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_** "The two-laser photoinitiation/probe technique has been used to obtain room-temperature sccond-order rate constants for.
- the reaction’ of CN radicals with compounds key to atmospheric and combustion chemistry. CN was genexated by 266 nm
'photol)sxs of ICN."Laser-induced fluorescence probing via both CN(A < X) and CN(E+— X)® has been - utilized. Va]u&s“
reported are: k(H,)= (4.9£04)x10™ ¥, k(CH ;)= (1.12£0.1)x10™ 12, k(C.H)=(2.9+:0.1)x10™}, k(CoH.)=(23%01)
x10710, X (C,H,) = (2.7+0. I)XIO‘“’ k(C3Hg)= (23+03)%x1071°, and £(0,)= (‘.’..>+0.2)x10‘“ cm3 mo!ecul —lis=l

A companson with avax!able !neraturc data is made :md mechamsms are dxscussed.

1. Introduction

The chemistry of the CN radical is crucial to |
understanding the complex nature of NO, forma---

ton in a hydrocarbon flame and the nitrogen
balance in atmospheres of several key planets in
- our solar system. To daie most studies of CN
reaction . kinetics -utilized the -flash photolysis/
UV—absorpuon technique [1-12], which, albeit

useful for measuring the slower reaction rates, is-

not apprepriate for very fast processes. Accord-
ingly, only a imited amount of kmeue data on CN
reactions exists in the literature.

We have  recently employed ' the two—laser
- pump-probe technique to study the kinetics and
mechanisms of very fast processes involving CH
radicals over a broad range of temperature and
pressure [13-16]."By: utilizing the very sensitive

. laser-induced fluorescence (LIF) detection method -
-and a Judxcxous choice of radical precursors, rate -
constant values were determined readily and relia- -
bly up to the gas-kinetic limit.. In this work, we . -

have employed the ‘same approach to studymgr__';f‘

: . : . "+~ - through a: fritted glass - filter ‘on which purified

LA -7 JTIL i solid ICN (the CN radxmlprecursor)wasplaoed.’*

.’:_i NRC/NRL Postd ctoral Research Associ sate (1982-84); pro- - This mixture was further diluted with'Ar to.achieve .’
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kmems of several CN reactions relevant to oom-f ;

’ - bustion -and planetary ‘atmospheric chemistry...

Room temperature rate- constants measured: for
some of .these reactions will be compared thh

those avaﬂable in the lxterature.

2, Expenmental

The two-laser photo'miu'a'uou/probe apparatusw
used in the experiment is similar to that employed °
for CH kinetic studies [13-16]. It consisted of five

T 'major components: a flow-through reaction cell, .

two lasers (one for CN radical generation, one for -

' LIF probing), detectors with assocxated optics, and -

electronics to control laser firi nng as well as collect

’and process LIF data. :

The reacuon cells: used were. basxmlly sxx-wav .

_: pyrex crosses with one baffled honzontal axis for
- the two collmmrly propagatmg ‘laser beams; -the
.- other for . fluorescence detection and the vertical
‘axis- for ‘reactant . flow.. Molecular reactant, pre=

mixed with Ar, was introduced .into: the system’

the’ desired concentrations and. total’ pressure. Sys-~

- tem pressutes were mwsured thh w.hbrated MKS >
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Baratrons snualed unmedmtely dovmstr&m from
‘the cross.
The photolysns haht at 266 nm was pro\nded by

a quadrupled Nd : YAG laser (Quanta-Ray DCR- -

-~ 1A). After prismatic separation of the dissociation

" beam from the Nd : YAG fundamemal- and sec-

ond-harmonic frequencies, it was directed through
- the baffled axis of the reaction cell with the aid of

a mildly focusing 1 m focal length lens. To avoid

multiphoton processes generating excited CN radi-
cals, the 266 nm output energy of the laser was
maintained at =50 nJ.- -

For LIF probing two different lasers were used.

A flashlamp pumped dye laser (Chromatix CMX-4) ‘L
_ operating at 619 nm was used to monitor CN via
the AZII(o’ =4)-X>=*(p” =0) transition. Data

obtained from these expenments suffered rela-
tively large uncertainties due to this laser’s erratic
output power and the weakness of A — X fluores-
cences. The latter problem was exasperated by tke
need to filter out the direct LIF (at 619 nm)
because of excessive dispersion of the probe beam.
Finally, the Iong,ﬂuorséence lifetime of the A
state, =7 ps [17] ‘makes this transition inap-

propriate under our conditions for monitoring the -

near gas-kinetic reactions. The second probe used
in our experiments was a XeCl-excimer laser—
pumped dye laser system (Lambda Physics) oper-
ated at 388 nm, monitoring the CN concentration
decay via the B>Z*-X2=" transition. Because of
the short radiative lifetime of the B state (61 ns

{19]). our ability to monitor LIF directly at 388 nm -

and the laser power pulse-to-pulse stability (10%
fluctuation). kinetic data obtained from B-state
probing experiments were less smucred and more
reproducible.

The detection part of the apparatus consisted of
appropriate {ilters, collection optics and an RCA
(31024 photomultiplier tube. This particular PMT
was chosen for its high sensitivity up to 800 nm.

allowing detection of both A—»X and B—>X -

emissions. During all experiments an SnCl, (0.5 N
in 3 - 2 HCI : H,O) solution filter {T = 50% at 345
nm) was used in the detection train (before any

- Thnsva.h.nclsmconea]yuambdhy Hubetand Henberg

[l8]wbo(usznzd:cszmesou:uc)quo(c07p.a

; any ‘glass filters) to block samered hght at shorler ,
- . wavelengths, pamcularly lhat from the photo-
- dissociation source. . o

Signal averaging - and data acqmsmon were.

-~ - accomplished with-gated-integrators used in con- -
_“Junction with: a " laboratory. computer" (D.E.C.g‘

- -MINC-11/23). In the initial A <X LIF probing -
“experiments a two-channel gated integrator con-

structed from Evans circuit boards was utilized_In’
subsequent experiments with B« X probmg. a
two-channel SRS (Stanford Research Systems)
boxcar averager was employed in- “last sample™
mode. The rate of CN radical disappearances was _
measured by following the decrease in LIF inten-

* sity with increasing delay times between firing the -

I

t/ps ’

F‘g. 1. Scmi!ogplotonthY(B—-X) L!stgnal\ususdc!ay
of probe after photolysis, for 295 K (room temperature) C, H,

.- reaction with CIN.' Shown are points for four C;H, partial”

. pressures: X =0.00 Torr. ® =33x10~* Torr. O =96x1073 -

- Torr. + =206x10"2 Torr with total pressure of 458+05
(maxnly Ar). Error bars-indicate +1o. for the 48 individual

lascrﬁnngsuscd..oobmnuchpomt_Basdmeva.ue“lm

" from fitting the r2w data 10 I = Iy, + C exp(— kyf) has been |
’subuaﬂcdfromlhevalueplotmdandlheﬁlsarelhcmmammg .

1'=Cap( kyt). R
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k Fig. 2. P!ots of pscudo-firsi-order reaction rates (29~r K) vcrsust )

molecular reactant pressures for reactions of CN(v =0) with
H, and alkanes (in Ar). ‘Probed via CN(A « X)LIF (cxcept -

; Czﬂs). fitted with a weighed last-squa.rs fir. (a) Hi:ks +20 -

= (4.9£0.4)x10~cm® molecule™! s~ %, total pm 52+

7 2 Torr: (b) CH,: kax2a=(1 13;;:006)x10 ~ a3 mole-
cule™* s~ total pressure =53 +1 Torm; () Cd-!s~ kz:};Za— ’

("9-4—0.1)xl()""¢:n3 molecule™? s, total pressure = 45i0.5

" Torr, probed .via-CN(B «~ X). Each k, versus pressure paint
Fe repracntsthcmxltof_theana]ysxsundcmﬁg_l barsxnduzxc; :
'»420 for thc latter fit. '—7-“'— o Ce T
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Fig. 3. Plots of pseudo-first-order reaction rates (294 K) versus
molecular reactant pressures for reactions of CN(o = 0) with
unsaturated hydrocarbons. Probed via CN(B «+ X)LIF, fitted
with a weighted least-squares fit. (@) CoH,: ky 220 =23+ -
0.1)x10™cm® molecule™? s~ 1, total pressure = 46 0.7 Tormr;
(®) C;H,y: kr 120 =(2710.1)x107'° cov® molecule™! s,
1otal pressure =463305 Tom: (¢) CyHy ka+20=(23+
03)x107° ca® molecule™ 571, total pressure =465+05 -



: photodxssocnauon,and > PIC :
" ments in delay t.une, rangtng from 1.to: 10 us, an

. delay limits; ranging .from :—5 to: +400. jis, were .

i ‘chosen - to" guarantee that~ 2—3 reactxve hfehmes 51

_.were covered.

o In all mmsurements, shot-by-shot normahza
“tion was done with probe-laser power measure--
" 'ments made wnth a photodiode, unhzmo one gated -

integrator. - Normalization. and averaging - of the
- normalized signal for each delay time- was’ per-’

formed in the computer. Imually fifty data’ points
were taken at each delay. Data points where the

.. reference (t.e. photodxode) signal varied by more _

_than one standard deviation from’ the average ref-

caused by temporal and energy J:tter of the probe

.;o -5
Oz/TORR -

: F‘g.4 Plots ef pswdo-t’ust-order rate oonstants versus molecu— o
lar pressure for the reaction of CN (v = 0) with O, at 294 K, . -

o T .05

in A (@): kp 320 =(26£02)x10"" ca® molecule™! s7,

e vacuum sublimation.  Reaction’ mixturés were: pr
‘, pared .in “large ‘storage. bulbs ‘at” ‘high ~ pressures :
(typtcally 1——5 atm) with UHP grade Ar. o b

lauon. ICN’ (Eastman Orgamc) was’ punﬁedea

erence value for that delay were discarded. The - SEa e DL SR
routine was desxaned to eliminate erroneous data. E

: The mtensxty of the LIF 51,__,nal from both:"f

“CN(AZ H(—Xz?"‘) and’ (B“Z"’«— X2=r) ‘fransi- -

tions was taken as a. measure of the ground state
CN radical relative concentration. The LIF inten-
sity, I, was. found to ‘decay exponenttally as a
function of time, z, after the photolysis laser. lese.; :
The signal was fitted by means of the Imst—squarer

method to the equatlon o S

I= I,,ks + C exp( fk,t),

where &, is the pscudo-first-order rate ‘constant:
for net. CN removal due to all processes (ie. '
chemical reactions and diffusion out of the probed
region). under the condition [molecular reactant]
> [CN]. Typical pseudo-first-order plots of CN
decay, with various. molecular-reactant concentra-
tions are presented (with Ibkg subtracted) in t’ v_l

for the reaction with C,;H,.

To obtain second—order constants (k-.) for the
r&cuons . L :

CN + R - products

the concentration of reactant R was vaned whtle"‘j

the total pressure of the system was held constant.-

- The pseudo-first-order rate constants: obtamed ata
: - - particular total pressure and temperature for a’
CN(A « X) LIF probe, total pressure=18-tl Torr. (O) ltzi S
26 =(24+01)x10~ " e’ ‘molecule™! s~1 CN(B « X) LIF -
probe, total pressure =161 “Torr. Similar, but noisier, results’
‘were obtsined at ~50Ton'totalpres&ne(:.e.(25;{;04)x10‘"
- and £22302)x10™ ", respectively, for A and B state probing). |

. rEriot'bar_siudicatezq for fits used to generate the data point. -

number of molecular-reactant concentrations were
then least-squares fitted (with welghmo by the. It,-,

e standard devnauon) to. the equatmn R

- k = ko+ kz[R] ‘ ;: _




478 . SRR DJ!_LndlmgMCbn/KmencofmmojCNMmbmthdecula o

where’ R is the Ios rate constant for CN due to - :
‘of the system was maintained constant at =45

dlffusxon and//or reaction in the absence of R.
. Typical plots of &k, versus [R] for the reaction of

CN with H,. CH,, G,H,, C,H,. C,H,, C,H,

and O, are shown in fig 1gs. 2—4. The total’ pr&ssure'

Tomr (except for- O,, see fig.'4) wvsing-Ar as the
buffer gas. The reaction’ temperature was .mea-

"Tablel - . - -
,Raxceonsunzsfo:(fx\ rmatrooml.empaamre” ! o
Reactant . T(K) - This work . Literature values T " Ref.
H- 294 (39+:0.4)x<10" " (a) - o S R
. 300 . Q4+035)x10~ 1% = {10}
297 <@+3x107 M. o=1 = . - 10} -
300 (1.6x03)x10~1* L. f20)
300 (3O20H)xI0~ ¥ =1 {201
CH_ 293 (1.13=0.06)x10™ 12 (A) ,
293 (5+3)x10~" . [10}
293 (12+03)x19" 2 g=1 . [0}
300 (74:02)x10~V ; {4}
300 (83+03)x10° 13 p=4 i4]
300 (5.6:03)x1013 {20}
300 (84%03)x107 13 p=1 20}
C-H, 293 (29:0.1)x10"* (B)
390 (241:0.17)x10° " {41
CH» 294 (228 £0.06)x10'° (B)
259396 (50+17)x10~ 1! (10}
293 25%x10710 =1 (10}
300 (Q2:02)x107° 21}
GC,H, 294 (26800710~ (B)
300 (1.9+02)x10-'° 4}
300 (22+03)x1071° y=4 4]
259-396 (50+038)x10~"* {10}
293 1.1x107°, p=1 [10}
300 (1.6+02)x107'° 121}
300 23+02)x107'°, p =1 ) 21}
C,;H, 294 (23+03)x10" % (B)
300 ’ (26+03)x10"° 141
0 294 (26+02)x10™ " (A)
29 (24+0.1)x10" " (B)
7.7x1072 i
503 (1.123+0.03)x10~ ! {51
303 (1.3+903)x107 ', =1 51
298 1.1x10~ 1 . )
298 9x107 ", ¢ =1 {11}
300 (135+0.13)x10~" = 22}
300 (125+026)x10" " p=1 228
9.1x1071 o 23]
300 . .0:02)x10~ 1 - §20)
300 (24101)x107", p =1 120}

* All rate constants given, unless otherwise specified, are for the ground vibrauona! state (o=0) rmcuons. in. unus ofcm’

molecuie~t s~

b (A) and (B) represent results obtained from A «— X and B+ X LIF probing.
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L sured to be 294 +1 K throughout. the expenments- L

~The values of &, determined for. the aforemen-- - “for réactions with H;and CH, arehx,,her than
T hterature values by.a factor of 2-3:(cf.’ table
~and that for the reaction with C,Hy is in réaso
-~ bly good agreement-with. the: valuesu’eported b
" Bullock and: Cooper [6] :The reason for the" db

~ crepancy in the cases of H, and CHj'is not clear :

_uoned reactants - are ' tabulated;. aloncmde those )
from cther investigators’ studies in table1. = .-

4. Discussx '6n R

" The observed second-order rate constants for e
the seven reactions “studied vary from a low value o
“lfor CN-+H;t0 -
the near gas-kinetic values of (2—3)XIO""’ cn?
molecule™! ‘s™! for CN + unsaturated - hydro-
carbons. As will be detailed below this significant -
variation in rate constants reflects the difference i in -
the operauve mechamsms among thse reactions. -

For comparison with previous mcasuremems B
our values are listed in table 1 together with litera-

of 5% 10~ ¢ molecule

ture data for the corresponding reactions. In table
2 we also compare the measured rate constants for
the CN reaction from this study (excluding CN +
C-Hs) and those of O(3P) OH(XIII) and
CH(X2IT) with the same reactants.

In .the following sections we will discuss the
kinetics and mechanisms of the reactions studied,
in three different groups, with emphasis on cround
vibrational state (v = 0) reactions.

41. CN+ H,, CH,, and C.H;

The reaction of CN with H, and alkanes (fig. 2)
most likely occurs by direct H-atom abstraction:

CN+ HX > HCN 4+ X, X=H and alkyls.

Table 2

The rate oonsta.m values determmed in

Almost all previous studies on th&se reactions were: .

“made using B« X probing either by absorpuon_i';t
" [1,2,4-6,8,10,11,25] or LIF [20,22,26] while we em-
~ ployed A « X LIF for these two reactions. Due to

the long radiative hfeume of the A state there was:

“concern; however, ‘one - would: expect ‘any - dis-.

crepancy to be towards - lower k values. Subse-: -
quent study of the O, reaction (see ‘table 1) shows

‘that B« X and A < X. LIF probmcs yxeld values -
- which are in close agreement. ~ - - :

- The trénd ‘of rate constants for CN reacuons!j
with H., CH, and C,H;- appear to be. ‘qualita-.
tively consistent with other abstracuon reactions,"
e.g., those of O and OH, as shown in table 2 -
However, the increase by a factor of 20 from Hy to ~
CH, is entirely out of ‘line with the fact that -
D(H-H)= D(CH,—H). This is kmenca]ly a rather .
interesting finding. The rate constants for ‘these
abstraction reactions are much smaller than those -
for their near gas-kinetic CH counterparts. The
latter reactions have been shown to occur entirely '
via the insertion or addition mechanism [13-16}.
We have investigated the possible relation be—*
tween the reported rate constants herein and those -
for other CN reactions, with the ionization poten- .
tials (IP) of the molecular reactants. The resulting
correlaiion is shown in fig. 5. Interestingly, despite -

Companson of room tempaaturc second-order rate constams with those for O(3P), OH(X II) and CH(X2II)

Reactant - CN" X © kayfem® molecale ! s7h

: 7 B Ob’ OHb) . CH
1, - - ._4.9xlﬂ'?,"’,, j‘.__9x]0‘“ 70%x10-5 T 2x107199 o
CH; = L o1ax1em®2 43x10718 82x107! . 10x1e71oD
GH, © -~ 29x107% 9.8x107¢ - 26x107°3. 27%107 0% e
GH, - -- -23x107° - . S -14x10713: 74x1078 42x107109 s
GH, 27x107° . 7.6x10-,!3. S 29%1072 D 42x107109- o
G T2sximm oL oo : TR URR TR & § 3 e

9 Ref. [151. < Ref. [14]. 0 Ref. [13].

* This work: = ®» Combustion kinetic dala survey [24] P Ret'. [16]. exuapolated 0 !ugh pmm !.um-. P LI
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_the expected difference in the mechanisms of these
reactions, including CN + HCN {20} and CO, [20],

the rates of these reactions are seen to correlate 7

~ nicely with ionization potentials of molecular re-
actants. The majority of OH radical reactions lisied

in table 2 also show a similar parallel correlation.

The only reactions which appear to deviate signifi-
cantly from the linearity of these two simple corre-
lations invoive H. as the reactant. In these cases
dynamic constraints due to mass effect (e.g. tun-
nelling) may play an important role in the abstrac-
tion reactions.

42 CN + C,H,. C,H, and C,H,

The reactions of CN with unsaturated hydro-
carbons (fig. 3) appear to be very fast and have
near gas-kinetic rate constants as indicated by the
data summarized in table 1.

-20F
A Y
-
~
2 o
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¥ a \Y
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=
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,'\ . .
-30} N
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<35
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[{e] 12 I8 16
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Fig. 5. Semilog plot of second-order reaction rates versus
ifonization potentials (IP) of several molecular reactants, {ic.

H, (8). CH(O). C3H(v). C: H,(O). C: H(@). 0:(O). HCN
(+) and CO, (X)) for reactions with CN and OH (filled
symbols) radicals at room temperature. The dashed lines have
been drawn paralfel to emphasize the similarity in these two
radical reactions. See text for discussion.

These CN reactions probably take place mainly
by addition into unsaturated =-bonds, followed by
ejection of H-atoms from excited adducts. For
example the CN + G H, mcuon mechanism can
be described by

CN + C,H, - HC=CHCN' - HC=C-CN + H,

which is exothermic overall by = 18 kcal/mole.
Only this mechanism can reasonadly account for
the similar magnitudes of the measured rate con-
stants for the three unsaturated hydrocarbons
which have C—H bond ‘energies varying from 90
kcal/mole in C;H to 127 kcal/mole in C,H,.
Direct abstraction of H atoms from these three
compounds with comparable near gas-kinetic rates
is thus improbable. In the future it would be useful
to examine the mechanisms of these reactions more
thoroughly. covering a wide range of temperature
and pressure.

The observed large rate constants for these un-
saturated hydrocarbon reactions also appear to be
in accord with the low ionization potentials of
these compounds as indicated by the good correla-
tion shown in fig. 5 between X and IP. A similar
linear correlation also exists for the OH reactions
with the same saturated and unsaturated hydro-
carbons. despite the gross differences in their reac-
tion mechanism.

43. CN+oO,

The reaction of the CN radical with O, has
been studied by a number of workers [1,3,5,7,8,
11.25.2728]. The reaction is pertinent to NO_ for-
mation Kkinetics in hydrocarbon-air combustion
reactions. Earlier studies of this reaction were car-
ried out primarily with flash photolysis [1.3,7.8.11]
or pulse radiolysis [5], followed by kinetic UV-ab-
sorption spectroscopy using the B « X transition.
Rate constant values obtained from these earlier
experiments are smaller by a factor of 2-3 than
our result (fig. 4) of 25X 107! cm® molecule™!

!_ The latter value is based on both A « X and
B «— X diagnostics, as given in table 1. Our rate
constant is in good agreement with the high value
of 20x10™ " cn® molecule™' s~ recently.re-
ported by Jackson and co-workers [20].



D_A- uduut. M. C Lm / Kmenaqf rzacaon:of CN rad‘ cal: wub nwl«'u!a R

The CN +O~. rmcuon probablv tak&s p]ace
effecuvely by abstracuon as follows. S

'CN+0-,—»0C\I+O.«’

The reaction is exothenmc by =4 Lcal/molc with

negligible activation energy [7]. The simultaneous

formation of CO and NO via the very exothermic
four-centered route (AH®%:=—106 kcal/mole) is

most likely unimportant.-Previously it was found, -

in our study of CO stimulated emission from the
Oo( SP)-:-CN reaction, that addmon of a small
amount of O, to such a laser system drastically
diminished the laser output {29]). This quenching
effect was assumed to be caused by removal of the
CN radical by rapid reaction with O,, as given
above, followed by reactions involving OCN" to

produce vibrationally cold CO molecules. Produc-

" tion of vibrationally excited CO directly via the
exothermic four-centered process, if it did occur to
any significant extent, would have enhanced rather
than diminished the CO laser output. An unequiv-
ocal test for the mechanism of this reaction can be
made by directly probing for OCN and NO or CO
formation. This can be achieved by either time-re-
solved LIF or resonance absorption utilizing UV
or IR lasers.

5. Concluding remarks

We kave determined the rate constants for the
reactions of the ground state CN radical, CN
(X3*=*, v =0) generated by the photcdissociation
of ICN at 266 nm [30], with H,, CH,, C,H,,
C,H;, C;Hg and O,, at room temperature by
varied delay laser-induced fluorescence. The mag-
nitudes of these rate constants range from a low
value of 5 X 10~ ¢m® molecule™! s™! for CN +
H, to near gas-kinetic values of (2-3) x 107 '® cm?®
molecule™! s™! for reactions with unsaturated hy-
drocarbons. The trend correlates inversely with the
ionization potentials of the molecular reactants,
paralleling what is observed for the reaction of OH
radicals with these same compounds.

In this paper our discussion centers on reac-

tions of the CN(v =0) radical. The kinetics for

dtsappmranoe of the wbranonally excited radical

: CN(U—-l) have been mv&ugated prevxously‘byi‘-l

several workers [4, 10,20). For cases where: abstrac—j -

" tion reactions can occur (e.g., CN + H-. or COZ) i

the rates of disappearance for. C\I(o— 1) appear
to be about twice as fast.as those for CN(v = 0)
according “to recent data of Jackson and co-
v\.orkers In the wse of CN + 0,, for which vnbra-:
tional excitation was earlier reported [11,22} to
have a retarding effect, such  excitation has now
been shown to have nechglble effect [20]. - i

“To clarify these discreparicies; a systcma_txc stu_dy :
of some - of - these = fundamentally - important "
processes (such as CN + H,, O,, C;H, and C,H,)
should be made over a broad range of temperature -
and pressure to establish more firmly their kinetics -
as well as the operative mechanisms. Take CN +-
O,, for example; in addition to the direct mecha-
nism discussed earlier it also may take place, in -
principle, via the long-lived adduct CN-QO [20].
If this is the case, a careful study of the reaction
over a wide range of temperature and pressure
may reveal the importance of this additional chan-
nel.
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