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Collision-Partner Dependence of Energy Transfer between the CH 2A and B%X~ States
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We have investigated experimentally the collision-induced electronic energy transfer between tfFACH A
and BX~ states with the series of partners He, Ak, N, CO, and CQ. Single rovibronic states of either

of the near-degenerate leveléM v = 1, or B2, v = 0, were prepared by laser excitation. Collisional
transfer processes were monitored by detecting dispersed, time-resolved fluorescence from the initial and
product states. The microscopic rate constants for vibronically resolved transfer betweén thedAE>~

states, vibrational relaxation within the A state, and total removal to unobserved final products were determined
for each partner. In line with previous work, we find that only CO andk¢ efficient at total removal of CH

A?A and BX", most probably through chemical reaction. O®notably effective at AA state vibrational
relaxation, possibly through resonant vibrational energy transfer. All the partners cause transfer between CH
A2A and BX". An important new observation is that their efficiencies are well correlated with the strength

of long-range attractive forces, as revealed through a positive correlation of the ParnSsadeer type. The
vibronic branching to AA, v = 0 and 1 from BZ~, v = 0 is found to be significantly collision-partner-
dependent and not well predicted by energy gap scaling laws. We do not find any enhanced effectiveness in
B>~ to A%A coupling for those partners which form strongly bound intermediates, suggesting that this specific
electronic channel is controlled by different regions of the potential energy surfaces.

Introduction

The CH radical is an important species in many processes in
nature. CH is a key intermediate in technological plasmas, such
as in the chemical vapor deposition of thin layer synthetic
diamond films. It occurs in interstellar space, as well as in the
atmosphere of the sun and other stars. Perhaps the most
practically significant environment where CH radicals are found, _ 804
though, is in hydrocarbon combustion. CH plays a key role in
this chemistry, including the mechanism of prompt NO forma-
tion, and is the source of the bright blue color seen in
hydrocarbon flames.

The CH radical has been the subject of thorough spectroscopic
measurements* of its band systems and computational wdrk
on the corresponding states, particularly tfé\And B>~ states
featured in this work. The A and B states are nearly degenerate,
with A (v = 1) located a few hundred cthabove B ¢ = 0),
as shown in Figure 1. Each state is optically connected to the
ground state, and strong diagonat-X and B—X transitions
are readily observable.

It is because of these spectroscopic properties that there has 04
been much interest in the use of CH radicals as a marker for
various properties of flames. Laser-induced fluorescence (LIF) . : . : . ,
based techniques have been used in measurements of flame 0.5 1.0 1.5 2.0
temperatures® and reaction zone imagirfg!! To better un- Internuclear distance / A
derstand the role of CH in combustion chemistry, LIF and cavity Figure 1. Potential energy curves of the’l, A’A, and BS- states
ring down spectroscopy (CRDS) techniques have also been usegf the CH radical, based partly on ab initio calculatiéns.
to measure number densities and profiles of CH radicals in
flames!?~15 |t is partly because of its high practical importance
that CH is the focus of our work.

There has been much interest in quenching of th& fv =
0) state of CH both in flamé%17 and with various individual
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by a range of colliders have also been measégtdtis much

less common in quenching studies for the product state of the

guenched molecules to be identified. This can, for example, be
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in the same electronic state as in vibrational energy transfer exponential gap law, with additional adjustable parameters, was
(VET), or as in electronic energy transfer (EET), a different capable of predicting their results.
electronic state altogether. Subsequently, Kind and Stuhl have observed collisional B
RET in A- and B-state CH has been widely studied both in — A mixing in a RET investigation of CH B(= 0) with Ar.43
flame$4-38 and in single-collider condition¥48 VET has also Collisional mixing between the A and B states was observed at
been studied in the A and B states of ¢%! The main focus a pressure of-40 Torr and deemed to be insignificant at the
of this work is collision-induced EET, specifically that between much lower pressure at which the RET measurements were
the A2A and B>~ states of CH. This is a known process in the made. Stuhl and co-workers have also quantitatively measured
gas phase, and yet, there is no full quantitative understandingB — A conversion by collisions with C&, along with rotational
of its mechanism. Garland and Crosley first observed collisional relaxation and total removal. B/(= 0) — A (v = 1) transfer
coupling between the A and B states of CH in experiments was not resolved from Bu(= 0) — A (v = 0), but a combined
comparing VET, RET, and EET to total removal in atmospheric rate constant for overall B> A transfer was extracted with a
pressure flame¥ They found that after initial excitation to B comparatively similar value to our previously measured values
(v = 0), emission from A ¢ = 1) with a statistical rotational ~ for CO..
distribution was detected. The reverse case also occurred; on Although these studies have confirmed that-BA coupling
excitation to A ¢ = 0, 1), emission from B = 0) was is a significant channel for some colliders, there has as yet been
recorded. Rensberger, Dyer, and Copeland later measured timeno systematic study of the relative efficiencies of other colliders.
dependent LIF signals of the CH A and B states in a range of This provides the motivation for the current work in which we
low-pressure flame® After excitation to the B state, directly  study the effects of He, Ar, I N,, CO, and CQ as collision
returning emission was found to have an exponential decay. partners. These include some purely physical colliders, such as
A-state emission showed an exponential growth due to popula-Ar and He, and others with potentially reactive channels such
tion by EET from the B state, followed by an exponential decay as CO and Kl Our aim is to better understand which regions
due to subsequent collisional removal. of the potential energy surface are responsible for controlling

Previously, our group has quantitatively studied transfer the mechanism of electronic energy transfer.
between the A{ = 0, 1) and B ¢ = 0) states of CH, induced ) )
by collisions with CQ. This was the first such study under well-  Experimental Section
defined temperature and pressure conditirrior measure- The experiments were carried out in a stainless steel six-

ments in flames by their nature were carried out in the presence,yay cross vacuum system, pumped by an Edwards cryotrapped
of a relatively uncharacterized mixture of multiple collision iffusion pump, which was in turn backed by an Edwards
partners and at poorly defined temperatures. We found that gapm1g rotary pump. The collision partners were flowed through
transfer occurs between the B£ 0) and A ¢ =0, 1) levels an MKS 100 standard cubic centimeters per minute (sccm)
and in reverse from the A/(= 1) to B (v = 0) level. A kinetic mass-flow controller into the chamber via polytetrafluoroeth-
model was proposed, incorporating transfer between these thre@dene (PTFE) gas lines. CH radicals were produced by the UV
vibronic levels, along with total removal processes and radiative multiphoton photolysis of bromoform, which was diluted in the
transfer to the X1 groynd state. An important finding was that  ~jjision partner to give a backing pressure~e85 Torr, and
the measured branching ratio for B 0)—~ A (v=1) versus  fjowed into the chamber through a needle valve. The diffusion
B (v =0) —~ A (v = 0) transfer disagrees strongly with  hymp was throttled to give a precursor mixture partial pressure
predictions from simple energy gap scaling laws. This work o ~.45 mTorr in the chamber, of which approximately 5 mTorr
also highlighted potential problems with previous studies where a5 hromoform. The total pressure was controlled over the range
both A- and B-state CH are produced from photolysis and used 110 Torr by adjusting the flow of the collision partner through
in kinetics measurements. CollisionaB A mixing will occur the mass-flow controller. Higher-pressure experiments were
between the nascent excited-state populations, leading, forcarried out over the range 450 Torr, in a similar way by
example, to unexpected enhancement of lifetimes for states being|owing the collision partner through a needle valve. In this case,
populated by EET. the chamber was evacuated only by the E2M18 rotary pump,
This work was then extend&tto rotational resolution to  throttled by an Edwards Speedivalve.
determine the correlation between the initial rotational level that  Bromoform was photolyzed using the fourth-harmonic, 266
was pumped and the product state rotational distribution. It was nm output of a Spectron SL805 Nd:YAG laser. The pulse energy
found that pumping higher rotational levels led to a narrower was stable at 65 mJ with a repetition rate of 10 Hz. A delay of
range ofAN in the product state than was found when pumping 3—-5 us was introduced to allow electronically excited CH
lower rotational levels, but in either case, a broader range of radicals produced by the photolysis process to decay to the
AN was seen compared to pure RET measurements. The pealground state. The CH radicals were then excited into selected
in the product state rotational distributions following EET rovibrational levels in either the A or B2ZZ~ states using a
occurred at the rotational level closest, but lower lying, to that dye laser system pumped by an Nd:YAG laser (Spectron SL800,
in the initial state. This implies that the collision that causes SL400G, and SL400EX). The required wavelengths were
the electronic state change interacts more strongly with the produced from 532 nm pumping of rhodamine 101 or rhodamine
potential surface than those that bring about rotational energy B to give 596-620 nm output. This was then mixed with the
transfer. residual fundamental output from the Nd:YAG laser in a type
Crosley and co-workers have recedflyneasured B— A I KD*P mixing crystal to give up to 30 mJ in the region of the
transfer between By(= 1) and A ¢ = 0, 1, 2) as part of a  B—X (0,0) and A-X (1,0) bands from 380 to 390 nm. Both
wider study of predissociation rates, RET, and VET in CH B the photolysis and pump beams were mildly focused to
(v = 0, 1) in atmospheric and low-pressure flames. They diameters of approximately 2.0 and 1.5 mm, respectively, at
measured vibrational branching ratios for transfer intovA< the detection zone in the chamber.
0, 1, 2) broadly comparable to those measured in our own Fluorescence was passed along a UV liquid light guide
previous work with CQ. They found that a more complex (Ultrafine Technology, 8 mm diameter, 500 mm length),
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dispersed using a monochromator (Hilger and Watts, Monospek
1000, 1 m), and detected with a photomultiplier tube (PMT)
(EMI 97890QB). A second PMT (EMI 9813QB) measured
fluorescence through either a 390 or a 430 nm interference filter
to isolate directly returning emission following?B~ (v = 0)

or A%A (v = 1) excitation, respectively. This allowed normaliza-
tion of the dispersed fluorescence signals to the amount of A-
or B-state CH produced by excitation.

Signals were recorded by a computer-controlled CAMAC
modular data acquisition system running custom-programmed
software. This allowed gate-integrated as well as time-resolved
signals to be acquired (100 MHz DSP 2001A transient digitizer,
SRS SR250 boxcar integrator, and Hytec 520 A/DC). Laser
trigger timings (LeCroy 4222 PDG delay generator) and the
scanning of the dye laser and monochromator were also
controlled.

The collision partners used were gBOC, 99.995%), CO
(BOC, 100.000%), B(BOC, 99.995%), Ar (BOC, 99.9995%),
He (BOC, 99.9995%), and HBOC, 99.9995%). The bromo-

form used was laboratory grade (Fisons), degassed by repeated

freeze-pump—thaw cycles.

Results

Selective Excitation to the RA and B2Z~ States. To
investigate the coupling of the?A and BX~ states, CH radicals
were prepared in the nearly degenerafd Av = 1 and B>,

v =0 levels (labeled hereafter as Al and BO). In vibronic terms,
the Al level is higher in energy than BO, their lowest rotational
levels being separated by 260 cnTransfer to the 2A, v =

0 level (similarly, AO) from BO is significantly exothermic, by
2475 cnTl,

To select suitable transitions for pumping, LIF excitation

Richmond et al.
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Figure 2. Dispersed fluorescence spectra of theX8(0,0) and A-X

(Av = 0) bands in the presence of He (top) andbbttom): (a) spectra
taken following initial excitation to B=~, v = 0; (b) spectra recorded
following an A?A, v = 1 excitation. The spectra shown were taken in
the presence of 1, 3, or 6 Torr of collider. In each case, the collisionally
populated band grows monotonically with pressure relative to the
directly populated band to which they are normalized in each case.

spectra for the BO and Al levels were recorded. The respectiveExperimental band width is 1.40 nm.

total integrated B-X (0,0) or A—X (Av = 0) fluorescence
intensity was monitored as a function of pump laser wavelength.
For excitation to BO, the strong, near-diagonat® (0,0) band

at 388 nm is the obvious choice. The-X (1,0) band overlaps
with the R branch of B-X (0,0), and although less diagonal,
without due care could result in accidental simultaneous
population of both the A and B states. Fortunately, thexB
(0,0) R(3) line is suitably isolated to allow population of B,

= 0, N = 4, without any contribution from either Al or higher
rotational levels in BO.

To populate Al, the diagonal -AX (1,1) transition at 430
nm may seem ideal as it has a very high transition probability
but, unfortunately, is almost perfectly overlapped with theXA
(0,0) transition. Instead the off-diagonak4 (1,0) transition

B < A coupling was characterized by a series of measure-
ments where the monochromator was scanned over the diagonal
B—X and A—X bands, resulting in emission spectra as shown
in Figure 2.

In the case of initial excitation to BO, the collisionally
populated A-X (Av = 0) band system was integrated over
contributing wavelengths and divided by the integral of the
directly returning B-X (0,0) band to give the ratita/lIs. The
A—X signal was seen to grow with pressure, with varying
efficiency depending on the collision partner used. In the case
of excitation to Al, the converse occurred. Emission from the
B—X (0,0) band grew with pressure of collider and was
compared with directly returning emission on the X (Av =
0) bands to give the ratidg/Ia. The experiments were carried

can be used, which although less diagonal, still results in a goodout over various pressure ranges depending on the collider used.

signal-to-noise ratio as long as relatively high laser pulse

With colliders such as CO and;Hexperiments could not be

energies are used. Selected lines in the R branch are SUﬁiCient'ycarried out at pressures aboweéd Torr as a result of their

isolated from the B-X (0,0) and A-X (2,1) bands to allow
clean excitation to Al. The 1) line was therefore used for

reactivity toward CH. His reactive toward the ground state of
CH,®3 meaning that in the &s delay between photolysis and

selective population of Ay = 1, N = 2. We discuss further  pump lasers efficient total removal of the ground-state CH took
below the extent to which rotational relaxation might compete place, resulting in fewer excited-state CH radicals being created
with the other collisional processes. and, therefore, increasingly poor signal-to-noise ratios at higher
Dispersed Fluorescence SpectraDiagonal Bands.The pressures. CO is less reactive toward ground-state Gt is

dispersed fluorescence spectra were recorded by tuning the pumighly reactive toward A- and B-state CH. This excited state
laser wavelength to either of the two selected rovibronic lines removal competes with the transfer processes and effectively
identified above and integrating the total fluorescence signal dominates at higher pressures, again resulting in poor signal-
as a function of emission wavelength transmitted by the to-noise ratios at pressures above around 6 Torr. Experiments
monochromator. These measurements were normalized to thewith Ny, Ar, and He were carried out over a-50 Torr pressure
undispersed fluorescence signals recorded by the second PMTange to show a large variation in the collisionally populated
as described in the Experimental Section. signals with pressure. Experiments with ££howed relatively
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Pressure /Torr Figure 4. Dispersed fluorescence spectra of theX\(1,2), A—X (0,1),

) - . o . o and B-X (0,2) bands after excitation to (afB~ and (b) KA, in the
Figure 3. Variation of CH electronic emission intensity ratio with presence of Co(top) and N (bottom) at pressures between 1 and 6
pressure of collider following initial excitation to (a)’B~ (v = 0) Torr. Experimental band width is 1.40 nm.
and (b) ZA (v = 1). In each case squares, triangles, and circles
represent experimental results measured fo, @@ and He, respec- 5. 0aniaple signal-to-noise ratio. These two bands are separated

tively. Ratios are obtained from the integrals of the completeXA .
(Av = 0) and B-X (0,0) bands, shown, for example, in the spectra in by 3 nm and also slightly overlapped by the-E (0,2) band,

Figure 2. Solid lines represent predictions of the kinetic model described Whi(_:h is a further order of mz_ignitude weaker. _
in the text. Figure 4 shows the experimentally measured spectra with

varying pressures of Gand N. On excitation to BO, emission
large collisionally populated signals even at pressures belowis seen from both the AX (1,2) and A-X (0,1) bands with
10 Torr; so higher-pressure measurements were deemed uneach collider. As expected from the diagonal band measure-
necessary. ments, this increases in intensity with pressure. With,Ge
These ratios are plotted in Figure 3 for the representative A—X (0,1) band also increases relative to the A (1,2) with
colliders CQ, Ny, and He. Similar ratios were also measured pressure, indicating A1> A0 vibrational relaxation. With B
with Hy, Ar, and CO but have been omitted from this diagram and all of the other colliders used, the-X (0,1) band does
for clarity. As can be seen from the figure, the ratios measured not grow significantly relative to AX (1,2) with collider
with N, and He show qualitatively similar behavior regardless pressure. This indicates that for these partners vibrational
of which electronic state is initially populatedy Nas a higher relaxation within the A state is slow relative to the other
overall efficiency than He. C§in contrast, shows a marked competing removal processes.
difference between excitation to BO and Al. In the case of Although the off-diagonal bands are more isolated from each
excitation to BO, thda/lg ratio grows approximately linearly  other than the diagonal bands, they are still not completely
with increasing pressure, while on excitation to Al, teéa separated. To obtain accurate AO/Al ratios, it is necessary to
ratio initially rises rapidly but above-4 Torr flattens out. simulate the A-X (1,2), A—X (0,1), and B-X (0,2) bands with
These variations in behavior are direct visual evidence of assumed rotational contol%The combined simulation was
distinct relationships between the underlying microscopic rate iteratively compared to the measured spectra to extract vibronic
constants for different collision partners. We return to their populations. In the case of BO excitation, the low-pressure limit

guantitative determination below. of these ratios gives the B& A1/A0 vibronic branching ratio
Off-Diagonal Bands.While the diagonal bands described directly (see Figure 5). The higher-pressure data also contain
above are ideal for measurement of overal-BA coupling, information on A1— AO relaxation. As expected, the ratios

the A—X (Av = 0) system cannot be easily resolved into its obtained from Al excitation give clearer information on this
(1,2) and (0,0) components. Therefore, no information is vibrational relaxation. Because all of the population starts in
obtained on the relative populations of the A1 and AO levels, the Al level, they contain no AO contribution at the low-pressure
necessary to quantify vibrational relaxation from Al to AO as limit. Also, because BO is only populated through collisions,
well as the BO— AO/A1 branching ratio. For this purpose the there is generally a smaller contribution from the-B (0,2)
A—X (0,1) and (1,2) bands at486 nm were used. Although  band in these spectra. They confirm that only G®©effective
they have the obvious disadvantage of being approximately 2in causing measurable A% AO relaxation (with the qualifica-
orders of magnitude weaker, they can still be detected with an tion that the resulting AO signal would be very weak and hard



546 J. Phys. Chem. A, Vol. 109, No. 4, 2005 Richmond et al.

1.4
1 (a)(ii)
1.2
1.0
I 0.8+
S
= ]
n 0.6 2
SR
o3 £
<C 044 g 0 1 2 3 4 0 1 2 3 4
e .
4 Q
[&] . .
. (b)) (b))
S i
4 [T
0.0 4—+—"b—->--5—-"-+-"r-—"T-"7=""=—"7
0 10 20 30 40 50
Pressure /Torr
Figure 5. Variation of the RA (v = 0)/(v = 1) emission intensity
ratio with pressure following initial excitation to?8~ (v = 0) in the
presence of C&(triangles), H (squares), and Ncircles). Solid lines
are predictions of the kinetic model using the rate constants in Table
1.
0 1 2 3 4 0 1 2 3 4
to determine accurately when vibrational relaxation is in Time /us
competition with very efficient total removal, as is the case for Figure 6. Time dependence of (i) BX (0,0) and (i) A-X (1,2)
CO and, to a lesser extentyH fluorescence, following initial excitation to (a)?B~, v = 0 and (b)

Time-Resolved Dispersed Fluorescenc@he time depen- A?A, v = 1. Measurements were taken in the presence of 6 Torr,of N
) and CO, as indicated, and scaled to a common maximum value. Points

dence of the fluorescence signals was measured by fixing Fheare experimentally measured data; solid lines are fits to multiexponential
dye laser and monochromator wavelengths and the relativesnctions.

timing of the lasers. The fluorescence waveform emitted
following the dye laser pulse was digitized at 10 ns intervals.

Figure 6 shows representative—B& (0,0) and A-X (1,2) Bzz-

waveforms recorded in the presence of 6 Tog ahd CO, ]

following excitation to BO and Al, respectively. 27500 (v (v=0)
The B—X (0,0) waveforms were recorded by setting the -

monochromator to transmit the band head at 388 nm and / %OX

averaging for 1000 shots. The weakerX (1,2) waveforms A1X

were taken from the R-branch shoulder of the band at 484 nm,
to minimize any contribution from underlying AO emission, and
averaged for 10 000 shots. In each case, the directly populated
signal (e.g., B-X (0,0) following excitation to BO) shows a
very sharp rise following population by the laser followed by
decay due to collisional and radiative removal. Conversely, the
collisionally populated signals (i.e., AX (1,2) following
excitation to BO) show the expected more gradual rise followed
by collisional and radiative decay. The examples in the figure
show a marked difference in the overall lifetimes of the signals
in the presence of CO andNshowing a qualitatively much 5000
higher total rate of removal by CO than by.NVe address the 1
quantitative extraction of all the microscopic rate constants in
the next section. |
Extraction of Kinetic Parameters. As explained in detalil 2500
in our previous study with CQas the sole collidet® when T
rotational effects are neglected, these vibronically resolved
results can be modeled reasonably satisfactorily on the basis of ]
a four-level kinetic model. This is illustrated in Figure 7. 0
The individual microscopic bimolecular rate constants for
specific collision-induced transitions between vibronic levels
are indicated beneath solid arrows. Note that a removal
terminating in the final state “X” does not necessarily imply for which the final products are in neither the A nor B state
guenching to the electronic ground state. It includes all processesand are, therefore, not observed in emission in this study.

25000 (v = 0)

22500

Energy fem’

N\—t
AN

Figure 7. Kinetic scheme showing the collisional and radiative
processes involved in the analysis.
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Radiative processes are labeled by the corresponding rate
(inverse lifetime) and indicated by wavy lines.

We have previously derivé®lthe equations governing the
time-dependent populations of the pumped level, the near-
degenerate reversible collisionally populated level, and the
irreversibly populated lower level AO, for each of the cases of
initial population of BO or Al, respectively. For example, in
the case of BO pumping these are
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Those for A1 pumping are related by a simple exchange of the Figure 8. Variation of the kinetic parametergly| (squares),|.|

BO and Al labels throughout.
In these expressionil, represents the initial number density

of either A- or B-state CH radicals created by the pump laser.

Pq is the collision partner number density, ahds the time
scale of the experiment.

(circles), and|A; + 45| (triangles) with pressure of N (a) values
obtained from least-squares fits of eq 2 to time-resolveeXA1,2)
emission measurements following excitation to B0, at varying pressures
of Np; (b) values similarly obtained from fits to time-resolved-K

(0,0) emission following A1 pumping. The solid lines in each plot are
the predictions of the kinetic model based on the microscopic rate

There are two key sets of kinetics parameters that appear inconstants shown in Table 1.
these expressions. The first is the three pseudo-first-order total o . .
removal rate constants for the respective B- and A-state vibronic Al population is the A-X (1,2) waveform obtained following

levels:
k;o = TBO_l + (Kgo—a1 T Kgo—ao T Keo—x)Po 4)
kLl = TA1_1 *+ (Kar—po T Kaz—-a0 T Kar—-x)Pq (%)
k;o = TAoil + Kao—xPog (6)

The second is the pair of exponential parametérsand 4,,
which are the two roots of the following equation:

1
Ap=— E[(kgo + kxT\l) +

\/ (kgo - k;l)z + 4kAlﬁBOkBO—'A1PQ2] (7)

Both 4, andZ, are negative, witli, having the larger absolute
value. An important and useful constraint is that the sur;of
andAy,

Ay + 2l = (Kgo + Kn) ®)
equals the combined total removal rate from the collisionally
coupled BO and Al levels.

We have also previously rationaliZ€dur preferred logical

BO pumping. At a given pressure, performing a nonlinear least-
squares ffé of eq 2 to these data will therefore yield values for
A1 and A, at that pressure, as plotted, for example, in Figure 8
for No. This requires no knowledge of relative band strengths
and is generally a well-conditioned fit, with error limits on the
fitted parameters ranging from 0.5 to 2%.

The built-in redundancy in having made measurements with
both BO and Al as initial level provides a useful check on self-
consistency. This is illustrated in Figure 9, where the indepen-
dent pairs of results fal, + A, from BO and A1 pumping for
each collider are plotted.

It is then possible to make a fit of eq 1 (or its equivalent) to
the waveforms from the initially populated level, of the type
shown in Figure 6ai. In this fit}; andA, are constrained at the
individual values obtained at that pressure as shown in Figure
8 for N,. This process is statistically reliable because random
uncertainties in thé; and A, values are generally small, as is
obvious from Figure 8, and probably exceeded by any systematic
errors. In the fit to eq 1, only the coefficients of the two
exponential terms are varied (note that bdt@o (+ 41) and
—(kg, + 1) are positive quantities). Hencky, and ky, are
determined from the decays from the initially prepared BO and

sequence, out of a number which were attempted, for extractingAL levels, respectively. The results are displayed in Figure 10.
the kinetic parameters from the combined dispersed fluorescenceA typical error in the slope of a straight-line fit through these
and time-resolved data. In summary, we find the most robust points is of the order of-510%. An indirect value for the other

method to obtairl; andl; is to fit to the collisionally transferred

total removal rate constant is then implied in each case by

waveforms. Our experimental measure of the time-dependentdifference from|A1; + A,|.
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ofgcollision partner, obtained frompfits to the time depen(?ent fluores- Figure 10. Variation of the kinetic parameters (&), and (b) k}l_
cence of the collisionally populatedX (1,2) band (squares) following with collider pressure, obtained from fits of the directly returning time-
excitation to B~ (v = 0) and the B-X (0,0) band (triangles) following resolved fluorescence from the—&X (0,0) and A-X (1,2) bands,
initial excitation to RA (v = 1). Straight lines are simultaneous fits to ~ '€SPectively. Fits are constrained to the kinetic parameieand 1.
both sets of data for a given collision partner.
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- T ] relationship ofkgoa1 t0 ka1go, SO this provides an independent

The slopes, k/dPq and d,,/dPq, of these pseudo-first-  check of whether microscopic reversibility is satisfied. In
order rate constants tabulated in Table 1 define the total contrast to the purely kinetic data, this analysis does have the
bimolecular rate constant for removal from BO and Al, potential disadvantage of relying on a prior knowledge of
respectively. Their final subdivision into the respective com- ragiative decay rates and relative band strengths. In correcting
ponent bimolecular microscopic rate constants is achieved by modeled populations to allow them to be compared directly with
iterative comparison of the model predictions with the measured yeasured signals, we have multiplied by the emission coef-
ratios of populations from dispersed fluorescence spectra, such¥icients of the various bands involved. This provides a conceiv-
as those in Figures 3 and 5. We have continued to analyze thegpje source of systematic error. The emission coefficients are
data sets from BO and Al pumping separately, regarding the taken from the literatufé55 and have values of 2.968 10°,
final level of agreement as a check on the self-consistency of 1 832 « 108, and 1.676x 10 st for the B—X (0,0), A—X
the derived rate constants. We have kept the requirement for(0,0), and A-X (1,1) bands, respectively. For these stronger
the relevant individual rate constants to sum to the respective diagonal bands, the quofédincertainties are relatively small,
measured values dfly + 12| as a firm overall constraint in  typjcally of order of 3%. The results would also be affected by
each case. The summations to the less well-determined indi-any unsuspected strong variation in the detection sensitivity of
vidual values ofkg, andky, were not separately constrained. our apparatus as a function of wavelength over th& nm
These, therefore, provide another consistency check. between the bands. We have explored the effects of varying

In fact, some indication of the correct subdivision is contained this from unity for the B-X (0,0) and A-X (Av = 0) emissions.
in the values ofl; and 4, themselves. For a given sum of the  Although it is always possible to improve the fit to either set
pair, their separate values are sensitive to the makeup of theof data independently this way, we did not find that a bias in
total removal from either BO or AL. If this is dominated by either direction produced a significant improvement in the
reversible BO< Al coupling,4: becomes almost independent overall fit to the BO and Al pumped data taken together.
of pressure and the slope &f approaches that ¢&, + kj,. In As noted above, the vibronic branching raktigai/ksoao for
the other extreme, loss on unobserved channels dominates. IrB0 — A1/AOQ transfer is best determined from the low-pressure
this case; becomes uniquely identified with the smaller of limiting off-diagonal band (see Figure 5) when BO is initially
ky, and ky,, and A, becomes identified with the larger. This prepared. Similarly, the most reliable A% AO vibrational
would be a good indicator that significant values for the rate relaxation rate constant will be obtained from the same data
constantkgox andkaix are required. when Al is pumped. In contrast to the diagonal bands, though,

Nevertheless, in the majority of real cases, the pressure-the relative band strengths of these much weaker emissions may
dependent ratios of bands in the dispersed fluorescence spectraonceivably be subject to more significant uncertainties, qébted
are a more sensitive measure of the rate constants for-BO at around 510%. Modeled populations were again corrected
Al coupling. No prior assumptions were made about the using the corresponding emission coefficiéhtsf 3.546x 10*
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TABLE 1: Best-Fit Microscopic Rate Constants/10** cm? Al pumping are listed separately throughout. The general overall
molecule™ s™* for All Collision Partners level of consistency between them is quite satisfactory. The
state value/10-1t cmmolecule st ranges spanned by the independent data provide a good
rate constant  pumped He Ar H N, CO CO @ndicat.ion. qf the overall systematic and statist!cal u_ncertainti_es
Keomt B0 010 023 030 035 100 115 in the individual parameter.s: The Iar.gest relatlye discrepancies
Al 004 013 030 025 100 085 tend to b_e for the less efﬂcu_ant colliders, partlculgrly He and
1.00 Ar, for which the transferred signals are correspondingly weaker.
kgoao BO 002 002 013 005 050 0.50 The independent sumg; + 4| from the BO and Al data
Al 001 001 013 0.03 050 037  gre iy generally excellent agreement, as already indicated by
0.50 the data in Figure 8. The largest deviation is fat thich was
Ka1g0 BO 015 035 045 052 1.20 1.65 : gure s. 9 f
Al 020 048 055 0.60 1.00 2.00 restnqted to a I|m|ted pressure range for the reasons alrgady
1.80 described. There is naturally little difference, beyond rounding
Ka10 BO 0O 0 © O ¢ 040 error, between each of the experimental values (fits to the
AL 0 0 ©¢ 0 @ 8-;8’ transferred waveforms) df; + A, and the sum over the final
Keox B0 0 o N o derived |nd|v!dual rate constants, because we have imposed this
Al 0 0 0.80 0 6.50 0 as a constraint.
Ka1x BO O 0 0.50 0 3.00 0 There is, as expected, somewhat greater variation between
AL 0O 0O 0600 350 0 the independent experimental valuesk3f and ky, (derived
Kaox 2(1) 8 8 8'28 8 g'gg 8 from the fits to respective directly returning waveforms). There

is also some scatter of the sums over the final component
Pressure Dependerfce individual rate constant around these values. As noted above,

d|A1+72l/dPg f BO 0.27 0.61 1.87 0.96 11.52 3.70 . .
Al 024 061 237 088 1248 3.93 reproduction of these parameters was not imposed as a separate

dl/dPo, 9measuredl  BO 010 021 098 044 690 193  constraint. _ o o N
dkl/dPo, 9predicted ~ BO  0.12 025 093 040 7.30 1.65 In fact, we believe it is quite likely that the remaining
dk,/dPg, i measurett Al 012 030 082 055 590 230  discrepancies between BO and Al data sets are the result of
okl /dPo, | predicted Al 020 048 1.15 0.48 450 2.70 systematlg effects rather §|mply of statistical flugtugtlons in the
] o o ] data. A prime source lies in the neglect of the distribution over

a.sYStema.t"a and gtat'ft'ca' uncerfja'”t'fss C?” ble '”ferl;eo! f“émf the otational levels in the analysis, as we have noted in our original
Lol I neperent messired, ars of velues sbaned 1O measirements with GG We prepare asinge il otatonal
uncertain within our detection sensitivity due to rapid total removal 1€Velin each of the BO and Al levels. Subsequently, collisional
from the Al and AO levels? Pumping Al provides the most reliable  Vibronic transfer (and total removal) will be in competition with
value forkaiao as the Al population is created directly rather than by rotational equilibration within the initial vibronic level and
collisional transfer viaksoas. © Slopes of linear fits to the pressure  radiative loss. The extent to which equilibration is achieved in
dependence of these kinet_ic parameters, correspo_nding to bimolecularpracﬁce will therefore be a function of pressure in a way that is
rate constantd.Values obtained from fits of eq 2 to time-resolved data dependent on the collision partner. Our previous réduitsygest

for the collisionally populated AX (1,2) in the case of BO pumping. . . :
Similarly, for A1 pumping, an equivalent version of eq 2 is fit to time- that this process will not be complete, especially at lower

resolved B-X (0,0) waveforms. Values are equivalent to the sum of Pressures and for the collision partners with more efficient

rate constantskhoa: + Ksoao + Kaiso 1 Kazao + Keox + Kaix). ¢ Values removal channels. Examined in detail, the two rovibronic levels
are equivalent to the sum of rate constarksa + ksoao + Ksox). we have prepared initially\l = 2 in A1 andN = 4 in BO, are

h Measuredks, values obtained from fits of eq 1 to time-resolved very nearly degenerate, consistent with the zero point of the
B—X(0,0) data following BO pumping, constrained by relevanand BO level lying below the Al level. Rotational equilibration

1 values. Measured, values obtained from fits of an equivalent \yithin the A1 state will therefore tend to spread population to
version of eq 1 to time-resolved-AX (1,2) data following A1 pumping. higher energy levels than in the BO state. Consequently, the
i Predictedk], values obtained from the sum of the microscopic rate net transfer rate from Al to BO Willncrea.seas rotational’

constantskgox, Keoa1, andkeoao Shown in the table for BO pumping. - .
Predictedk!, values are similarly calculated from the sum lakx, equilibration proceeds, whereas that of the reverse BO to Al

Katso, andKaiao from A1 pumping. Values are equivalent to the sum ~ Process will correspondinglyecrease It is therefore not
of rate constantskfigo + Kaiao + Kaix). surprising that there is some difficulty in finding single values

of the parameterkgoa; andkaigo that satisfactorily reproduce

and 5.381x 10* s7%, for the A—X (0,1) and (1,2) bands, both the Al and BO pumped data simultaneously over the full
respectively. There is also a particular problem, noted above, range of pressures. As noted beftitehis also causes difficulties
in detecting A1— AO relaxation reliably when total removal  Wwith testing for microscopic reversibility. Consistent with this,
of the A state is especially rapid. For those partners ghd there is considerable scatter in tk&ai/ka1go ratio, although
CO) that do cause significant total removal from the A state, for BO pumping they are somewhat more constant at a value of
we only rather indirectly measure the total removal rate constant~0.7. This does not, however, reproduce particularly well the
from the AO level kaox. It has only a modest influence on the calculated valu# of 0.38 for a room-temperature rotational
observed ratios of diagonal band emission in Figures 2 and 3.distribution.
Within these data, the sensitivity following BO pumping is higher  Finally, there is an additional potential oversimplification in
than that for A1 where, in the absence of any perceptible Al the analysis in the neglect of return transfer on the channel A0
— AO relaxation, sequential Az BO— AO transfer is needed =~ — B0. Although in vibronic terms this is highly endothermic,
to populate AO. We would not, therefore, necessarily expect our rotationally resolved datafor CO,, at least, suggest that
our kaox values to be particularly accurate. high-lying, nearly degenerate rotational levels in AO are the

The final best-fit values of the rate constants we have derived initial products. It is therefore possible in principle that some
are collected in Table 1, along with selected cumulative sums of this population may be collisionally returned to BO before
for comparison. As noted above, the data derived from BO and being rotationally relaxed to lower levels in the AO state.
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Despite these qualifications of finer details of the analysis, find a combined total removal rate constdgix + kaigo
which we state for completeness, we nevertheless believe that(+kaiao) = (4.2—4.5) x 10711 cm?® sL. This does approach
the values of the microscopic rate constants in Table 1 are somewhat more closely the valuel@gfa measured by Stuhl for
sufficiently consistent to reveal quite clearly the general trends AO. There is, of course, no fundamental reason these Al and
among the collision partners. This was the main purpose of this AO rate constants should be equal, and it would be a matter of

work, the implications of which we discuss further below. debate (see below) whether the two significantly contributing
channels for Al should be considered as additive or competitive.
Discussion More generally, our results confirm the conclusions reached

. . in @ number of previous studi€g328:33:47.48that only the
.There are only two reIaUngy complete previous sets of collision partners CO andztause relatively rapid total removal
microscopic rate constants with which We can compare our o oy (B) and CH (A). It is conceivable that the respective
current results in Table 1: our own previous work on O keox, kasx. andkaox and rate constants contain contributions
and the measurements of Stuhl and co-workefon CH (A) from quenching to the electronic ground staté[TX or even,
and CH (B) quenching by CO. . in principle, the lower-lying 4~ state. We reiterate that we
Not surprisingly, since the methods are essentially identical pave no direct evidence for the end products of any of these
other than minor refinemer_lts in the technique and analysis, our .o moval processes. It is very likely, though, that a significant
current results for C@ differ only modestly from those  faction of the removal in each of these cases is through
published previously? chemical reaction. For both quenchers there are exothermic
Some slight care is needed to ensure that equivalent quantitiespnannels that are spin-allowed and do not involve chemically

are being compared when relating our data to the entirely ypreasonable reorganizations. For CO these include
independent results of Stuhl and co-workers for CO. They have

made rotational level-selective measurements of both pure 29— - 25+ 3
rotational energy transfer within the initial vibronic level and CH (B2, v=0)+ CO—CH (X2 + O(P)

electronic quenching out of this level for both CH B= 0)*8 AHC y05 = —67 kI mol ™ (la)
and CH (A,» = 0).*” For CH (B, = 0) they have also observed 5 s

specific transfer into CH (A), although they were not able to —HCO (X°A) + C('P)

resolve fully the branching between product vibrational levels. AH® g0 = —33 kJ mol* (Ib)

Conveniently, they have also reported weighted averages of the

rate constants corresponding to thermalized rotational distribu- it the deeply bound HCCO intermediate lying some 617 kJ
tions. However, as noted above, the very rapid total removal mol~1 below the reactants. For,Hhere is the exothermic
rates for CO make it the most likely case where full rotational H-atom exchange reaction

equilibration will not be achieved in our measurements.

The most direct comparisons with Stuhl’s data are possible 20— . 3¢ — 2
for the BO level. Our coFr)nbined total rate constant for rF()emovaI CH (B2, v=0)+ H, = CHy( 2 ) +HES)
by CO is the sum of the measured quantitigsx + ksoao + AH® 595 = —299 kJ morl* (1
ksoaz. From Table 1, this spans the range (7830) x 1011
cm? st for BO and Al pumped data. This is nominally for initial ~ with the ground state of CHbound by 758 kJ mot relative
population ofN = 4 for BO pumping, although at least some to the reactants. The channel producing singlet CiA) is
partial rotational relaxation may compete, as discussed above.only slightly less exothermic by around 37 kJ mbl
In comparison, the equivalent quantity is Stuhl's sum of rate  There are previous repottg433of modest, but nonnegligible,
constantdg g + Kqs-a. This has a value of (8.2 0.4) x 101! total quenching for the other molecular quenchessahd CQ.
cm® s~1 for N = 4, which differs little from that of 9.6< 10~1! We are not necessarily disputing this, but our own measurements
cm? s1 for a thermally averaged rotational distributifiThere are simply not sufficiently sensitive to these minor channels in
is therefore apparently quite reasonable agreement, withinthe presence of relatively more efficient B® Al coupling.
~20%, between our independent results for total removal of We have therefore reported zero valueskigy, kaix, andkaox
the BO level. In addition, Stuhl’s state-specific quantifys—a in Table 1. The previous nonzero values are most likely to be
= (1.42-1.44)x 10 cm® s~1 can be compared directly with  reliable for the lower-lying AO level, which, as much discussed
our sum over the vibrational channels contributing to BO to above, has no energetically accessible channel to the B state.

A-state conversionkgoao + kgoa1 = 1.5 x 107 cm® s71 (in For both these quenchers there are reactive channels that are

both cases of BO and Al pumping) again in quite satisfactory feasible on energetic grounds. However, we do not discuss

agreement. further here the possible dynamical reasons for the relatively
For CH (A) + CO, Stuhl's group have measufédotal low rate constants.

removal of the AO level. They find, averaged over a thermal ~ When we turn to the rate constamiig o, @ notable feature
rotational distributionk;a = 5.6 x 107! cm® s71. As noted of the data in Table 1 is that G@s the only partner for which
above, our data are not especially sensitive to this quantity. Oursignificant pure vibrational relaxation within the A state is
estimate from Table 1 is 3. 107 cm?® s71, apparently measurable. This was indeed obvious by inspection of the raw
somewhat lower than found by Stuhl. However, as we have off-diagonal dispersed fluorescence spectra, as illustrated in
also noted, it is quite likely that the AO population initially Figure 4. As we have admitted, though, our measurements are
produced from transfer from the BO level lies in higher rotational not so sensitive to pure vibrational relaxation when it is in
levels. Stuhl's data show a rapid decline in total remokga, competition with rapid total removal, as is the case for CO and
with increasing\. It is therefore at least qualitatively consistent H,. An obvious argument that may explain the relatively high
that we should measure a lower value Kkagx, reflecting only observed efficiency for C&is near-resonant frequency match-
partial rotational equilibration within the collisionally populated ing. CO; has relatively low-frequency bending (667 chhand

AO state. For the Al level, for which we have more direct symmetric stretching modes (1333 thh There is also a well-
measurements that refer to the lower-lying rotational levels, we known Fermi interaction between them becaugex 2w,.5¢
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This results in a number of overtone and combination levels 1
spanning energies above the ground state that are within a small
multiple of kT of the CH A statev = 1 < 0 energy gap (2740
cm1), a condition well-known to promote efficient resonant
energy exchange.
Finally, we return to our primary interest in this work, the
state-specific electronic coupling of the CH A and B states. Our
results demonstrate clearly that this is a ubiquitous process, being ~
measurable for all the quenchers we have examined. As we have <
:

MR |

noted previously for the specific case of @it were neglected

this could cause potentially serious errors of interpretation of
data affected by quenching, for example, in the LIF probing of
concentrations of CH in high-pressure environments. The current
results extend this cautionary note to essentially all collision
partners. This is particularly true of those such as the noble 1
gases. Although these are correctly regarded as very inefficient
guenchers of CH A\, » = 0, at sufficiently high pressure they
will cause appreciable conversion oA v = 1 to B,

v = 0 and the reverse. 0.01 . : . : . :
In a similar vein, our results for the B&- A1/A0 branching 0 5 10 15
caution further against the use of empirical energy gap scaling (e /K )1/2 K2
QQ b

laws to estimate such vibrational branching ratios for electronic

state-changing processg€$8 As has been pointed out before, Figure 11. ParmentetSeaver plot showing the correlation of the
there is no theoretical justification for their use in this thermally averaged cross section for CH A1B0 transfer with long-

9,59,60 el _ range attractive forces as measured by the well depth of pairs of collision
gontexg.‘ im L de' \;elry .factlltga;t th?hratlo ISOf||ISI|O? parrt]rjer that partners. Triangles represenfiso data obtained from experiments
ependenimmediately invalidates the use or relaionsnips that \yhere the A1 level was initially pumped. Squares represgb data

focus only on the internal energy level structure or the Franck  optained from experiments where BO was pumped.
Condon overlap in the molecule being relaxed. The value of o
the ratio predicted from a typical version of these relationdpips ¢ase CH (A or B)) and the collision partner can be reasonably
favors the nearly degenerate Al level by several orders of @PProximated by the geometric averageegg and that (also
magnitude more than is observed for any of the partners. unknown)_ for pairs of collision partnersAA._The anticipated
Although A1 is the dominant level in all cases, we can speculate €xPonential dependence of the cross sectiomgnleads to a
that there may be some explanation for the partners that causd®darithmic proportionality on/eqq, conventionally expressed
enhanced production of A0. The data for He are least certain @S
because of the overall low transfer probability, but they seem e \12
to resemble the clearer results for Ar angd tNat deposit only In(LoDy O (ﬂ) 9)
something around 10% of the population in AO. In contrast, k
for Hp, CO, and CQ, this fraction is si_gnificantly higher at  \yherek is the Boltzmann constant.
around 36-40%. For CQat least, for which the measurements  The corresponding correlation plot for A% BO transfer is
are not obscured by competition with much more rapid total ghown in Figure 10. (Since microscopic reversibility is reason-
removal, it is plausible that enhanced B8 AD production  gpjy consistently obeyed, a qualitatively similar but somewhat
accompanies relatively efficient A¥ AO vibrational relaxation.  more scattered plot is also obtained for the corresponding reverse
This would be consistent with a mechanism in which a nascent prgcess.) The independently derived results for both A1 and
Al molecule formed in a collision between BO and £0  Bg pumping are shown in Figure 11 for comparison. We
underwent secondary vibrational relaxation prior to escaping conclude that there is indeed a very plausible positive correlation
the collision complex.. The cher collision partners for which petween the efficiency of CH A~ B state coupling and long-
BO — AO production is relatively favorable, CO andHalso range attractive forces.
correspond to those with rapid total removal rate constants. We  There have been a number of previous atterifpigith very
do not speculate on whether this is a coincidence other than tojimited success, to identify similar and related correlations for
note that this is still a long way away from the statistical limit tota] removal rate constants for the CH (A) state (and other
associated with strong complex formation. We reiterate that it giatomic hydrides). There has also been considerable related
is difficult to test the argument just suggested for{cause  discussion of multipole models of attractive forces which attempt
of the practical difficulty in measuring A+~ AO vibrational {5 explain the rotational level dependence of total quench-
relaxation rate constants for these partners, as discussed aboveng 16.29.33,39.41.47.48.6%\/e pelieve this is the first time that the
Returning to the absolute values of the-BA transfer rate Parmenter Seaver approach has been applied tgpacific
constants, we draw a significant conclusion that there is a trendelectronic channefor CH. An immediate practical implication
in Table 1 toward more efficient transfer for the more polarizable of the apparent positive correlation is that it should provide a
partners. We have attempted to put this on a more quantitativesimple method for predicting the relative efficiencies of CH B
footing through the construction of a correlation plot of the well- <> A coupling for other (unmeasured) partners, at least at a fixed
established ParmenteBSeaver typé! In brief, this procedure  temperature. At a more fundamental level, it provides some
relates the cross section (in the present case, thermally averageithsight into the mechanism for this collision-induced change
values, @) to the attractive well depth for pairs of quencher of electronic state. As we have noted previodSigb initio
molecules,eqo. It is justified on the basis that the unknown studie§ of CH indicate the dominant electronic configurations
well depth,eaq, between the molecule being quenched (in this for these two states in the region of the equilibrium internuclear
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separation. The 2\ state is best described as?20230 (172, grant and for studentship funding for G.R. M.L.C thanks the
1A). The B’Z~ state is correspondinglyo#20230? (172, 327). Royal Society of Edinburgh for a BP Research Fellowship.
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