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Spectroscopy

Boris Nizamov' and Paul J. Dagdigian*
Department of Chemistry, The Johns Hopkins dérsity, Baltimore, Maryland 21218-2685

Receied: October 7, 2002; In Final Form: January 24, 2003

Cavity ring-down spectroscopy (CRDS) has been used to study room-temperature chemical reactions of the

methylene amidogen radical §8N). The radical was prepared by 193 nm photolysis of formaldoxime, H
CNOH — H,CN + OH. CRDS signals from both 4#&N and OH A — X (1,0) band] were observed in the
wavelength region 278288 nm. By comparison of the strengths of the OH an@Mi signals, the oscillator
strength of HCN electronic transition in the 27288 nm wavelength region was measured to be»4.5

104 To correct for the loss of the OH signal due to reactions of OH, the room-temperature rate constant for

the reaction of OH with formaldoxime was measur&fh,CNOH + OH) = (1.5 & 0.4) x 102 cm?®
molecule! s™1. Reaction of HCN with a number of stable moleculesjQC,H,, CO, CH,, H;] could not be
observed, and an upper limit to the reaction rate constants,x 107> cm® molecule! s, was derived.
Self-recombination was the main removal process for th@N\Hradical under the conditions of the experiment,
with the rate constark(H,CN + H,CN) = (7.7 & 2.5) x 1072 cm® molecule® s71. At high photolysis laser
energies, for which the ¥£NOH fractional dissociation was high, it was possible to study the reaction of
H.CN with OH. A value of the rate constant for the GHH,CN reactionk(OH + H,CN) = 6 x 102 cm?

molecule? s1, was derived.

1. Introduction

The methylene amidogen radical AEN) is an important
intermediate in a number of chemical processds.is an
intermediate in the thermal decomposition of nitramine propel-
lants, such as HMX and RDX:* This radical is also believed
to play a role in the combustion chemistry of hydrocarbon
flames containing nitrogen (through the-NCHjs reactior¥-),
in the reburning of NO (through the GH- NO reactiorf), and
in the chemistry of the atmosphere of Titan and in interstellar
clouds®8

The HCN radical has been investigated using a variety of
experimental methods, including ESR spectroscebflash
photolysist®11|R and UV absorption in cryogenic matrixés,
photoionization studie’® and H-atom photofragment transla-
tional energy spectroscop§The UV absorption bands of H

CN near 280 nm were first observed some years ago in the

flash photolysis of formaldazine g&N—NCH,) and formal-
doxime (HLCNOH) by Horne and Norrisi-15and Ogilvie and
Horne!® The 193 nm photodissociation of formaldazine has been

studied by molecular beam photofragment translational spec-

troscopy with mass spectrometric detection of theCN
fragments'é The UV absorption spectrum of 8N trapped in
solid argon was later reported by JadéxDagdigian et al®
attempted to detect4€N and its methylated analogues by laser
fluorescence excitation of the bands near 280 nm with 193 nm
photolytic preparation from various precursors (mainly the
oximes). While the OH fragment from the photodissociation of
the oximes was readily detected, they concluded that the
fluorescence quantum yield for,BN was negligible and that
the excited state decays by predissociation.

* Corresponding author.
T Present address: Department of Chemistry, The University of Cali-
fornia, Berkeley, CA 94720.

In a molecular beam study, Davis and co-workérscently
observed the bands of the,EN radical near 280 nm through
Rydberg atom detection of the H atom fragment from predis-
sociation of electronically excited2@N. The HCN radical was
prepared in a molecular beam by pyrolysis of formaldazine at
the beam orifice. They also measured the kinetic energy
distribution of the H atom fragments and thus estimated the
internal excitation of the HCN cofragment, which was found
to contain a wide distribution of internal excitation energies.
This work showed that $CN could be detected by laser-based
methods; however, the particular scheme employed is not
particularly amenable to kinetic and spectroscopic studies.

In earlier work, Steif and co-worker&6employed electron-
impact ionization detection to study the kinetics in flow-tube
experiments of some reactions involving thgoMl radical. They
prepared HCN by the reaction of N atoms with methane, and
H,CN was detected by a mass spectrometer, with electron-
impact ionization, through a sampling port. There were some
problems associated with this method. In particular, vibrationally
excited N was also present in these experiments and interfered
with the detection of LCN since both species have the same
mass-to-charge ratian{e = 28). This interference could be
alleviated by using very low electron energiesl@ eV), but at
the expense of a very poor signal-to-noise ratio.

The use of deuterated reagent to generat€ND allowed
higher electron energies since the background/at= 30 was
much less. This group studied the reactions of N and H atoms
with methylene amidogel,as well as the formation of }CN
in the N + CHs; reaction®® The determination of the rate
constant for the N+ H,CN reaction was complicated by the
fact that N atoms are involved in both the formation and
destruction of HCN and that the rates of these processes are
comparable. As an alternative ionization method to electron
impact, photoionization can be applied to the deteéfiohH,-
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CN and was used by Davis and co-workers at a wavelength of 99% reflectivity at 282 nm] were mounted on the end of the

118 nm to detect this species in a molecular béam.
The aim of the present work was to explore the use of cavity

baffle arms, and the distance between the mirrors was 50 cm.
Baffles were installed to decrease contamination of the mirrors

ring-down spectroscopy (CRDS) to study the spectroscopy andby dust and to block the fluorescence signal excited by the

chemistry of HCN. The CRDS technique has a good spatial

excimer laser, which could interfere with the CRDS signal at

resolution and sensitivity and has been used extensively to studyshort delay times.

reactive intermediates in flames and other environm&nts.
This and the unsuitability of the convenient laser-induced
fluorescence (LIF) probe for 4N makes CRDS patrticularly
appropriate for kinetic studies of 8N chemistry.

Photolysis of formaldoxime vapor at 193 nm was used to
produce HCN and OH radicals. The photolysis source was a
Lambda Physik Compex 102 excimer laser. Typical pulse
energies of the excimer laser inside the vacuum chamber were

There have been several theoretical studies on the ground20-100 mJ. The excimer laser beam was directed perpendicular

and excited electronic states op®N and its possible role as
an intermediate in the H- HCN — H, + CN reaction. The
ground electronic state of the;&N radical hagB, symmetry!
Adams et aP* calculated structural parameters for the ground

to the axis of the CRDS resonant cavity, and two cylindrical

lenses were used to shape the excimer laser beam. One lens
was used to expand the beam along the cavity axis, and the
second lens was used to compress the beam along the direction

electronic state and vertical excitation energies to four excited perpendicular to the cavity axis. After the two lenses, the
states. These calculations suggested that the lowest-energgxcimer laser beam profile was rectangular with 8.2.0 cm
absorption feature at 285 nm is due to an electronically forbidden dimensions on the axis of the cavity. The delay between the

but vibronically allowed transition to 8B, state, while the

excimer and the dye laser was controlled by a digital delay

stronger transition at 280.8 nm was assigned as a symmetry-generator (Stanford Research Systems DG535).

allowed 2A; — 2B, transition. Davis and co-workéfshave
measured the H atom recoil anisotropy paramgtésr the H
atom fragment from the dissociation of electronically excited
H.CN and found that this parameter is slightly negatiges{
—0.10 + 0.03]. Interpretation of this value provides some
information on the symmetry of the excited state. This value of
B rules out an excited-statd,; symmetry but is consistent with
a vibronically allowed transition to 2B; excited state.

In a quantum chemical study, Basuggested that the first
electronically excited stat@R;) has a nonplan@A’ equilibrium
geometry. Brinkmann et &Ff recently carried out a coupled-

Formaldoxime polymer was prepared by the procedure given
by Scholl?® involving the reaction of formaldehyde with
hydroxylamine. Water was removed from a paste-like product
by pumping through a liquid nitrogen trap. Formaldoxime vapor
was introduced into the vacuum chamber using two different
procedures. When high pressures of the buffer gas were required,
the buffer gas was flowed through a glass tube filled with the
solid polymeric formaldoxime. Glass wool was used to prevent
formaldoxime dust from going inside the chamber. When pure
formaldoxime vapor was used, formaldoxime was introduced
from a test tube, sealed to a vacuum chamber using an O-ring.

cluster study to determine geometries and harmonic vibrational | hoth cases formaldoxime polymer was heated to temperatures
frequencies for the ground and low-lying excited electronic states f |ess than 55C to increase its vapor pressure.

of H,CN. Their computed harmonic vibrational frequencies are

in reasonable agreement with those reported by Jacox in an Ar

matrix study!” Brinkmann et al. report that the loweg; and

2/ excited states (labeled AB; andC 2A; by these workers,
respectively) have planar equilibrium geometries as in the
ground state, while the2B; state (labeled aB 2A’), and not
the 2B, state as proposed by $bis nonplanar.

The HCN radical is also a possible intermediate in therH
HCN — H, + CN reactior?’ However, it appears that a ridge
separates the J&N well from the abstraction pathway on the
potential energy surfacé.

Tunable UV radiation in the 278288 nm range was
generated by frequency doubling the output of a home-built
grazing-incidence dye laser, pumped by a Nd:YAG laser
(Continuum NY-81C) operated at 10 Hz. The second harmonic
was separated from the fundamental dye laser radiation using a
UG-5 (Schott) color filter. The temporal width of a laser pulse
was 8 ns, and the spectral bandwidth of the doubled output was
0.4 cnm, High-resolution spectral scans (fwhm 0.08 éjnwvere
taken with an intracavity etalon narrowed dye laser (Lambda
Physik FL3002E). Two apertures were used to used to control
the size of the UV laser beam in order to reduce the number of

In the present study, we have employed the transition at 280 5ngyerse modes excited in the cavity. One aperture reduced

nm for a kinetic and spectroscopic study of3N by the CRDS

the beam diameter, and the second was used to remove

technique. Formaldoxime was chosen as a photolytic precursorigraction rings. The UV laser beam was injected into the

for H,CH for several reasons. It does not have significant
absorption near 280 nthand hence will not interfere with the
H.CN measurements. The other fragment from formaldoxime
photolysis is the hydroxyl radical, which has a spectroscopic
transition A — X (1,0) band] in the same region whereGN
absorbs. Comparison of the OH anddN signals will allow
the determination of the absorption strength of thegCN
transition. Reactions of ¥£N with a number of stable molecules
[O2, CH4, CO, CHy, Hy] were investigated, and only upper

bounds to the rate constants could be determined. A rate constant

for the OH+ H,CN reaction is also reported in this paper.

2. Experimental Section

Experiments were carried out in a flow cell consisting of the
central parallelepiped (2.9 3.0 x 20 cm) with two rectangular
photolysis side windows (1.2 13.5 cm) and two baffle arms.
The cavity ring-down mirrors [Rocky Mountain Instrument Co.,

resonant cavity through one of the mirrors, and the diameter of
beam in the cell was 0.05 cm. The CRD signal was detected
through the rear mirror with a Hamamatsu R928 photomultiplier
tube (PMT). A diffuser and color filters were placed in front of
the PMT. The diffuser was used to minimize possible problems
resulting from the nonuniformity of the detector area response
and cavity alignment. Color filters were used to suppress stray
light from the dye laser.

The CRD signal was digitized using a LeCroy 9360 digital
oscilloscope. The signal from each laser shot was transferred
to a computer, and a weighted least-squares fit procedure was
used to calculate the photon decay rate constant. The typical
decay time constant for the empty cavity was 150 ns. At a
given wavelength single-shot decay rate constants were averaged
over a preset number of shots (180) with the excimer laser

on and excimer laser off, then the dye laser wavelength was
stepped to the next wavelength point. Ring-down lifetimes could
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0.008 Hornel0 In fact, our spectrum and theirs are essentially identical

w 1 in shape, except for minor differences due to differences in the
2 0.006 respective spectral resolutions. It should be noted that their
g ] M sample had many more collisions to equili!:)rate (nitrog_en buffer
S 0004 6 1 gas at 240 Torr and a delay of 206) than in our experiment.
2 ] This strongly suggests that our sample is thermally equilibrated.
§ 0,002 ] The spacing between the maxima of these two features is 558
s cm L,

0 In their study with a pyrolysis molecular beam source, Davis

34800 35000 35200 35400 35600 35800 and co-worker¥ observed the two broad features displayed in

Figure 1a, as well as a third, weaker feature to slightly lower
wavenumbers. Since their source may be expected to produce
formaldoxime (500 mTorr in 5 Torr Ar). The spectrum was collected radicals with ConSIdera%lg ler?tlonal excitation, this third
at 30us delay between the photolysis and detection laser pulses. Underi€ature may be a hot baritiOgilvie and Horne do observe a
these conditions, the methylene amidogen and OH radicals are thermallyvery weak feature at approximately the same wavenurfer.

equilibrated to room temperature. The broad features are due toshould be noted that the lowest vibrational frequency g€
methylene amidogen; also observable are lines of theAGHX (1,0) is 913 cnril7?

band. The OH fines in th, branch are identified. The two broad features in the thermalizedGM CRD
. . spectrum displayed in Figure 1 do possess some additional
be determined to an accuracy of 1%. The signal due to the P pay d P

; . ) . tructure. Somewhat less resolved, similar structure was evident
transient species produced by the photolysis laser was obtalnec]sn the flash photolysis spectrum reported by Ogilvie and Hafne.

by subtracting the decay constant with the excimer laser off 1} o spectrum obtained by Davis and co-workéstiowed less
from that with the excimer laser on. Hence O was generated  qy,cqyre, presumably because of the higher internal excitation
inthecellda b H;repetltlon rate. The gas in the photolys!s of the HCN radicals prepared in the pyrolysis source.

volume was replenished on each shot, as we observed no buildup As discussed in the Introduction, a definitive assignment of

of the H,CN concentration on successive laser pulses after thethe excited electronically excited state(s) involved in the UV

photolysis laser was turned on. absorption spectrum of &N has not been forthcoming. Spectra

resténl?:esr['r:]iﬁjisgsﬂgg{:;%%nge ngHF;r?]);F;fgtr:ergse’etgg ﬂﬁg;cfuch as that presented in Figure 1 and wider scans reported
9 y u P elsewher® do not show obvious vibronic structure. Davis and

multiplier (PMT) in a direction perpendicular both to the cavity co-workerd* have presented strong arguments for the assign-
axis and the photolysis beam direction. About 5% of the dye . " ¢t oo bands to the vibronically indudeaB, — X 28,
laser outphut Wgs ?ﬁ lit usk:ng a qfut?lrtz Eai elmo! d'f?‘ﬁed 'ntS t_he transition. This implies that the transition involves excitation
vacuum chamber through one of the phololysis windows. Using ., A, vibronic levels [to excited-state vibrational levels lpf

a right angle prism placed inside the chamber, the LIF laser symmetry, i.e.ys (3103 cnT?) or vg (913 cn )17, Alternatively

beam was dlrecte_d at20 degrees relafuve to the cavity axis in or in addition, a transition to the nonplar@PA’ stat® could
a plane of the excimer laser beam. This was necessary to ensur e involved

that the LIF beam samples the same concentrations as the CRD —
To explore these possibilities further, we have compared our

beam. A mask was used to limit the field of view of the PMT NN . . -

to the region near the cavity axis. The frequency-doubled dye spectrum with rigid-rotor simulations of a vibrational band. The

laser was tuned to the ON— X (1,0) band, and an interference rotational constants were computed on the basis of the equi-
' : librium geometries of the ground and excited states as calculated

filter was used to observe fluorescence in the ®H X (1,1) by Brink 76 A vibronically induced > h
band. The band-pass of the filter was wide enough to collect by Brinkmann et at” A vibronically induced transition to the

) ’ . .
essentially all fluorescence in the (1,1) band. The signal from é B itatebwould_ foIIc:(vatype Cdrotatlonzé zelechtloa rufés.
the PMT was directed to a gated integrator (Stanford Research rom the observation of Davis and co-worketsat the H atom
Systems SR250) or digital oscilloscope (LeCroy 9360) and then photofragments recoil with an a_msotroplc_angula}r d|str|t_)ut|on,
transferred to a computer for processing. The first 50 ns of the |t_(_:an be assumed that the e_xcned-st_ate lifetimgls not sig-
waveform were used to measure the OH LIF signal to avoid nificantly larger than the rotational period. Our assumed Lorent-

. : h
problems associated with the quenching of upper-state fluores-Z'an width .Of 1.0 e fwhm correspoan toa valug of 0.5 ps
for Texe, Which is comparable to the estimated rotational period

laser wavenumber (cm=1)
Figure 1. Cavity ring-down (CRD) absorption spectrum of photolyzed

cence. . .
for the most probable rotational levélof thermalized HCN.
3. Results Figure 2 presents a simulation of a type-C band contour for
3.1. Spectrum of the Methylene Amidogen RadicalFigure a room-temperature sample. The band contour displays a central

1 presents a cavity ring-down (CRD) absorption spectrum of peak, with weaker peaks on the high wavenumber side of the
photolyzed formaldoxime, with many collisions between the contour. The latter peaks are due to the K structure of the band.
photolysis and the CRD laser pulse (argon buffer gas at 5 Torr This computed contour bears some resemblance to the lower-
and a delay of 3@s). The CRD signals are plotted as absorption wavenumber broad feature in our experimental CRD spectrum
per pass due to the photolytically produced species. Clearly of thermalized HCN [Figure 1]. The experimental spectrum
visible in the spectrum are broad features attributable to the does show some subsidiary maxima on the high wavenumber
H.CN radical, as described below. In addition, sharp lines of side of this feature, although their spacing is greater than in the
the OHA — X (1,0) band® are weakly observed. In Figure 1, simulated spectrum displayed in Figure 2.
we have marked the lines in ti@ branch of this band. The overall widths of both features in the experimental
The features assigned tEN resemble closely the previ-  spectrum are greater than the simulation in Figure 2 of a single
ously reported spectra of this radié&l* The spectrum displayed  vibronic band. This suggests that there could be several vibronic
in Figure 1 has two broad features, as does the absorptiontransitions underlying each of these features. Vibronic assign-
spectrum obtained in a flash photolysis study by Ogilvie and ments in the spectrum of &N is still not possible. Unfortu-
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rotational constants were computed from the equilibrium geometries

obtained by Brinkmann et al. (ref 26) in their quantum chemical study T, 0.037
of this radical. A rotational temperature of 300 K and a Lorentzian 3
fwhm of 10 cnmt! were assumed. The band origin wavenumber was % 0.024 v
set to zero. s
8 v
0.02 YQ, L 0.014
[9]
g 0.015 Q1 R 0-""I""I‘"'I""I""I""I""I
- T P 0 0.2 0.4 0.6
> 0.01 formaldoxime pressure (Torr)
N i
'*g_ Figure 4. (a) Semilogarthmic plot of the OB — X (1,0) LIF signal
3 0.005 vs delay time. The pressure of formaldoxime was 0.58 Torr. (b) Plot
] F of the first-order decay rate constant vs formaldoxime pressure. The
I slope of the plot is the bimolecular rate constant of the ®KCH,-
0+ T T T T | NOH reaction.
34800 35000 35200 35400 35600 35800

laser wavenumber (cm1) at short photolysis-probe delays is presented there. The decrease
Figure 3. CRD spectrum of photolyzed formaldoxime (500 mTorrin  Of the magnitude of the OH signal is due to the fast reaction of
5 Torr Ar), collected at 500 ns delay. The OH lines in several branches OH radical with the formaldoxime precursor. Since knowledge
of the OHA — X (1,0) band are identified. of this rate constant is of practical importance when comparison
of OH and HCN signals is made, the rate constant of this

nately, complete information on the expected vibrational reaction was determined. This measurement is described in the
frequencies in the electronically excited states is not available next section.
from theoretical studies. The most complete computational study 3.2. Reaction of OH with CHbNOH. To measure the rate
of H.CN, i.e., the work of Brinkmann et al. reported only the constant of the OH CH,NOH reaction, the laser-induced OH
harmonic frequencies for the totally symmetric vibrational A — X fluorescence signal, which is proportional to the OH
modes in the excited states. radical concentration, was monitored while the delay between

Figure 3 presents a CRD spectrum obtained with a short delaythe photolysis and detection lasers was varied. The LIF signal
between the photolysis and CRD laser pulses. The absorptionwas excited on one of the rotational ling®(3/2)] of the A —
due to the HCN radical is much less structured and spreads X (1,0) band and monitored by collecting all fluorescence in
over a larger wavenumber range than in the spectrum of thethe A — X (1,1) band. The photolysis laser energy was reduced
thermalized sample displayed in Figure 1. This implies that 193 to ~0.5 mJ to avoid possible problems associated with radical
nm photolysis of formaldoxime yieldsJ&N with considerable recombination reactions. A typical plot of the logarithm of the
internal excitation. It should be pointed out that the spectra in OH LIF signal vs the delay time is shown in Figure 4a. This
both Figures 1 and 3 were recorded by taking the differences plot is linear over three decay lifetimes, consistent with the
of the CRD decay rates with the photolysis laser on vs off, and assumed first-order kinetics model. The bimolecular rate
hence the unstructured absorption in Figure 3 can be assignectonstant for the OH CH,NOH reaction was calculated from
to photolytically produced FCN. As the number of collisions  the plot of the first-order decay rate constant vs,NBH
between the photolysis and CRD probes lasers increases, theressure, shown in Figure 4b, and this rate constant is
spectrum evolves into the appearance of the spectrum of adetermined to be (1.%& 0.4) x 10~12cm? molecule? s This
thermalized sample, shown in Figure 1. value is significantly different from that determined by Horne

Even though the wavenumber sampling interval for the and NorrisR® [0.6 x 10712 cm® molecule® s71 (£50%)]. A
spectrum shown in Figure 3 was too large to record accurate small nonzero intercept on the plot in Figure 4b of the first-
intensities of the OH rotational lines, it is obvious that the OH order rate constant vs pressure is likely due to the diffusion of
signal at long delays is much smaller relative to th€H signal OH out of the photolysis volume. This removal process should
than at short delays. The intensities of the OH rotational lines not interfere with the bimolecular rate constant measurement
indicate that the rotational excitation of the OH fragment is since it is significantly slower than removal due to the chemical
higher than in a room-temperature Boltzmann distribution. This reaction. Below, other possible sources of systematic errors in
is consistent with the previous measurements of the OH internal our measurement are addressed.
state distribution by Dagdigian et al. through LIF detecti®n. The OH concentration in this experiment can be estimated

The comparison of BCN and OH CRD signals is made more from the precursor absorption cross section at 193 nm and
guantitatively in Section 3.4, and a higher-resolution CRD scan photon density of the photolysis laser. For this experiment, [OH]
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201 It should also be noted that the range of photolysis-probe delays
] is much greater than the CRD decay lifetime, so that effects of
the time scale of the CRD concentration measurefieat be
ignored in the kinetic analysis.

We also see from Figure 5 that the slope appears to scale
with the photolysis laser energy. This follows from eq 2 since
the initial HLCN concentration [HHCN]o should be proportional
to the photon density of the photolysis laser, if the photolysis
volume is not changed and the fractional dissociation is not high.
The measurement of the dependence of the slope of the [H
CN]o/[H2CN] concentration ratio upon the photolysis laser

0 T . T 1 photon density can be used to test whether removal of is due to
0 400 800 1200 1600 self-recombination or other processes contribute to the reduction
photolysis-probe delay (us) of the HCN concentration. In all experiments where the fraction
Figure 5. Plot of the [HCN]o/[H2CN] concentration ratio vs delay ~ of dissociation was small<{4%), the slopes of plots of the
time. The partial pressures of formaldoxime and Ar we0 mTorr concentration ratio vs the photolysis-probe delay were found
and 5 Torr, respectively. The slope of the fitted lines are proportional tg pe linearly dependent on the photolysis laser photon density

to the [FCNJo, which was varied by changing the photolysis laser 4 \yithin experimental uncertainty. This confirms that recom-

energy. Diamonds and squares correspond to photolysis laser energ|e%. ti th in | hani f

of 20 mJ and 40 mJ, resp_ectively. The rat_io of the slo_pes is |nz?q|0nlwas fe Imaln fois mechanism qOILI_.

approximately equal to the ratio of the photolysis laser energies. The slope of plots of the concentration ra_t|02£EN]0/[H_2‘
CN] equal Xseif [H2CN]o when recombination is the dominant

is estimated to be2 x 1013 cm3. The room-temperature, low-  loss mechanism for $#CN. The initial concentration of }CN
pressure bimolecular recombination rate constak(OH + can be computed from the CRD signal at short delays and the
OH) = 1.9 x 1072 cm?® molecule? s71, is too small for the absorption cross section for,&N at 285 nm, whose determi-
OH + OH reaction to compete with the OH CH,NOH nation is reported in the next section. In calculating@N]o,
reaction. The rate constant for OHH,CN reaction, estimated  we took into account the fact that the length of the photolysis

[H,CN]/[H,CN]

(6]
I

below in Section 3.5 to be & 10712 cm® molecule s71, is volume along the axis of the resonant cavity was shorter than
also too small for this reaction to contribute significantly to the the cavity length. From experimental data such as those plotted
removal rate of [OH]. Thus, OH+- OH and OH+ H,CN in Figure 5, the valuéses= (7.7 % 2.5) x 10-12cm® molecule’?
recombination cannot compete with the OH CH,NOH s 1was determined. The value for the absorption cross section,
reaction under the conditions of this experiment. (285 nm)= 1.1 x 10! cn¥, reported below in the next

Since the synthesi$ of formaldoxime is carried out in  section, was employed. Our derived value for the recombination
aqueous solution, we were concerned that the discrepancyrate constant compares well with the vakigi = 5.8 x 10712
between our value for the rate constant of the ®CH,NOH cm® molecule! s~ determined by Horne and Norridh.
and that of Horne and Norri¢hcould be due to the presence We have attempted to observe the reactions gEM with
of water. The rate constant was measured with different samples,stable molecules. Our choice of two of the reagents to study
which had been pumped on for various lengths of time. The [O,, C;H,] was dictated by the availability of an exothermic
same rate constant was obtained with all samples of formal- hydrogen abstraction pathway, i.e.
doxime and indicates that the water content is not an issue. We

believe that our measurement is more reliable than that of Horne H,CN + O, —~HCN + HO, (39)
and NorrisB® since it is more direct.
3.3. Self-Recombination of the HCN Radical. An attempt H,CN + CH, — HCN + CH; (3b)

was made to study reactions ob®&N with stable molecular

reagents. However, in all of the experiments, the time depen- Reactions with several other reagents [CO,QHp] were also
dence of the HCN signal was consistent with the fact that self- studied. For these experiments the typical pressure of the reagent
recombination of HCN rather than reaction of &N with the was 100 Torr. While reaction with none of these stable
buffer gas was the main process that decreased #@NH molecular reagents was observed, we estimate from the reagent
concentration. If one defines the radieahdical recombination ~ pressure and time dependence of th€N concentration upper

rate constant akse through the following equation: limits of the rate constants for these reactions tectiex 10715
cm® molecule® s,
d[H,CNJ/dt = — 2k, [H,CNJ* 1) 3.4. Absorption Strength of the HLCN Transition. One can

calculate the absorption cross section €N from an estimated
then the time dependence of theGN concentration will be ~ H2CN concentration and the observeddW absorption. The

H>CN concentration can be estimated from the known absorp-

[H,CN]y/[H,CN] = 1 + 2k :[H,CN],t (2) tion cross section of the precursor at the photolysis wavelength,

the photolysis laser photon density, angdfl quantum yield
The initial concentration [KCN]o and the time-dependent from formaldoxime photolysis. It was assumed that th€ N
concentration [HCN] can be computed from the differences in  quantum yield from photolysis was equal to unity. For calcula-
the CRD decay lifetimes with the photolysis laser on vs off at tion purposes, the absorption cross section of formaldoxime at
various photolysis-probe delays 193 nm,o(193 nm)= 1.5 x 1018 cn? from ref 15 was used.

Figure 5 presents plots of the concentration ratigGgN]o/ In a typical experiment;v4% of the precursor was estimated

[H2CN] as a function of the photolysis-probe delay for two to be photodissociated in each photolysis laser shot. The CRD
different energies of the photolysis laser. We see that for both signal at zero delay between the photolysis and detection laser
photolysis laser energies, the concentration ratio is linearly pulses was obtained by measuring th&€N CRD signal at long
proportional to the photolysis-probe delay, in accord with eq 2. delay timest > 20us, when relaxation of fCN was complete
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and then extrapolating to= 0 us using the plot of (¥/— 1/rp)~* __0.0006 - R,(3/2) R,(5/2) R,(7/2)
vs time. From this method, the absorption cross sectionzef H T
CN at 285 nm was determined to be 1x110718 cn?, in a § 0.00051
good agreement with the results by Horne and Nottisimd £ 0.00041
measurements based on comparison of OH as@NHsignals, S ]
described below. This value of the absorption cross section was § 0.0003 1
employed in the previous section in the determination of the 2 ]
H,CN recombination rate constant. % 0.0002
It is also possible to calculate theEN absorption strength S 0.0001 W
by comparison of the OH and BN signals, since both the g ]

H.CN transitions and the OB — X (1,0) band lie in the same 0t : : : : e
wavelength region. The oscillator strength of the @H- X 35515 35525 35535 35545 35555
(1,0) band { = 2.8 x 1074 is well established? Since the laser wavenumber (cm™7)

ratio of OH and HCN concentrations can be determined, Figure 6. High-resolution (laser bandwidth 0.08 c CRD spectrum

comparison of the OH andJ@N signals should yield absorption  of OH and HCN collected at J«s delay between the photolysis and

strength of HCN. Dagdigian et al® measured the nascent detection laser pulses in the presence of 300 mTorr formaldoxime and

internal state distribution of the OH radical and concluded that 5 Torr Ar. TheRy(J) main andQ:(J) satellite lines of the OFA — X

OH radical has little vibrational excitation and all of the (1,0) band are marked. The unstructured continuum is due to absorption
U S , by H.CN.

population is in the ground vibrational stat&, = 0. It was

assumed that vibrational relaxation of &N was complete, and

all of the population was in the ground vibrational level. ltwas  temperature rotational distribution. As diagnostics, LIF spectra

also assumed tha.t the quantum yields €N and of OH were of OH were recorded for different delays between the photolysis

both equal (to unity). and detection lasers. It was found that for conditipns t >
Corrections for the loss of OH andEN due to the chemical 20 Torrus in Ar the OH rotational state distribution was close

reactions were made as follows. The main loss mechanism ofto its room-temperature Boltzmann distribution.

OH was assumed to be the reaction of OH with formaldoxime, high-resolution OH CRD spectrum is shown in Figure 6.

while the main loss mechanism of,€N was assumed to be  For this spectrum, the OH concentration was calculated to be

self-recombination. As described above, the&CN signzillatt 3.9 x 10" cm 3, For this calculation, the Einstein B coefficients
= O us can be obtained from the intercept oft(/ 1/rg) * vs from the LIFBASE prograrif for rotational lines of the OHA
time plot. — X (1,0) band was used. The calculated OH concentration

To measure the OH absorption quantitatively using the CRDS corresponds to a 4% precursor photodissociation on each shot,
technique, the laser bandwidth has to be much smaller thanclose to the number calculated using the formaldoxime absorp-
Doppler width of the OH rotational lines. With the intracavity tion cross section at 193 nm and the photolysis laser photon
Etalon installed in the detection dye laser, the nominal laser density. From the OH concentration, theGN absorption
bandwidth is 0.08 cmt, compared to the Doppler width of the  oscillator strength was computed to be= 4.5 x 1074 The
OH A — X (1,0) rotational lines [0.11 cm]. It is still possible oscillator strength value is in good agreement with the vdlue,
to measure the absorption coefficient integrated over wavelength,= (4 & 2) x 1074, reported by Ogilvie and Horné.
provided that absorption losses due to OH are much smaller 35 Rate Constant for the OH + H,CN Reaction. To
than the empty cavity losses and only a small initial part of the measure the OH+ H,CN rate constant, it is necessary to
CRD signal is used to measure decay time. For details, the papegissociate a significant fraction of the precursor so that the OH
of Zalicki and Zar€®® or papers mentioned in a review by Meijer 4+ H,CN reaction can compete with the OHf H,CNOH
and co-worker$? can be consulted. Typically, the ratio of losses  reaction. This was done by removing one of the cylindrical
due to OH absorption to the empty cavity losses was2 and lenses, thereby changing the photolysis laser beam dimensions
the time interval O< t < ~0.5r0, wheret is the empty cavity o 24 x 2 mn?. In addition, the photolysis laser energy inside
decay time, was used to calculate decay time. For the otherthe CRDS apparatus was increased. Based on the known
measurements, the time interval<0t < ~2.5ro was used t0  apsorption cross section of formaldoxithand photolysis laser
calculate decay time. energy, it was estimated that a maximunma&5% dissociation

Since it was difficult to record the complete spectrum of the could be achieved. The variation of the®N concentration
OH A — X (1,0) band because of the low data collection rate, perpendicular to the axis of the resonant cavity was small,
only a small portion of the (1,0) band was recorded. Specifically, because of the small diameter (0.05 cm) of the probe laser beam.
six rotational lines Ry(3/2), Ry(5/2), Ry(7/2), Q21(3/2), Q21(5/ Figure 7 shows experimental measurements of the OH and
2), andQ21(7/2)] were used to determine the OH concentration. H,CN concentrations (points), along with the results of kinetic
One important advantage of using these six lines is that their simulations (solid curves) used to derive the @H,CN rate
wavelengths are close to 280.8 nm, i.e., the maximum of one constant. One of the curves represents the time dependence of
of the HCN bands, which enables a more accurate measurementhe OH concentration at low photolysis laser energies and was
of the HCN absorption. It also should be noted that the lower recorded to compute the concentration of the formaldoxime
states for these six rotational lines represe6#% of the OH precursor from the measured OH decay rate, using our derived
population. value for the OH+ H,CNOH rate constant. It should be noted

As mentioned by Dagdigian et df the nascent OH internal  that under the conditions of this experiment the formaldoxime
state distribution from 193 nm CGNOH photolysis was concentration could not be directly measured since a large excess
somewhat hotter than a room-temperature Boltzmann distribu- of Ar was added to promote rapid collisional relaxation of the
tion. For measurement of the OH signal, the delay between theOH and HCN radicals. For low photolysis laser energies,
photolysis and detection lasers was chosen long enough toradicat-radical reactions involving OH can be neglected, and
ensure that collisions with the buffer gas produced a room- the decay of the OH concentration can be ascribed to the OH
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Figure 7. Experimental and simulated time dependence of OH and

H.CN concentrations at high and low excimer laser energies. The

Nizamov and Dagdigian

photolysis-probe delays, corresponding to a small extent of
reaction, were considered. In the kinetic simulations, the rate
constant for the OH- H,CN reaction was varied to fit the initial
slope of the OH concentration, while keeping the rate constants
of the other reactions fixed. The best fit to the experimental
data was achieved fok(OH + H,CN) = 6 x 10%? cm?®
molecule! s™1. We estimate that this rate constant was
determined to an accuracy of 360%, given the uncertainties
in the other rate constants and theQM absorption cross
section. We did not attempt to vary the rate constants of the
other reactions since the initial slope is determined mainly by
the rate constants of the OH H,CN and HCNOH reactions,
and we have directly measured the rate constant of the latter
reaction (see Section 3.2).

One can note a significant discrepancy between experimental

formaldoxime pressure was 0.03 Torr, and the buffer gas pressure (Ar) gnd simulated time dependence of th&N concentration, with

was 200 Torr. The solid circles are measured OH concentrations at
low photolysis laser energy, while the squares and diamonds are OH

and HCN concentrations, respectively, at high photolysis laser energy.

the computed falloff in concentration being less than the
observed falloff. This difference cannot be minimized by varying

The solid curves are concentrations obtained from kinetic simulations the€ K(OH + H>CN) rate constant. However, a good-quality fit

described in the text. In the plot, the initial concentration of OH at low

to the experimental data can be achieved if one va&(i@$l +

photolysis laser energy was made the same as the initial concentrationrH,CN), k(H,CN + H,CN), and ¢(285 nm) within their

of OH at high photolysis laser energy for ease of comparison.

+ H,CNOH reaction. From the first-order rate constant of the
OH concentration decay and our measured valug(OH +
H,CNOH) reported above, the formaldoxime precursor con-
centration in this particular experiment was calculated to be
0.033 Torr.

The other two sets of points in Figure 7 represent the time
dependence of the OH and,EN concentrations at high

uncertainty limits. Thus, the discrepancy is likely to be due to
the limited precision in the measurement of the other rate
constants and the &N absorption cross section.

One of the possible complications in this experiment is local
heating of the sample due to the large amount of photolysis
laser energy absorbed by the sample. In this particular experi-
ment, 200 Torr of buffer gas (Ar) and 0.03 Torr of the
formaldoxime vapor was used. For the experimentally deter-
mined 30% dissociation, this translates into a 2.5 K increase in

photolysis laser energy, but otherwise under the same conditionsthe sample temperature on a single photolysis laser shot. It is

From the CRDS signal for #€N, the absolute concentration
of H,CN was calculated to be 0.010 Torr. The ratio of the
derived HCNOH precursor and ¥CN radical concentrations

also worth mentioning that the recorded LIF spectrum of OH
was consistent, within experimental uncertainty, with a room-
temperature rotational state distribution. Thus, the actual tem-

implies a 30% dissociation of the precursor, which is consistent Perature of the sample was very close to the room temperature.

with the estimate made using the measured photolysis laser
energy and the known formaldoxime absorption cross section.

The other possible complication could be the pressure
dependence of the &N recombination rate constant. Horne

The good agreement of the fractional dissociation estimated byand NorrisA! note that in their pressure range (€00 Torr),

two different methods implies that multiphoton effects due to
the photolysis laser can be neglected.

The initial slopes of the OH concentration curves at low and
high photolysis laser energies differ significantly, with the
removal rate of OH being larger at high photolysis laser energy.
This suggests that the rate constant of the-©H,CN reaction
is larger than the rate constant of the GHH,CNOH reaction.

To derive a numerical value df{(OH + H,CN), a kinetic
simulation was performed with the following set of reactions:

OH + H,CN — productsk to be determined
OH+ OH—H,0 + O,
k=1.9x 10 **cm® molecule*s*
OH + H,CNOH— products,
k=1.5x 10 *cm*molecule*s*
H,CN + H,CN — products,

k= 7.7 x 10 **cm® molecule*s*

H,CN + H,CNOH— products,
k=0 x 10 *cm® molecule*s?

This model does not take into consideration secondary

the HLCN recombination was pressure independent. Since the
pressure range in this work was similar to the one employed
by Horne and Norrish, it was assumed that the rate constant
k(H.CN + H,CN) determined in this work is in the high-
pressure limit. For the OH H,CN rate constant, the measure-
ments were done at two pressures, 120 and 200 Torr of Ar, and
the derived value fok(OH + H,CN) was essentially the same

at these two pressures. Thus, it was assumedk{dt + H,-

CN) determined in this work is in the high-pressure limit.

4. Discussion

In this work, we have employed CRDS to investigate the
room-temperature reaction kinetics of theG\ radical, which
was prepared by 193 nm photolysis of formaldoxime. We have
obtained a rate constant for the;&N recombination rate
constant, in good agreement with an earlier measurement by
flash photolysis! Only upper limits to the room-temperature
rate constants for reaction of ,8IN with several stable
molecules, including oxygen and ethylene, could be obtained.
By increasing the energy density of the photolysis laser, thereby
photolyzing a significant fraction of fomaldoxime, it was
possible to study the fraction between the OH angCM
radicals. In this way, a room-temperature rate constant »f 6
10 *2cm?® molecule s~ was estimated for this reaction. This
rate constant is actually significantly less than the rate constants

reactions. Hence, only the measured concentrations at shordetermined by Nesbitt et & for the reactions of HCN with
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N and H atoms:k(N + H,CN) = (4.4 + 1.4) x 1071 cm? (6) Marston, G.; Nesbitt, F. L.; Steif, L. J. Chem. Phys1989 91,
1g-1 11 1 3483.
;nglecule st andk(H + H,CN) = 7 x 107 e moleculer (7) Miller, J. A.; Melius, C. F.; Glarborg, Rnt. J. Chem. Kinet1998
: 30, 223.

Itis also interesting to compare the rate constants for reactions  (8) Lebonnois, S.; Toublanc, D.; Houdin, F.; Rannouldarus 2001,
of H,CN with those for corresponding reactions of the isoelec- 152 3846 hran E. L Adrian. E. 1. B V. B Chem. Phvelo6
tronic HCO radicaP’~3° The room-temperature rate constant g, §9)38_°C ran, E. L.; Adrian, F. J.; Bowers, V. & Chem. Phys1962
for the HCO+ O, reaction [(5.9 0.5) x 10712 cm?® molecule’? (10) Ogilvie, J. F.; Horne, D. GJ. Chem. PhysL968§ 48, 2248.
s™1 (ref 38)] is significantly larger than that for the corresponding 31é11)97H00me, D. G.; Norrish, R. G. WRroc. R. Soc. London Ser.197Q
H,CN reactlor_L By contrast, the r_oom-temperature rzi\ge constant (12) Jacox, M. E.: Milligan, D. EJ. Mol. Spectrosc1975 56, 333,
for the reaction of ethylene with HCO [1.5 10~ cm? (13) Neshitt, F. L.; Marston, G.; Steif, L. J.; Wickramaaritchi, M. A.;
molecule! s71 (ref 37)] is quite small, as in the case of the Tao, W.; Klemm, R. BJ. Phys. Chem1991 95, 7613.

corresponding reaction involving28N. For the HCO reaction, 31élj)slBemard' E.J.; Strazisar, B. R.; Davis, HGhem. Phys. Let1.999

the activation energy is 5.5 kcal mé| and reactions of other (15) Horne, D. G.; Norrish, R. G. roc. R. Soc. London Ser. 1970
alkenes have similar rate constants and activation energies3is, 287.

Similar to the H+ H.CN reaction, the H- HCO reaction has (16) Felder, P.; Harrison, J. A.; Huber, J. R.Phys. Chem1991, 95,

a very large room-temperature rate constant [(£18.33) x (m Jacox, M. EJ. Phys. Chemi987 91, 6595

1071% cm?® molecule’? s72 (ref 39)]. (18) Dagdigian, P. J.; Anderson, W. R.; Sausa, R. C.; Miziolek, A. W.

The OH+ HCN reaction likely proceeds through a hydrogen J. Phys. Chem1989 93, 6059.
abstraction channel: (19) Nesbitt, F. L.; Marston, G.; Steif, L. J. Phys. Chem199Q 94,
' 4946.
(20) Berden, G.; Peeters, R.; Meijer, &t. Rev. Phys. Chem2000
OH+ H,CN—HCN + H,0O (4) 19, 565.
(21) Wheeler, M. D.; Newman, S. M.; Orr-Ewing, A. J.; Ashfold, M.

. . . . N.R.J. Chem. Soc., Faraday Trank998 94, 337.
Our derived room-temperature rate constant for this reactionis " 22) Booth, J. P.; Cunge, G.; Biennier, L.; Romanini, D.; Kachanov, A.

quite similar to the reportéfirate constant [(7.7% 1.24) x Chem. Phys. LetR00Q 317, 631.
10712 cn?® molecule® s71 for the OH+ H,CO reaction. This (23) Luque, J.; Jeffries, J. B.; Smith, G. P.; Crosley, D. R.; Scherer, J.
; ; J. Combust. Flam001, 126, 1725.
reaction was fourﬂf! to proceed predominantly by hydrogen (24) Adams, G. .. Yarkony, D. R.; Bartlett, R. J.. Purvis, G, J.
atom abstraction, as in eq 4. Quantum Chem1983 23, 437.
In the present study, study of the reactions ofCN with (25) So, S. PChem. Phys. Lett1981, 82, 370.

imi _ (26) Brinkmann, N. R.; Wesolowski, S. S.; Schaefer, HJFChem.
stable molecules was limited by the low room-temperature rate Phys. 2001, 114, 3055,

constants and the fasb8N self-recombination rate. This does (27) Bair, R. A.; Dunning, T. HJ. Chem. Phys1985 82, 2280.
not preclude the future investigation of these reactions by CRDS. (28) ter Horst, M. A;; Schatz, G. C.; Harding, L. B. Chem. Phys.

An obvious solution is to use smaller€EN concentrations and 1996 105 559. _
(29) Scholl, R.Berichte1891, 24, 573.

to study faster reactions. By using higher reflectivity mirrors (30) Dieke, G. H.; Crosswhite, H. MJ. Quant. Spectrosc. Radiat.
and studying reactions at higher temperatures, where reactionrransferlgez'z, 97. '

rate constants are larger, important additional information about _ (31) Herzberg, G.Molecular Spectra and Molecular Structure II.

the chemical reactions of 48N could be obtained Electronic Spectra and Electronic Structure of Polyatomic Molecules
’ Van Nostrand: Princeton, 1967.
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