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Abstract

Bimolecular rate coefficients were determined for the reaction CN(v=1) + NO and O; using continuous wave
cavity ringdown spectroscopy in a uniform supersonic flow (UF-CRDS). The well-matched timescales for
ringdown and reaction under pseudo first-order conditions allow for the use of the SKaR method
(simultaneous kinetics and ringdown) in which the full kinetic trace is obtained on each ringdown. The
reactions offer an interesting contrast in that the CN(v=1) + NO system is nonreactive and proceeds by
complex-mediated vibrational relaxation, while the CN(v=1) + O, reaction is primarily reactive. The
measured rate coefficients at 70 K are (2.49 + 0.08) x 10! cm?® molecule? s, respectively, for the reaction
of 0, and (10.49 + 0.22) x 10! cm® molecule? s for reaction with NO. The rate for reaction with O, is a
factor two lower than previously reported for v=0 in the same temperature range, a surprising result, while
that for NO is consistent with extrapolation of previous high temperature measurements to 70 K. The latter
is also discussed in light of theoretical calculations and measurements of the rate constants for the
association reaction in the high-pressure limit. The measurements are complicated by the presence of a
metastable population of high-J CN formed by photolysis of the precursor BrCN, and a kinetic model is
developed to treat the competing relaxation and reaction. It is particularly problematic for reactions at low
temperature where the rotational relaxation and reaction have similar rates, precluding a reliable
determination of the rate coefficients at 30 K. Also presented are important modifications to the data
acquisition and control for the instrument that have yielded considerably enhanced stability and

throughput.



1 Introduction

The study of elementary reaction kinetics at very low temperatures contributes significantly to
understanding and modeling the chemistry of planets, moons, and interstellar clouds. Experimental
determination of the rates of reactions at very low temperatures is a challenge due to condensation on the
walls of the reactor. This impediment has been overcome with the introduction of the CRESU method, a
French acronym that translates to “reaction kinetics in uniform supersonic flows”*. The CRESU method
employs a Laval nozzle, an axisymmetric convergent divergent nozzle that produces a uniform supersonic
flow which act as a wall-less reactor?*. Since the inception of the CRESU method it has undergone many
developmental advances which addressed its limitations, the most serious of which has been the huge
pumping capacity required as well as the large consumption of gases. The widely used solution to this has
been using a pulsed Laval flow, first introduced by Atkinson and Smith.> Since then, pulsed Laval flows have
been adopted by many other groups, including ours®®. Although the CRESU method has been coupled with
various detections methods, the overwhelming majority of studies reported using laser-induced
fluorescence (LIF). In this report we will focus on our new experiment where we have coupled a pulsed
uniform flow system with a near infrared continuous wave cavity ringdown spectrometer (cw-CRDS), a
combination we term UF-CRDS. CRDS is a highly sensitive absorption technique which is also largely immune
to fluctuations in the source intensity and is a promising alternative compared to the LIF method which is
inherently limited to a few target species. Given the long ringdown times (several hundred microseconds)
and the corresponding well-matched hydrodynamic times of the pulsed Laval flow of the UF-CRDS, we have
been able to measure the complete kinetics in each ringdown decay, an approach termed SKaR
(Simultaneous Kinetics and Ringdown)®. We first demonstrated this for reaction of CN(v=1) with propene®,
and more recently determined the low temperature reaction rate coefficients for CN (v=1) reaction with

butadiene isomers?®.

Reactions of CN are of considerable importance in understanding formation of nitrogen rich compounds in
many different environments including combustion, interstellar clouds, and the atmospheres of planets and
their moons. Therefore, there is a great interest in studying reactivity of CN with wide varieties of co-
reactants in varying reaction conditions, with low temperature measurements particularly important for
astrochemistry. CRESUY > 112 coupled with LIF has been applied to many studies of the reactions of CN with

1314 4,14 small hydrocarbons®>¢, NOx71,

various co-reactants including small molecules such as O,
amines?®®, and many more?*%2, Typical LIF detection of CN, where the (0,0) band of the B?3-X?% transition is

excited at ~387 nm with fluorescence is detected on the (0,1) emission at 420 nm. This created a path to



extensive investigation of these reactions at temperatures down to 5.8 K2>2%, However, the literature in low
temperature kinetics have been primarily dominated by CN(v=0) even though there is evidence of the
presence of vibrationally excited species in many reaction environments and interesting issues are raised in
comparing the rates of the vibrationally excited CN with ground state CN. It is important to understand the
role of the vibrationally excited reactants as the overall reaction rate either can be controlled by reactive
processes, non-reactive relaxation, or significant contributions from both. Our ability to probe CN(v=1) in
the UF-CRDS system permits us to explore the reactive and non-reactive relaxation rates of vibrationally
excited CN. In this report we present two systems with contrasting behavior, reaction of CN(v=1) with O,

and NO.

There are many studies reported for the reaction of ground state CN and O, at temperatures ranging as high
as 4000 K to as low as 13 K, and theoretical studies to support these measurements*2>3°, |t is considered to
be one of the classic radical-radical reactions and the first neutral-neutral reactions studied using the CRESU

apparatus in Rennes?. The reaction between CN and O, can lead to three different exothermic product

channels as sketched in the schematic potential energy surface in figure 1(a) 23132,
CN+0O; ——=> NCO+0 (2)

CO +NO (2)

N + CO, (3)

Among the three pathways, the dominant reaction channel is that forming products NCO and O (1) while
the channel leading to N and CO; (3) is either minor or completely unobserved. The CN + O; reaction can
take place on potential energy surfaces of doublet or quartet spin multiplicity with the latter considered
non-reactive, giving an electronic degeneracy factor for the rate of 1/3. On the doublet surface, the
reactants can approach without a barrier to form a bent NCOO complex bound by ~35-40 kcal/mol, then to
products. O-O bond fission then leads to dominant products NCO+0% 3334 Although there is a substantial
barrier involving a four-center transition state to NO + CO, Jackson and coworkers®? instead proposed
intramolecular abstraction of N by an O atom, anticipating the roaming mechanism several years before it
was clearly identified in formaldehyde photodissociation®. This raises the question of the barrier to the O-
O bond fission in the complex: the existence of a barrier would likely preclude the roaming pathway
suggested by Jackson, but recent measurements clearly document the presence of this channel. There is
only one direct measurement of the kinetics of the O + NCO reaction, and that found a fast room

temperature rate with a negative temperature dependence consistent with a barrierless process. Vallance



and coworkers have reported a G2-level investigation of the stationary points and found a modest barrier
to NCO + O elimination3*. However, it seems likely that a single reference treatment may not be suitable to
identify this TS, and to our knowledge, no multi-reference treatments of that TS have been reported. Davis
and coworkers reported crossed-beam measurements of the CN + O, reaction monitoring the O atom
product using their O atom variant of the Rydberg time of flight method. They found a nearly isotropic
distribution and a translational energy distribution that peaked at ~ 5 kcal/mol. This would be consistent
with a modest exit barrier, but dynamical effects may also be responsible. Indeed, Davis and coworkers
suggest the possibility that the low translational energy component may be preferentially depleted by the
roaming reaction. Although not definitive, it seems the NCO-O fission is likely barrierless and O atom

roaming can give NO + CO as suggested by Jackson et al.>?

Over the wide range of temperature, the reaction has been studied experimentally, the rate is nearly
independent of temperature from 4000 K down to 700 K, but the rate increases when the temperature is
reduced below 700 K down to 13 K* 17 28-30.36 Moreover, there are few experiments that have studied the

influence of the vibrational excitation of CN on the rate of reaction'’ %’

and findings are inconsistent. This
will have considerable bearing on our measurements and will be addressed more fully in the Discussion

below.

Relevant stationary points on the PES for the CN + NO reaction are given in figure 1b. This reaction involves
the NCNO intermediate which is well-characterized, in contrast to NCOO. The fate of association of CN and

NO can be given by the following®®.
CN(v) + NO —> N;+CO (4)
CN(v)+NO+M  ——> NCNO +M (5)
CN(v) + NO(vV=0) —= CN(v-1) + NO(v'=1) (6)

LIF based investigations of the reactions of CN (v=0) and (v=1) at room temperature and above suggest the
reaction of (v=1) with NO predominantly occurs via non-reactive vibrational relaxation process (6). This rate
is much faster than either pathway leading to products though they are highly exothermic in nature (-635.8
kJ/mole and -204.3 kJ/mole for reaction (4) and (5) respectively)®®. The increased rate due to vibrational
relaxation can be explained by the energy gap law. Experimental results at low temperature and supporting
theoretical calculations of CN + NO suggest the reaction occurs predominantly via a transient complex
formation yielding NCNO, though the less stable CNNO isomer and the triplet intermediate are also believed

to participate 3, The vibrationally excited complex then re-dissociates through a non-reactive relaxation



process*’. The vibrational quenching is faster when the energy gap is smaller and the energy gap between
the CN and NO for v=1 is 165 cm™. According to literature, the rate of loss of CN above room temperature
for v=1 is significantly faster in the presence of NO compared to pressure dependent rates of v=0'""18,
However, the significant enhancement in the rate of loss of CN (v=1) vs (v=0) can be attributed to formation
and dissociation of the NCNO complex though a barrierless pathway analogous to the O; case above but

without a reactive component.
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Figure 1. Relevant stationary points on the potential energy surface for CN + NO (a) and CN + Oz (b), energies in cm™.
NCNO energy from reference*’, NCOO energy from G2(MP2) calculations in reference 3. NCO + O and CO + NO
exoergicities from Active Thermochemistry Tables*2. SP: saddle point, see text.

2 Experimental Methods

The experiments reported here are carried out using the newly developed instrument UF-CRDS. A detailed
account of the instrumentation and the design is given in a previous publication®. There has since been
considerable modification to the data acquisition to improve the throughput of the instrument and it will

be discussed here.

2.1 Instrumentation

The pulsed Laval flow and the cw-CRD spectrometer is housed in a stainless-steel chamber. The pulsed Laval

flow system is achieved using a home built high-throughput piezoelectric stack® valve and a Laval nozzle.



Laval nozzles are fabricated in-house using a filament-based commercial 3D printer (Ultimaker3-Extended).
We use PLA (poly lactic acid) filaments to print the nozzles, as we have found the PLA printed nozzles to be
robust and able to withstand the experimental conditions, including exposure to the excimer laser pulses.
The 70 K nozzle presented here is one such 3D printed nozzle, used without any post-treatment of the print.
A second nozzle, originally designed for a nominal 25 K flow of Ar, was also used in the present experiments
with Ne gas to produce a uniform 30 K flow. The piezoelectric stack valve fills up a reservoir of approximately
20 cm® and the gas is expanded through the Laval nozzle into a vacuum chamber producing a collimated
uniform flow. The average flow rate into the reservoir is controlled by one or multiple flow controllers (Alicat
Scientific - MCS series) upstream from the pulsed stack valve. The Laval nozzle and the piezoelectric stack
valve assembly are mounted on motorized actuators which enables movement horizontally along the flow
direction, and vertically inside the chamber.

The ultra-pure, research grade carrier gases Ne (NOVA gas), N,, O, (AirGas), NO (Praxair) and cyanogen
bromide (BrCN) were used as purchased without any further treatment. Vibrationally excited CN was
produced via photolysis of BrCN using a 248 nm excimer laser aligned along the nozzle axis and counter
propagated to the flow. The laser fluence at the exit of the nozzle was at approximately 100 mJ cm2 and the
BrCN density in the flow adjusted such that the maximum estimated CN produced was 3 x 10! molecule

cm3. The overlap of the cw-CRDS probe and the photolysis volume was optimized via a periscope, where
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Figure 2. Schematic overview of the key components of the UF-CRDS apparatus.



the laser beam is rotated, and the elongated side of the beam is aligned horizontally. In addition, the beam

was loosely focused using a cylindrical lens (2 m focal length).

To probe vibrationally excited CN radicals the CRD spectrometer is equipped with a distributed feedback
(DFB) diode laser centered around 7070 cm™, with a tuning range adequate to cover the low-J lines of the
'R1 branch of the CN A21-X23* (0-1) transition. The CRD spectrometer is composed of two plano-concave
mirrors (HR1 and HR2) with 1 m radius of curvature, which are set up perpendicular to the pulsed Laval flow.
The high-reflectivity plano-concave mirrors are separated by 80 cm and mounted on the chamber via
bellows which isolate the cavity mirrors from vibrations of the main chamber. The cavity mirrors are
constantly flushed with a flow of nitrogen gas (typically near 600 sccm) which also act as a “slip gas,”
maintaining the background chamber pressure required to obtain well-collimated flow conditions. A fiber
splitter directs about 10% of the laser output to a wavemeter, while most of the laser output enters a fiber
coupled acousto-optical modulator (AOM). The deflected output of the AOM is coupled out of the fiber and
injected into the cavity via two steering mirrors (SM1 and SM2) and a mode matching lens (ML). The
injection of light into the cavity is interrupted by the triggered amplitude switching of the RF driver for the
AOM. The output cavity mirror is mounted on a piezoelectric transducer (PZT) which allows the modulation
of the cavity length to match cavity resonances to the narrow laser line width. The transmitted light from
the output cavity mirror is focused onto a photodiode and this monitors the ringdown events. An overview

of the key features of the experimental setup is shown in figure 2.

The gas mixture supplied to the pulsed Laval nozzle is the combined outputs of three Alicat MCS type flow
controllers with full-scale ranges of 2000, 1000 and 10 sccm (standard cubic centimeters per minute). The
first provides pure carrier gas. The second provides a dilute mixture of BrCN vapor entrained in a flow of the
same carrier gas, with the BrCN content adjusted with flow rate and the temperature of a metal “bubbler”
containing finely ground BrCN powder. The third flow controller provides adjustable increments of the co-

reactant, O, or NO, typically pre-mixed in a 25-30% dilution with the carrier gas.

2.2 Timing and Data Acquisition

Since our initial report on the use of cw-CRDS to measure kinetics in the uniform flow machine,? the timing
scheme and data acquisition code has been significantly revised to improve stability and throughput. A servo

feedback loop was implemented to keep the cavity modulation cycle centered on one transmission fringe,



eliminating the slow drift of fringe timing relative to a 50 Hz cavity modulation, even during short scans
across Doppler profiles. With this stabilization, the entire pattern of timing signals can be generated in
hardware, (National Instruments 6351) without depending on real-time software tests or loops. Figure 3

illustrates this timing sequence.

A 50 Hz sinusoidal cavity modulation signal with an adjustable, phase-synchronized timing pulse is generated
by continuously retriggered analog outputs from a FIFO buffer in the DAQ multifunction board. The
synchronization pulse triggers a counter that provides a pulsed nozzle trigger of adjustable delay and
duration at a divide-by-N sub-harmonic of the modulation frequency. The delay is chosen to precede the
next anticipated cavity fringe by typically 3-4 ms, the time it takes from the nozzle trigger until uniform flow
conditions are established at the downstream position of the CRD beam. The DC bias applied to the cavity
piezo transducer is controlled by a servo feedback amplifier (New Focus LB 1005) with an error signal derived
from a lock-in amplifier referenced to the 50 Hz modulation signal and processing the detected fringe timing
signals. When locked, the cavity is modulated with an amplitude somewhat less than one free spectral
range, with transmission fringes occurring on average at the plus and minus zero crossings of the modulation
cycle, i.e., 100 fringes per second. The photodiode monitoring the transmission fringes and the ringdown
signals generates a threshold trigger event to trigger the AOM switching that initiates the ringdown, as well
as a clock burst for the 1 MHz acquisition of an analog ringdown signal waveform, and the trigger to start a
25 us delay before generating an external trigger for the excimer photolysis laser, having been armed at the
time of the last nozzle trigger. The timing jitter between a given pulsed nozzle trigger event and the next
cavity transmission fringe is typically distributed with a standard deviation of around 1 ms around the
chosen delay time. The trigger threshold for capturing a ringdown signal is typically set to capture 80-90%
of the fringes, so that in addition to the ~1 ms timing indeterminacy for the “right” fringe, the next fringe
after the nozzle trigger may be below the triggering threshold. In this case, a subsequent fringe, occurring
at a small integer multiple of 10 ms later than the anticipated time will initiate the ringdown acquisition and
laser trigger at a time too late to allow interrogation of the gas pulse, which lasts less than 5 ms. To sort the
recorded ringdown waveforms according to the time within the gas pulse and to identify those ringdown
signals that are not synchronized with the gas pulse, a timer in the DAQ multifunction board is started with
the nozzle trigger and stopped with the photolysis laser trigger, derived from the photodiode threshold
detection. All these timing tasks are defined as asynchronous processes, running autonomously on the DAQ

multifunction board.



The data acquisition is interrupt driven (referred to as dynamic events in LabView), reading a new timer
value when the data is ready (at the repetition rate of the nozzle and photolysis laser) and reading a new
ringdown waveform whenever a complete ringdown data buffer is ready to read, (at approximately 100 Hz).
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Figure 3. Timing signals used in UF-CRDS. Illustration shows Piezo

Stack trigger at 25 Hz (divide-by-2) for graphical clarity; actual

operation at 5 Hz or 10 Hz (divide by 10 or 5) is generally dictated

by limitations of pumping speed. Cavity fringes are shown without

typical fluctuations in timing and amplitude.
We use a data queue to combine each ringdown waveform and its system timestamp with a copy of the
most recently recorded timer value and its timestamp and add this cluster of data as the next element in
the data queue. In this way, the ringdown data associated with the gas pulse and photolysis laser is evident
as the first one with a new value of the timer reading, which in turn can be used to accumulate ringdown
data in bins according to their time relative to the start of the gas pulse. The ringdown events not associated
with a gas pulse can be combined to give an average background ringdown signal for reference. All the time-
critical data acquisition steps are performed in an event-driven producer loop that adds records to the data
gueue, while all diagnostic, plotting, binning, and storage tasks can be done in an asynchronous queue-
consuming loop, tolerant to processing lags or occasional CPU-heavy tasks without losing or mislabeling
data. At a fixed probe wavelength, signal acquisition proceeds by retrieving the oldest element of the data
gueue and deciding if it is the first record with a new timer value. If so, the timer value is used to choose
which 200 ps wide time bin to accumulate the ringdown signal in, incrementing the number of hits in the
appropriate time bin and updating the sum of ring down signals in that bin. All other ringdown signals are

instead accumulated in a running average of background ringdown curves. Once a desired number of
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averages has been accumulated, a file is saved with the time-sorted ringdown events associated with a gas
pulse and photolysis laser, the background average ringdown signal, and the rest of the relevant
experimental parameters under computer control. A scanning mode has also been implemented, which
repeats this process at each step of the probe laser and saves a catenated file of similar contents at each

dwell frequency of the scan.

3 Results

3.1 Flow Characterization

Measurements presented here were performed with two different nozzles to access nominal temperatures
of 70 Kin N2 and 30 K in Ne. The nozzles have been characterized with transverse and longitudinal scans of
impact pressure with pure gas expansions in the movable nozzle assembly and a fixed Pitot sensor, as
described in earlier work 2. Key properties of the flow from these nozzles are summarized in Table 1. The
overall duration of the gas pulses is controlled by a 3 ms opening pulse applied to the stack valve supplying
gas to the reservoir and the establishment of steady flow conditions before the gas supply is stopped. A
central 0.5-1 ms portion of each gas pulse was typically found to have effectively identical spectroscopic and
kinetic diagnostics, as the relative timing of the triggering of the stack valve and the laser-initiated
photochemistry was varied. The observation time available for kinetic measurements was determined by
the downstream position of the CRD detection relative to the movable nozzle, along with the flow velocity.
The present measurements were performed 150 mm downstream from the nozzle exit, providing
approximately overall 200 ps and 220 us windows for kinetic observation in the 30 K Ne and 70 K N; flows,
respectively, before the photoproducts formed in the throat of the nozzle arrive at the CRD probe region

and spoil the uniformity of the reactant column passing through the probe region.

Table 1. Summary of flow conditions used.

Measured temperature / K Peak flow Isentropic

Design flow

Carrier Mach density/ core
temperature/ CN rotational velocity/

gas Pitot number  molecule ) diameter®/
K Boltzmann plot 4 ms’

cm mm
N2 70 713128 75127 40+0.1 55x10% 690 20
Neon 25 (Ar)* 30.6+1.2 33712 51+0.1 45x10% 740 15

* The nozzle used here is originally designed for Ar gas producing a flow of 25 K.
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¥ The flow remains laminar up to about 200 mm and typically the experiments are conducted at 150 mm

from the exit of the nozzle.

In addition to the flow temperatures calculated from the Pitot impact pressure measurements, the

rotational temperature of the CN(v=1) can be measured from relative intensities of multiple low-J lines in

(a)

(e)

Temperature / K

Amplitude / 10 arb units

100

80
60
40

20

02

0

70 K Nitrogen flow

Ry (2.
| R, (1.5)
Ry(6.5)

@
{>,
S
SR

7056.4 7060.5 7064.2 7067.4 7070.2 7072.6

Wavenumber /cm™

1 75.1+£2.7K

0 20 40 60 80 100

rot/ cm

71.3+2.8K

T T T T T T T T T T T T T
75 100 125 150 175 200 225 250

Distance from the nozzle exit / mm

(b)

Amplitude / 1073 arb. units

(d)

(f)

Temperature / K

)
o
\

[uny
v
L

.
=}
!

©
w
|

o
o
\

30 K Neon flow

Ry(1.5) R,(2.5)

R,(3.5)
R,(6.5)

R,(4.5)
R,(5.5)
01 A LY N

7056.4

7060.5 7064.2 7067.4 7070.2 7072.6

Wavenumber / cm™?

33.7+£0.7K

100
80 ~
60 ~
20-

20

0

20 40 60 80 100

rot / Cm

30.6+1.2K

1 eetenetees ot o tanT Ot uheerure v5 s 3 Srassvree e TR ORE 00Uve Bogee oiv
.

75

T T T T T T T
100 125 150 175 200 225 250

Distance from the nozzle exit / mm

Figure 4. Laval flow characterization. Rotational lines of CN Anxs (0-1) 'R, branch spectrum (a and b) and the

Boltzmann plot derived from the spectra 102 us after the photolysis (c and d). The temperature calculated from the
impact pressure measurements along the axis of the flow (e and f). Left panels are from the 70 K Nitrogen flow and
right is from 30 K Neon flow.
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the CRD spectrum of the CN photoproducts from 248 nm photolysis of BrCN. Figures 4 a and b illustrate a
Doppler scan using 0.002 cm™ steps across the low-J lines of the 'R; branch of the A-X (0-1) band. The
intensities at each dwell frequency of the spectrum were obtained by computing the local decay rate of the
ringdown signal in a 5 us gate delayed 100 us from the photolysis laser, relative to the background ringdown
rate (in the absence of the gas pulse and photolysis laser). Figure 4 ¢ and d are Boltzmann plots of the
intensities, corrected for the degeneracy g=2J+1, the Einstein A factor* and the transition frequency v,
relative to the rotational energy of the detected CN (v=1) states. The slopes yield a rotational temperature
in good agreement with the gas dynamic temperature computed from the Pitot measurement of impact
pressure as a function of distance downstream from the nozzle on the centerline of the flow, depicted in
figures 4 e and f. All these experiments were carried out in both Nitrogen and Neon flow, as demonstrated
in the left and right panels of figure 4, respectively. In principle, the Doppler-broadened line widths give yet
another probe of the translational temperature in the flow. The apparent temperatures deduced from
Gaussian fits to the lines are, however, systematically warmer than the temperatures based on the pitot
measurements or the rotational distribution ns, typically by 30-50 K, rendering the line widths a less useful
diagnostic than we had hoped for. The discrepancies may have contributions from warmer CN radicals in
the boundary layer, deviations from perfect orthogonal probing relative to the flow direction, imperfect

collimation of the flow, and fluctuations in the probe laser frequency during signal averaging.

3.2 Production and Thermalization of CN (v=1)

An ideal scenario for the measurement of thermal rate constants for the reactions of vibrationally excited
CN by monitoring rotationally resolved spectra would be to have a prompt photolytic source of rotationally
thermalized but vibrationally excited CN, whose disappearance rate can be measured as a function of added
co-reactant, using any convenient rotational transition. Efficient rotational energy transfer collisions with
the thermal bath gas can often approximate this ideal situation in spite of nascent non-thermal state
distributions produced in photolysis, as long as the vibrational relaxation and bimolecular reaction of
interest remain significantly slower than the rotational thermalization rates. Cyanogen halides are
convenient photolytic sources of CN radicals commonly used for kinetic studies and their ultraviolet
photodissociation dynamics have been explored extensively*-2. Photodissociation of BrCN at 248 nm is a
good source of vibrationally excited CN (v=1) although the nascent rotational distribution is highly excited,
with a significant fraction at very high rotational levels *°, The decreasing efficiency of rotational energy

53-54

collisions for high angular momentum states, where the rotational energy gaps exceed the typical
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collision energies, can result in an evolving bimodal rotational state distribution that includes a growing
thermal component and a more persistent, highly excited component.*”-5-°2 Qur observations of a growing

thermal component are consistent with these previous reports.
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Figure 5. Rotational distribution for low J levels of the CN Anxs (0-1)'R branch in (a) 70 K and (b) 30 K

flow as a function of time after photolysis.
At high dilution of reagents in an inert collisional environment, the rotational thermalization can still be fast
enough to permit separable timescales of thermalization and reaction, but we have found that at the lower
temperatures accessible in this study, the continued growth of thermalized CN (v=1) needs to be considered
in the interpretation of the kinetics. Figure 5 illustrates the rotational distribution of CN (v=1) in the 70 K N,
flow and the 30 K Ne flow as a function of time after photolysis. Even at the earliest times, up to 3 us after
photolysis, the relative populations of the observed low-J states are distributed according to the flow
temperature. The total population of these thermal sub-populations, however, grows from a near-zero
initial value to within 1/e of the maximum at times about 10 ps at 70 K and 50 ps at 30 K, as shown by the

vertical displacement with time of near-parallel lines in the Boltzmann plots.

3.3 Simultaneous Kinetics and Ringdown Data Analysis

Cavity ringdown measurements depend on a change in the rate of loss of optical intensity inside a low-loss
cavity due to the incremental effect of molecular absorption. In the notation of Brown, et al.® who coined
the acronym SkaR for simultaneous kinetics and ringdown, a differential equation depicting the combined

effects of cavity loss and absorption is Eq 7.

ﬂ=—(L—Aca+l)dt (7)

1 L To
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La/L is the fraction of the cavity pathlength containing a sample with absorption coefficient a = ¢ n, the
product of base-e absorption cross section o and absorber number density n, c is the speed of light, and 1,
is the empty cavity ringdown time, limited by the mirror reflectivity. For a static sample, a is constant and
the integrated expression leads to the usual CRDS expression for an exponential decay in the presence of a
molecular absorption that is faster than the exponential decay of the empty cavity:

I(t) =Iyexp — (LTA ca+ l). (8)

To

When the molecular absorption is time-dependent, the intensity leaving the cavity will decay non-

exponentially, with a general integrated form given by Eq 9:
La t 1
1(t) =1, exp — [c o TA J, n(®)dt + ;] (9)

This non-exponential signal waveform can be normalized by the background ringdown signal, I, e~t/To,
measured in the absence of the gas pulse and photolysis laser, to isolate the kinetics of interest in a

ringdown ratio, as advocated by Brown et al.’:

Ratio(t) = @ __ exp — [c o LTA fgn(t)dt] (10)

I e~t/7o
Several limiting cases can be considered. If n(t) = n,, integration of the constant recovers the usual simple
exponential decay seen in stable molecule CRDS:

Ratio(t) = exp — (c ong LTAt) (11)

If n(t) = ny exp(—kt), as would occur for an instantaneous formation followed by a first-order decay, the

ringdown ratio would follow the form,

Ratio(t) = exp — [c o %LTA (1- e‘kt)] (12)

That is, the ratio is unity before photolysis, then starts to decrease linearly at the time of photolysis, initially
following Eq 11, but then decaying more slowly on the timescale of 1/k and approaching a constant value
as n(t) approaches zero, and the ringdown rate returns to that of the empty cavity, but with reduced

intensity.

A third limiting case is a good description of all the current measurements, where the growth and decay of

the absorber follow resolvable rise and fall kinetics, as if from a sequential first-order formation and decay:
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ky _ _
n(t) = nxo ok, (e ket _ o krt) (13)

where ny , is the initial photolytic yield of some species X which forms the detected absorber with a rising

rate k,, while being consumed at rate k¢. In
this case, the ratio lacks the discontinuous
change in slope at the time of photolysis, as
would be observed with a prompt photolytic
formation of an initial concentration of the

detected absorber.

Figure 6 illustrates a typical measurement for
which this difference-of-exponentials
functional form accurately represents the
observed kinetics. The top panel (a) is a semi-
log plot of the ringdown signal at the peak of
the CN Ry1(5.5) line in the (0-1) A-X band,
plotted along with the averaged background
ringdown signal without BrCN photolysis. This
particular sample contained O, at a number
density of 1.28 x 10'* molecule cm?in the 70 K
flow with a N, carrier gas in addition to BrCN.
The signal I(t) in red is the average of 600
ringdown events, including all those for which
the ringdown and photolysis occurred
between 3.2 and 4.2 milliseconds after the
initial stack trigger, in the central portion of the
flow. In this case, about 40% of the recorded
ringdown events coincident with a gas pulse
and laser photolysis were discarded, as their
measured delay times were outside this time
window. The background ringdown I(t) =

I, et/ in black is an average of about 15000

ringdown events, recorded at approximately
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Figure 6. (a). Ringdown decay profile in the absence (black)
and in the presence (red) of changing density of CN(v=1) due
to reaction with O, in the 70 K flow. (b) Signal to background
ringdown ratio (black) from (a) and the parameterized
fit(blue). (c). Optimized concentration profile Time dependent
ratio from the optimized parameterized fit in (b).
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100 Hz during the same time required to get 1000 foreground signals at 5 Hz. The background average

includes all those measured ringdown events for which there was no coincident gas pulse. The background

ringdown time here is 7y = 95 us. The signal
to background ratio is plotted on a linear scale
in the center panel (b). The initial 23 ps of the
ratio, before the photolysis laser fires, has a
constant value of 1, as expected, and the ratio
decreases thereafter as the CN absorber
concentration grows and decays. The noise in
the ratio naturally increases at longer times, as
both numerator and denominator tend to zero.
The smooth curve in figure 6(b) is a least-
squares fit of the ratio to the integrated form of
the kinetic equation, Eq 10, over the time
domain up to 180 ps, in which n(t) is given by

the three-parameter function,
n(t) = a(e *raut — g=kriset) (14)

Figure 6(c) shows the best-fit n(t) that
optimizes the time-dependent ringdown ratio.
When the rise rate is substantially faster than
the fall rate, the shape of the ringdown ratio is
similar to Eq 12 for a simple first-order decay,
and the decay rate could just as well be
extracted from a pure decay functional form
after neglecting the earliest time portions of the

ringdown ratio.

In contrast, figure 7 shows analogous data for a
similar density (1.06 x 10'* molecule cm?) of O,
in the 30 K Ne flow. The time to reach the

maximum concentration is significantly longer,
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Figure 7. (a). Ringdown decay profile in the absence (black)
and in the presence (red) of changing density of CN(v=1) due
to reaction with O, in the 30 K Ne flow. (b) Signal to
background ringdown ratio (black) from (a) and the
parameterized fit(blue). (c). Time dependent concentration
profile, optimized to produce the fit to the ringdown ratio in

(b).
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and the timescales for growth and decay are more similar. The three-parameter functional form Eq 14
remains flexible enough to capture the key features of the measured time-dependent ringdown ratio. The
'R1(5.5) line near 7070 cm™ used for the 70 K kinetic measurements is much weaker at 30 K as the peak of
the rotational state distribution shifts downward, so the "Ry(2.5) line near 7060 cm™ used for the 30 K
measurements. At this frequency, the stability of the timing feedback and the resulting larger timing jitter
of the ringdown events reduced the fraction of events within the 3.2-4.2 ms time window to about 40%.
For this reason, the signal I(t) in red is an average of about 400 events, while the background ringdown is

still an average of about 15000 ringdown events.

Finally, we note that one can solve Eq 10 to give a closed form expression for n(t) without presuming any

functional form:

n(t) = ;—;i%ln[Ratio(t)]. (15)

To reduce the measured ringdown data to a concentration profile in this way suffers from the noise-
amplifying numerical differentiation of data which itself is derived from an increasingly noisy ratio of
similarly decaying signals. We concur with the suggestion of Brown et al.’ that using a parameterized fit to
the ringdown ratio is a more stable approach when the functional form of n(t) can be kinetically justified.

The detailed treatment of the present data is discussed more fully in section 4.1 below.

3.4 CN(v=1) kinetics with added O,

We have measured the kinetics of formation and loss of rotationally thermalized CN(v=1) as a function of
added 0O, in 70 K and 30 K flows using the methods described above. Figure 8 shows the background
normalized ringdown ratios for a sequence of added O; in the two flows. At 70 K in figure 8(a), one sees the
ringdown ratio to have a short period of negative curvature immediately after the time of laser photolysis
at 23 us, followed quickly by an extended region of declining positive curvature. This is the pattern of
ringdown ratios characteristic of rising and falling CN concentrations, where the rate of decay increases at
higher O, concentrations. Figure 8(c) illustrates the rise and fall kinetic curves, optimized to reproduce the
corresponding ringdown ratios shown in figure 8(a). At 30 K in figure 8(b), the duration of the initial
downward curvature is substantially enhanced, which corresponds to an extended period of growth in the
thermalized CN(v=1) absorption prior to decay. The corresponding rise and fall curves fit to these ringdown

ratios are illustrated in figure 8(d). The fall rates, when plotted against the O, density in Fig 10a and 10b,
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give slopes with the dimensions of bimolecular rate coefficients as given in Table 2. The O, dependent rise
rates are plotted in Figure 11a and 11b and are discussed along with the amplitudes in section 4.1 in the

context of relaxation and reaction.
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Figure 8. Background normalized ringdown ratio for CN(v=1) with varying densities of O, at 70 K (a) and 30

K (b). Time dependent CN kinetics obtained from the three-parameter fit to the respective ringdown ratio in
the 70 K (c) and 30 K (d) flow.

3.5 CN(v=1) kinetics with added NO

Analogous measurements were made with NO as the metered co-reactant instead of O, using the same two
Laval nozzles. Figure 9 (a) and (b) shows the background normalized ringdown ratios as a function of added
NO at 70 K and 30 K and figure 9 (c) and (d) shows the corresponding concentration profiles derived from

fits to the ringdown ratios.
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As with added O,, the decay rates are found to vary linearly with the density of the co-reactant. Figures 10c

and d show the effect of added NO on the fall rates extracted from the fits at the two temperatures. Figures

11c and d show the corresponding rise rates.

Table 2. Summary of reaction flow conditions and apparent rate coefficients obtained for the removal of CN(v=1) by
0, and NO. 30 K rate coefficients should be considered lower bounds (see text).

Flow density / 10%® [M] / 10% No of k/ 10" cm?
M T/K Gas
molecule cm molecule cm™ measurements molecule™® s
0, 71328 N3 5.5 0.44-5.12 8 2.49 +0.08
306+1.2 Ne 45 0.36-2.12 9 6.41+0.23
NO 71328 N 5.5 0.22-2.37 12 10.49 £+ 1.05
306 1.2 Ne 4.5 0.27-1.71 7 15.73 £ 0.55
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Figure 9. Background normalized ringdown ratio for CN(v=1) with varying densities of NO at 70 K (a) and 30 K (b). Time
dependent CN kinetics obtained from the three-parameter fit to the respective ringdown ratio in the 70 K (c) and 30 K (d)

flow.
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The trends in the rise rates and the amplitudes reveal some interesting differences both with temperature
and between NO and O; that will be discussed in section 4.1 in the context of thermalization. The apparent
bimolecular rate coefficients derived from the slopes of ks vs. the co-reactant density in figure 10 (a)-(d)

are summarized along with the measurement conditions in Table 2.
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Figure 10. Pseudo first order rate(kfa”) coefficient for varying concentrations of O, in 70 K (a) and 30 K (b) flow and
for varying concentrations of NO in 70 K (c) and 30 K (d) flow.

We note that in the absence of co-reactant, the optimized difference-of-exponential functional form for the
time-dependent thermalized CN (v=1) population is not flexible enough to fit the ringdown ratios accurately.
The best-fit rate parameters in the absence of O, or NO are nonetheless included in figures 10 and 11 but

given no weight in the slopes evaluated with the rest of the data, which is generally well-represented by the

chosen functional form for the rise and fall.

4 Discussion
4.1 Delayed thermalization in CN (v=1)

The use of 248 nm photodissociation of BrCN as a source of CN (v=1) for thermal kinetic studies requires
that attention be paid to the relative timescales of formation, thermalization, and removal*> 4959 5% Even in

collisional environments where rotational relaxation could normally be assured, a residual reservoir of
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metastable highly excited rotational states can persist and affect the slower kinetics of vibrational relaxation
or chemical reaction. Hay et al.*’ characterized the evolving bimodal rotational distributions of CN(v=0)
following 193 nm dissociation of BrCN in several inert and reactive collisional environments at room
temperature. Wright and Dagdigian® used BrCN photolysis in the presence of O, to investigate the
rotational state dependence of reaction and rotational thermalization in CN(v=0) + O, collisions. Their
observations provide a more global picture in v=0 of what we observe for v=1, since our spectral coverage
is limited to a few low-J states of CN (v=1). As shown in Figure 5, in the absence of co-reactant, the initial
population in these states is small and the relative populations among these levels correspond closely to
the temperature of the gas flow as soon as the populations begin to grow. We at first anticipated that
addition of small amounts of O, or NO would simply accelerate the removal of thermalized CN, which is
what we observe in the 70 K measurements. At the lower temperature used here, the growth rates are
slower and become more similar to the removal rates, calling for a more explicit treatment of the

thermalization kinetics.

To represent the delayed thermalization of metastable high rotational states of CN (v=1) we consider a
simplified kinetic model, analogous to the approach used by Wright & Dagdigian to investigate the rotational
dependence of the reaction of CN(v=0) with 0,*°. The evolving bimodal rotational distribution of CN
rotational states following photolysis of BrCN is approximated as a two-component mixture of a thermalized
fraction and a hot reservoir, with each component subject to effective rates of relaxation and reaction.
Depicting the rotationally hot, metastable component of CN(v=1) as CN*, the thermalized component of

CN(v=1) as CN, and the nonreactive carrier gas as M, the kinetic model has these steps:
CN*+M > CN+ M rotational thermalization by M; k7, i
CN*+0; > CN+ 0, rotational thermalization by O2; kry 0,
CN* + 0,-> removal by reaction or vibrational relaxation; kg,

CN + O, -> removal by reaction or vibrational relaxation; ko,

CN - removal by background processes; k}’a”

The photodissociation of BrCN produces no significant initial population of thermalized CN(v=1), which is
formed exclusively by rotational thermalization of an initial concentration no of hot CN*(v=1). Integrating

the appropriate rate equations gives these time-dependent concentrations in the two-component model:
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[CN*] = n® exp (_krise t)

kroem[M3+Kro,0,[02]
[CN]= nO thfa”_kr;ZZ : [exp(_kfallt) — €xXp (_kriset)]
where krise = ;:ot,M [M] + (k;:ot,oz + k(*)z) [02]
and kfau = k](‘)all + ko,[0:].

Within this simplified kinetic model, k;;scand kgq;; are two of the three parameters extracted from the
SKaR analysis of the ringdown measurements and the gradients of these rates with respect to the added O,
(or NO) concentrations give the bimolecular rate coefficients for total deactivation of the metastable CN*
and the total removal rate constant for the thermalized CN (v=1) by O,. Any contributions from population
initially produced in higher or lower vibrational levels v # 1 are ignored, and the more complex, multi-
exponential kinetics of a master equation to describe the rotational thermalization®® is replaced with a single
empirical rate process as a first approximation. The slow removal of CN in the absence of O, (or NO) due to
diffusion, vibrational relaxation, or background reactions is represented by a slow exponential loss with the

rate k}’a”. An identical model is used for NO as a collision partner.
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Figure 11. CN(v=1) growth rate (k ._) coefficient for varying concentrations of O, in 70 K (a) and 30 K (b) flow
and for varying concentrations of NO in 70 K (c) and 30 K (d) flow.
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The amplitude of the [CN] rise and fall in this model depends on the added reagent O, (or NO) not only
through the rise and fall rates, but also on the fraction ¢ of the total removal of CN* by O, that leads to the

X
T0t,0

k
detected, thermalized CN(v=1): ¢ = - 1
02

T0t,07

4.1.1 CN(v=1) + O, and NO at 70 K

The growth rates extracted from the SKaR analysis of the kinetics of CN (v=1, J=5.5) in the 70 K N; flow at a
density of 5.5 x 10 cm™ are already close to our fastest resolvable growth rates and show only a poorly
determined dependence on the added O,. At the lowest O, densities, the decay is slow, and the growth is
not well represented by a single exponential, as may be expected in the multi-exponential relaxation from
a more detailed master equation description of the evolving state distribution®®. When restricted to the
three-parameter form of Eq 14, a best-fit rise rate is thus subject to relatively large errors, as seen from the

scatter in Fig. 11a. The pattern of decreasing peak amplitudes as a function of added O, can be simulated to
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Figure 12. The influence of the branching fraction ¢ on the simulated thermalization and removal of
CN(v=1) by O, at 70 K for increasing O, number density. Rise and fall rates follow the experimental

values, and the simulated kinetics are computed at six uniformly spaced O, density values from O to

512x10" cm_3, the maximum used in the measurements illustrated in figure 8a and 8c.

assess the fate of the highly excited CN(v=1) that is removed by O,. Within the two-state model described
in Section 4.1, the rise and fall rates are unaffected by the branching between rotational relaxation within
v=1 and removal of the hot CN, but the peak intensity will decrease more rapidly as the branching fraction

decreases. Figure 12 illustrates this progression of intensities for the family of kinetic traces following the
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Figure 13. The influence of the branching fraction ¢ on

the simulated thermalization and removal of CN(v=1) by

NO at 70 K for increasing NO number density. Rise and

fall rates follow the experimental values, and the

simulated kinetics are computed at six uniformly spaced

NO density values from 0 to 2.5 x 10" cm-3, the
maximum used in the measurements illustrated in figure
9a and 9c.

O,-dependent rise and fall rates determined from the
rates shown in Figures 10a and 11la for the limiting
cases of ¢ = 0 and 1. The observed rate of amplitude
decrease is more consistent with ¢ = 0, where most
of the removal of hot CN(v=1) by O; does not lead to
thermalized CN(v=1).

As NO is added to the 70 K N, flow, the effective
growth rates also increase systematically, as
illustrated in Fig 11c. The gradient with respect to the
NO concentration gives an effective bimolecular rate
constant near 3 x 10° cm? mol™? s, almost 200 times
faster than the effective rotational thermalization
rate by N, at this temperature. The two-state
simulations using the observed rise and fall rates for
NO are shown in figure 13 for ¢ = 0.0, 0.5, and 1.0.
When ¢=1, all of the initial population initially in the
rotationally hot CN(v=1) proceeds eventually through
the thermalized CN(v=1) and the peak amplitude
drops with increasing NO concentration only due to
the increase in the removal rate. When ¢ <1, some of
the rotationally hot CN(v=1) is diverted directly out of
v=1through vibrational relaxation by NO without ever
contributing to the thermalized CN(v=1) signal,
resulting in a more rapid decrease in the peak
amplitude with [NO] as ¢ is decreased. An
intermediate value of ¢ = 0.5 more closely resembles
the measured attenuation of the intensities with
added NO at 70K, as illustrated in figure 9c. The same
gualitative mechanism of decreased amplitude would

exist in a more realistic treatment of multi-state
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thermalization. Despite the model simplifications, it seems likely that although O; is at least as efficient as
NO at removing the (unseen) highly excited states of CN(v=1), O, is less effective at inducing pure rotational
relaxation within v=1 than is NO, based on the more rapid reduction in amplitudes with added O, than with
NO. This is consistent with Smith’s arguments discussed in Section 4.2 that the absence of a pressure

dependence for the reaction suggests that the primary fate of the NCOO complexes is reaction.

For both sets of measurements at 70 K, the rise and fall rates are well separated at all co-reactant
concentrations, and although the growth kinetics have been oversimplified in the modelling, it seems
unlikely that significant continuing relaxation from a persistent hot reservoir can be causing the observed

fall rate to be slower than the true removal rate for thermalized CN(v=1).

4.1.2 CN(v=1) + O, and NO at 30 K

The growth of rotationally thermalized CN(v=1) is at least 5 times slower in the colder flow, consisting of Ne
at 4.5 x 10% cm™ at 30K, compared to the N, flow at 70K and similar density. Within the observable time
window of about 250 us for uniform flow kinetics, the thermalized reactions of primary interest cannot be
observed in temporal isolation from a nearly completed thermalization step using BrCN as a photolytic
precursor, a limitation that has led us to the model of competing relaxation and reaction developed above.
Other researchers have used different CN precursors such as NCNO”-2% 2557 NCCN3* 5860 or CH;COCN®% 62,
for which the nascent CN state distribution lacks the extremely high rotational states and is more readily
thermalized, minimizing this interference. The translational relaxation of fast CN photofragments proceeds
faster than the rotational thermalization and has been explored in detail by Alagappan, et al. using ICN
photolysis and a variety of collision partners®?. We found the trends in thermalization at low temperatures
with BrCN interesting and worth exploring in their own right, while still providing data relevant to the low

temperature thermal rates for the vibrationally excited CN radicals.

The SKaR analysis of the CN (v=1, N=2, J=2.5) kinetics with added O, in the 30 K Ne flow leads to similar
values of k5. and kgqy, both increasing linearly with [O;]. Figure 11b shows the variation of k;;s, with
[O2] for this set of measurements. The gradient gives an effective removal rate constant for CN*(v=1) by O,

of 5.5x10* cm® mol™ s, fast enough to double the rise rate with the addition of 0.5% O, to the Ne flow.

Simulations to assess the fate of the CN*(v=1) following removal by O, at 30K are shown in figure 14, using

the concentration-dependent rates derived from the experiment. In this case, the ¢ = 0 limit is a good
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description of the observed pattern of amplitudes, suggesting that the enhanced removal of CN*(v=1) by O,
is primarily reactive or vibrationally inelastic. If rotational relaxation within CN(v=1) were the dominant
pathway for the CN*(v=1) removal by O,, the amplitudes would decrease much more slowly, as depicted in
the ¢ = 1 case. It is interesting to contrast this behavior with that found in the room temperature
measurements of Wright and Dagdigian, who followed the rotational distribution of CN(v=0) by LIF as a
function of time following 193 nm photodissociation of BrCN in a pure O, environment. They found a
persistence of total (rotationally summed) CN(v=0) during the time when the bimodal rotational distribution
of CN(v=0) was being relaxed that indicated that the reactive loss of CN*(v=0) through collisions with O, was
significantly slower than both the rotational relaxation and the reaction of thermalized CN(v=0). From a
two-state model similar to the one we use, they found an effective rotational relaxation rate constant of
1.8x10'* cm® molecule™ s, about 70% as fast as the thermal rate of reaction with O, and about 18 times
faster than the apparent rate of reaction with the rotationally hot CN(v=0). At the reduced temperature of
our measurements, we find little evidence for efficient pure rotational relaxation by of rotationally hot
CN(v=1) by O, unlike in CN(v=0) at room temperature. In addition, the acceleration of the thermal CN(v=1)
growth rate with added O, suggests that the deactivation of the rotationally hot CN(v=1) by O, by reactive
or vibrational relaxation pathways occurs with a rate constant comparable to that of the removal of

thermalized CN(v=1) by O, at 70K.
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Figure 14. The influence of the branching fraction ¢ on the simulated thermalization and removal of
CN(v=1) by O, at 30 K for increasing O, number density. Rise and fall rates follow the experimental

values, and the simulated kinetics are computed at six uniformly spaced O, density values from O to

2.12x10" cm_3, the maximum used in the measurements illustrated in figure 8b and 8d.

The addition of NO to the 30 K Ne flow accelerates both k;;s. and krqy; in @ way that is qualitatively similar
to O,, but the pattern of amplitudes is different. Figure 11d shows the gradient of k,.;5, with respect to [NO]

to be about three times larger than the effective removal rate of CN*(v=1) by O, in the same 30 K flow. The
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Figure 15. The influence of the branching fraction ¢ on
the simulated thermalization and removal of CN(v=1) by
NO at 30 K for increasing NO number density. Rise and
fall rates follow the experimental values, and the
simulated kinetics are computed at six uniformly spaced

NO density values from 0 to 1.71 x 10" cm-3, the
maximum used in the measurements illustrated in figure
9b and 9d. The observed pattern of amplitudes most
closely resembles the simulation with ¢=0.5.

increase in the absolute amplitudes of the time-
dependent CN(v=1) signals with increasing [NO]
prior to the time of maximum signal seen in figure
9d is consistent with a significant fraction of the loss
of CN*(v=1) leading to rotational thermalization in
CN(v=1). Figure 15 shows the corresponding
simulations for [NO]-dependent [CN(v=1)] kinetics
for ¢ =0, 0.5 and 1.0, using the experimentally
and

determined kg kfqu for the 30 K

measurements with NO. As for the 70 K
measurements with NO, the intermediate value of
¢ more closely resembles the measurements,
unlike with 0,, where rotational thermalization

seems not to contribute significantly to the total

removal rate of CN*(v=1) by O,.

Even though the second order plots of ki vs the
added co-reactant O, or NO produce apparently
compelling straight-line fits, the confounding effect
of slow thermalization makes the identification of
the slopes with the desired removal rate for
thermalized CN(v=1) suspect. We have explored a
somewhat more realistic model of rotational
relaxation including an intermediate group of
rotational levels in addition to the thermal and
metastable group, in an attempt to estimate the
range of observable kinetic consequences. General
solutions for the growth and decay of the
rotationally thermalized population in this three-
state model do not typically give single exponential
rise and fall kinetics for arbitrarily chosen relaxation
and reaction rate coefficients.

It is, however,

possible to choose a constrained set of rate
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constants and initial populations in the CN levels that continues to feed population from the metastable
reservoir into the thermalized CN during its decay that can mimic a two-state model with comparable rise
and fall rates that also scale linearly with reactant density. Identifying the slope of the empirical decay rate
vs reactant density with the thermal removal rate constant would underestimate the true thermal rate
constant by as much as a factor of 2 by oversimplifying the slow relaxation kinetics and failing to recognize
a persistent source term. The details of such a model are underdetermined by our measurements but
suggest to us that the apparent bimolecular rate coefficients derived from the 30 K measurements are a
lower bound to the true thermal removal rates and could be as much as a factor of 2 slower than the true
value. Thus, although we report the values for the 30 K rate coefficients from the two-component analysis,
we note these should be viewed as lower bounds. In retrospect, a different CN(v=1) photolytic precursor

might have produced more easily interpreted results at very low temperature.

4.2 Implications of the bimolecular rates

|”

The reaction of CN with O, is perhaps the best-studied “radical-radical” reaction while reaction with NO
offers an interesting contrast in that there is no reactive pathway open, and the NCNO adduct plays a key
role. Reaction involving CN(v=1) has also been examined to a more limited extent with these target
reactants, and the results further highlight the marked differences in their behavior. The reaction dynamics
and kinetics of CN with O, have been summarized in a comprehensive review by lan Smith®3. Kinetics have
been measured over a wide range of temperatures, and the reaction has also intrigued theorists as a
prototype barrierless recombination reaction for which abundant experimental data is available. Early
theory only considered the long-range potential, either as dipole-quadrupole electrostatics®* or including
dispersion interactions?®?’. These gave mildly positive temperature dependent rates that were considerably
above the measurements, coming close to agreement at the lowest measured temperature. The
disagreement with the measured rates then motivated Kim and Klippenstein® to include a treatment of the
region of incipient chemical interaction from 1.7 to 3 A and apply variational statistical calculations for the
entrance channel to the NCOO adduct. The calculated rates then showed the correct form of the
temperature dependence, increasing rapidly as temperature decreased down to 50 K, the lowest they felt
suitable for treatment with their methods. Quantitative agreement with the low temperature experimental
measurements was not achieved nor expected given the approximate nature of their potential. A related
treatment was reported by Vallance and coworkers** who used G2-level theory to characterize aspects of

the potential surface along with classical trajectories for the entrance channel, and variational RRKM theory
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Figure 16. Log —log plot of temperature vs bimolecular rate for the the thorny problem of the low
reaction of CN + O, in comparison with data presented in the literature

temperature rate for CN(v=1) + O,. For
and the rate measure using the UFCRDS method. Adapted from ref 36. P (v=1) 2

this reaction we measured the rate
coefficient at 70 K to be 2.49 + 0.08 x 10* cm® molecule s, This is the first such measurement below room
temperature, and it is on the order of half the rate reported by Sims and Smith for CN (v=0) at these
temperatures, a large and surprising discrepancy. Relative rates for CN(v=1)/CN(v=0) reaction with O, have
been measured at a range of temperatures by four groups with conflicting results. The most comprehensive
measurements are from Atakan et al. and Sims and Smith. Atakan et al. measured these rates from 300 to
1000 K and found CN(v=1) to be consistently 30% slower than v=0. Sims and Smith, on the other hand,
measured the ratio in a similar temperature range and found the (v=1) rates to be 25% higher. It has been
suggested that the (v=1) rates could be faster if the vibrational excitation promotes dissociation of the NCOO
adduct back to reactants with concomitant vibrational relaxation. Smith has argued, however, that the lack
of pressure dependence to this reaction suggests that the dissociation to NCO + O must be too fast for this
to play a role. Instead, he proposes that the increased rate they observe for v=1 results from the impact of
C-O bond formation on the frequency of the CN vibration and the difference in slope, and the associated
variational transition state, of these adiabatic curves. One prediction of this view is that the enhanced rate
for (v=1) would disappear at low temperature when the rate is entirely determined at long range. Our results
are clearly inconsistent with this extrapolation of their results, although it must be said we have not
measured the (v=0) rate so we have not determined this ratio directly. If we were to assume that the (v=1)
and (v=0) rates should be equal at low temperature as suggested by Smith, then we find our measurements

disagree by more than five times the mutual uncertainty. It is difficult to imagine systematic errors that
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could account for this discrepancy, at least for our 70 K result. Sadly, although Smith had called for low
temperature measurements of the O, (v=1) rates as important to illuminate this key open question for the

CN + O, system, it seems full clarity is not yet achieved with the present measurement.

The bound NCNO system is much better characterized than NCOO: detailed photochemistry studies have
been performed and all show formation of cold radical products near the threshold of dissociation®!. It has
a deeper well as shown in figure 1 and no competing reactive pathways. In contrast to the reaction with O,,
the loss of CN(v=1) in the presence of NO is much faster compared at the temperatures studied: at 70 K we
find it to be (10.49 + 1.05) x 10! cm?® molecule? s Previously reported rates generally show a negative

— — —Klippenstein, S.J, et al. (1998)-Troe factorized estimate temperature dependence. Sims et

—+— Klippenstein, S.J., et al. (1998)- RRKM . .
PP (1998) al. ¥ studied the rate of reaction of
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I ..... oo o et G000 CN(v=1) with NO for  the
E . " Currentwork temperature range of 296 to 761 K
:E 1_: . and found it followed the trend
2 k=76 x 10~ (T/298)~93°,
E e TTe~l L _ where k is the bimolecular rate
% / T and T is the temperature. When
E 0.1 : : : , this relationship is extended to
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Temperature / K lower temperatures, it holds for

our measured rate at 70 within the

Figure 17. Comparison of the bimolecular rate measured with UF-CRDS for  |imits of uncertainties (figure 17).
the reaction of CN with NO vs literature. Adapted from ref 39 and 65.

The close connection between the high-pressure limit for the CN + NO association rate coefficient and the
quenching rate for CN(v=1) has been noted by Klippenstein et al. in a joint experimental/theoretical study
of the pressure dependence of the reaction®. The theoretical treatment is complicated both by the possible
reaction on the triplet surface and by the participation of the CNNO isomer of the complex which is readily
accessible. They applied an RRKM treatment with a variational outer TS at 5-10 A that includes an electronic
degeneracy factor of 4 to 8 to account for the triplet surface contribution, and a conventional inner
transition state with a degeneracy factor of unity. They examined the pressure dependence at a range of
temperatures from 207 to 740 K and pressures up to 900 torr. Their results were consistent with the lower
pressure measurements of Sims and Smith'’, and the theory matched experiment when strongly

temperature-dependent values for AE down were employed. These pressures did not take them near the
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high-pressure limit, however. Reznickova and coworkers subsequently extended the same manner of
analysis and experiment up to 100 bar to map the fall-off curves to this limit®®. Their analysis led to an
expression for the high-pressure limit that was independent of temperature and is a factor of two lower
than our value at 70 K. They also directly measured the CN(v=1) relaxation induced by collision with NO and
found the rate agreed well with their high-pressure limit for the association reaction, although with a mild

negative temperature dependence:
k=(5.3+1.3) x 10~1%(T/300)7 02102 cm3 571,

This is also plotted in Fig. 17 and is in agreement with our determination within their estimated uncertainty.
Reznickova and coworkers compared the experimental measurements with two alternative model
treatments and the VTST approach of Klippenstein. All agreed reasonably well in the high temperature
regimes of the experiments. Reznickova suggested low temperature measurements could be important to
distinguish between them as their simplified statistical adiabatic channel model (SACM) was almost
independent of temperature, while the classical trajectory SACM model showed a mild positive temperature
dependence. Both disagree with our 70 K measurement, but the latter more so. Remarkably, the VTST
approach of Klippenstein using shows a low temperature trend consistent with our measurement, though

they did not report an extrapolation to 70 K. This is also shown in Fig. 17.

5 Conclusions

In the present paper we report the rate coefficients for reaction of vibrationally excited CN(v=1) with O, and
NO at 70 measured using UF-CRDS. The rates of these reactions, both of which are fast at low temperature,
are comparable to the time interval at which a ringdown decays; thus, we were able to successfully
implement the SKaR method to measure them. The measured rate coefficient for CN(v=1) with O, at 70 is
(2.49 + 0.08) x 101t cm?® molecule? s*. However, this is much lower than that reported by Sims et al. for
CN(v=0) in a similar temperature range where they are expected to be similar. The rate coefficient measured
for the non-reactive relaxation with NO at 70 K is (10.49 + 0.22) x 10'** cm® molecule s. The latter is
discussed in the context of high-pressure limit rates for the association reaction and vibrational relaxation
measurements at higher temperature. These measurements are complicated by the formation of a
metastable population of high-J CN formed in the photolysis of the precursor BrCN which is partially relaxed
to the probed CN levels by the target coreactants. This interference becomes more problematic at low

temperatures, especially for NO, and a simplified kinetic model is developed to examine these effects. We
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have also detailed important changes made to the data acquisition in the instrument that have increased

throughput and stability.
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