The 12-turn rf coil is 2 cm in length. The rf generated
(~30 MHz and 1-10 W) sustains 2 ~1 cm long dis-
charge, initiated by a tesla coil.

For detection of low resolution HCO spectra, an Ar*
laser -pumped dye laser {Coherent Raidation CR 599-21)
is used multimode (bandwidth ~30 GHz). High-resolu-
tion spectra are measured using a single-mode dye
laser (bandwidth ~1 MHz). The dye laser beam in both

0,9%,0+0,0,0 —
(a)

0,10,0+0,0%,0
\ 0,100+0,P0

Laser Bandwidth= 30GHz

0,9%,0+0,0,0

(b)

J

FIG. 1. Low-resolution laser optogalvanic spectra of the

HCO A-X system recorded (a) over the 580—620 nm region at

a scan speed of 1, 8 nm/min; and (b) over the (0, 9°, 0)—(0,0,0)
band at a scan speed of 0, 14 nm/min.
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FIG. 2. High-resolution laser optogalvanic trace of the @(5)
line of the HCO A(0, 9%, 0)-=%(0, 0!, 0) band. The lower trace
shows the simultaneous recording of the fluorescence excita-
tionof I, as well as fringes from a 1, 97 GHz etalon used for
calibrating the wavelength. The wave numbers 16 267, 8013
and 16 268, 0221 cm™ attached to the I, calibration lines on the
left side of Fig. 2 should be interchanged.

cases is mechanically chopped and the ac signal across
an 8 k{2 resistor is separated from dc background by an
0. 02 uF capacitor, processed by a lock-inamplifier
and displayed on a stripchart recorder. The low-reso-
lution spectra are calibrated by simultaneously record-
ing a dc optogalvanic spectrum of neon, For the high-
resolution scans, fluorescence excitation spectra of I,
and fringes from a calibrated etalon are used. 3?

RESULTS AND DISCUSSION

Figure 1 shows the low-resolution A-% LOG spec-
trum of HCO, taken in the rhodamine 6G region. Near
613. 8 nm, the signal-to-noise ratio is in excess of 10,
which is limited by fluctuations in the laboratory sur-
roundings rather than by the instruments used. Here
LOG detection requires only 2x10°® m atm of the parent
acetaldehyde molecules, whereas flash photolysis/ab-
sorption techniques need up to 4 matm of the parent.

In Fig. 1(a), the broad features to the blue correspond
to transitions terminating on the strongly predissociated
(0, 10%,0) II level from K'' =0 and 2 levels of the (0, 0, 0)
ground state. The estimated rotational linewidths® are
20 cm", corresponding to a predissociation lifetime of
about 0. 3 ps. To the red in Fig. 1(a) is a much sharper
feature at 613. 8 nm. This is identified as the (0, 9°,0)-
(0, 0%, 0) transition, which is shown at a slower scan rate
in Fig. 1(b). Even in this low-resolution spectrum, an
N-dependent line broadening is discernible, although it
is convoluted with the ~30 GHz laser bandwidth,

The linewidths of individual rotational lines are mea-
sured with a single-mode dye laser (bandwidth ~1 MHz).
A typical trace is shown in Fig. 2. The variation of the
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FIG. 3. Variation of excited state linewidth with rotational
guantum number N’ showing (a) the observed measurements,
and (b) the sum of Coriolis interaction given in (¢) and K-type
resonance given in (d). Comparison of (a) to (b) shows that
the heterogeneous (N '-dependent) part of the predissociation
mechanism is well described by combined action of the above
two perturbations but there is a homogeneous (N ’-independent)
part that is unaccounted for,

linewidth with the rotational quantum number N’ is
plotted in Fig. 3. Here, each width represents the aver-
"age of measurements from all three branches. The
larger uncertainty in the upper confidence limit at high
N’ mainly reflects the difficulty in estimating the base-
line, since the line profile extends somewhat beyond the
scan range (30 GHz) of the laser. The entire profile is
thus obtained by piecing together two or more scans.

It is known from the work of Brown and Ramsay'® that
the spin splitting is seen only in the R(1) line, originat-
ing predominantly from the splitting in the ground state.
Moreover, the low frequency component of this doublet
is slightly stronger. Examination of the single-mode
scan of the @(5) line, for example, shows a slight asym-
metry which is consistent with the low frequency compo-
nent being more intense, with a doublet separation of
~0.06 cm™ and a linewidth of ~0.19 cm™. The point
we wish to emphasize here is that the actual widths of
individual transitions are somewhat less than the ob-
served widths because of spin doubling. Rough calcula-
tions show that for two lines to be superimposed in such
a way that there is a dip in between the maxima, the
widths of individual components must be =75% of the
width of the blended line. The slight asymmetry,
shown in Fig. 2, is not seen at higher N’ values, due
to more rapid predissociation rates. However, since
the variation of the excited state spin splitting with N’
is not known, we use the absence of a dip in the line
profile to estimate the lower confidence limit for high
N’ widths, as explained above. For low N’ lines, a
slight complication is the convolution of the natural
(Lorentzian) with Doppler (Gaussian) profiles to yield
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a Voigt profile.* Thus one needs, in principle, to ex-
tract the natural width from the observed profile. De-
convolution from a Voigt profile with FWHM=0. 22 em™,
e.g., gives a natural linewidth of ~0. 20 cm™! (assuming
a Doppler width [(FWHM) of 0. 05 cm!]. However, in
view of other uncertainties we ignore this effect. In

any case, for high N, such a correction is insignificant.

We now consider the mechanisms responsible for the
observed predissociation. The width 'y of a Z(K'=0)
level due to interaction with a strongly predissociated
level p is

_(Z1Hmlp)

T'.=
BT (E; - E,)

Ty, )
where H,,, is a term in the Hamiltonian that couples
|Z) to 1p), T, is the width of the perturbing level, and
(Eg - E,) is the energy separation between the two.

The following heterogeneous interactions may play a
role: (i) Perturbation with A levels, through K-type
resonance; (ii) Perturbation with II levels, through
Coriolis interaction.

Interaction (i) has been invoked by Brown and Ramsay'?
to explain (1) the trend towards negative centrifugal
distortion coupling constants D’ with increasing v, of
Z levels, and (2) the widths of the (0, 13°, 0) levels of
the A state. The apparent D’ due to such an effect is:

given by
gz wz )2
+ Wy =Wy

X{(v2+ 1) +[(vy = 1)(w, +3)1'/2
32(E; - E,) ’

4B
Digy = Doog ~ 1 (1
2

(@)

where &,; is a Coriolis coupling constant., Hence, the
linewidth due to this interaction has the form
NN+ DR

(Ec—E,) 2?

where AD' =Dy, - Dyy,. The calculated values of I'g
for the (0, 9%, 0) level due to this interaction with
(0, 9%, 0) are shown in Fig. 3 as curve (d).

I'p.= fAD" 3)

Interaction (ii) connects = and 1I levels by x, ¥
Coriolis interaction.*' The wave functions®'* for =
and II vibronic levels in a II electronic state, in the
presence of Renner —Teller coupling, are

Y =1V 2)(| vy, vpy = 1,0,d) 1 |0y, 0,y +1,0,d))
and
Y1) =3[(| vy, v, 0,1,J) + |0y, v,y +2,1,d))

+ (|vg, U0y 0, = 1,d) + |vg, 0, =2, =1, )],

@)

(5)

where the basis functions are labeled by |v,, v,, 1, K, J),
v, being the quantum number associated with a stretch-
ing mode. Here, ! and K are signed quantum numbers.
The Coriolis operator®* which couples Z(} K] = 0) and
(K| =1) levels is given by

Hc°r=ZB(_prx —pyNy)
= —B(P.N. —P,N.) ’ (6)

where p,, p,and N,, N, are the projections of vibration-
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al and rotational angular momenta, respectively, on the
x, y axes of the molecule. The vibrational selection
rules for x, y Coriolis interaction are Avy=z1 and av,
=+1. For the case at hand, i.e., (0, 9%, 0) interacting
with I levels, only the (0, 81, 1) level contributes to a
significant extent because of its proximity. The rele-
vant matrix elements for p, are tabulated by Johns. 3

The contribution of such an interaction with (0, v1,1)
to the (0, v, + 1%, 0) widths is given by

2
Tp=4(o,+1) ﬁ%‘”z—) BNV +1)] (‘EEF-H_E,T)’ , (1)

where §%3 is a Coriolis coupling constant, (Ey — Ey) is
the (0, 8',1)-(0, 9°, 0) separation, and I'; is the width
of the II levels.

The widths calculated from this expression are shown
in curve (c) of Fig. 3. Also shown, as curve (b), is the
width resulting from the sum of mechanisms (i) and
(ii). The error bars in curve (b) originate from the
estimated uncertainty of +3 cm™ in Ty The variation
of curve (b) with N’ appears to reproduce the observed
trend in the measured widths. Granted this, the ap-
proximately constant difference between curves (c) and
(d) must then be ascribed to homogeneous (e.g., spin-
orbit) interactions with other short-lived levels (e.g.,
the high-lying levels of the ground state). To explore
this matter further, it is suggested that the widths of
the (0, 1”, 0) level of the A state be measured, since the
heterogeneous perturbation for this level are expected
to be rather small. However, a transition to this level
from the vibrationless ground state is expected to have
an extremely small Franck-Condon factor and, in addi-
tion, would require laser excitation near 990 nm, which
unfortunately is not a convenient laser wavelength.

In summary, the present study concerns the laser
optogalvanic measurement of predissociation rates of
the A state of HCO produced in an rf discharge. The
ease with which these measurements can be carried
out suggests that this technique may be used to advan-
tage in studying nonradiative processes in other spe-
cies that can be produced only in low concentrations.
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