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A KINETIC STUBY OF A
RADICAL-AROMATIC HYDROCARBON REACTIONS

Annual Progress Report No. 3
(May ‘1, 1980—March 31, 1981)

| In the previous prdgress»report we described our studies of OH
reactions with benzene, toluene, and their isotopic analogs. This'work
is now in pregs to be published in the Journal of Physical Chemistry. A
'copy of preprint is attached as Appendix 1. /\Ja,qu 61A414{ '
During the last 12 months, the analysis of some of the data on
reactions with benzene and toluenes were completed (see Appendix 1). The

following OH reactions were also studied:

: OH'+ o-xylene + products 298-970 K

VOH + m-xylene » products 250-970 K
OH + p-xylene — pfoducts 298-970- K .

This work is now complete and has been written up for publication in the
Journal of Physié%] Chemistry and is attached to this report as Appendix.2. /t24h7&$ﬁ7/

Therefore, it will not be described further.

Apart from the above mentioned 0OH reactions, the following 0(3P)
reactions have been studied: |
0(%) + CeH, > products 298-870 K (1)
0(%p) + CDs > products 298-806 K (7)
0(3p) + CGH CH, > products. 298-930 K (3)
0(%p) + CGHsCD, + products 298-930 K (4)
0(3P) + o-xylene - products 298-970'K. (5)
0(3P) + m-xylene - products 298-970 K (6)
O(3P) + p-xylene - produﬁts 298-970 K (7)



A KINETICS STUDY OF THE REACTION OF
0(35) WITH AROMATIC HYDROCARBONS

EXPERIMENTAL

The utilization of the flash photolysis-resonance f]uorescence tech—
nique in the study of 0(3P) atom reacfion kinetics is well established and
.'<is amply described in the literature. Recently, we have extended the
temperature range of appTicabi]ity of this méthod to permit rate ponstant
measurements to be made at ~ 1000 K.

A séhematic diagram of the experimental apparatus is shown in Figure 1.
The principal system components are (1) a thermostated quartz reaction cell
equipped with long arms connected to O-ring joints via air-cooled jackets,
(2) a spark discharge lamp perpendicular to one féce of the cell, (3) a
cw atomic oxygen resonance lamp perpendicular to the f]aéh]amp, (4) a solar-
blind photomultiplier tube perpendicular to both the photolysis and resonance
radiation beams, and (5) a signal averager and fast photon counting electronics..

Thg all quartz reaction cell was'resistive1y heated using electrically
insulated nichrome wire’windings mounted on its outer surface. This heating
e]ément was covered with ceramic felt and five layers of stainless steel
radiation shields. The temperature of the gaseous mixture inside the -
reactor was directly measured using a retractable chromel alumel thermocoup]e_
introduced into the reactor through a cajon seal. The temperaturé gradient
across -the reaction zone (v 2 cm) wéé found to be v 20 K at 1000 K and |
negligible at 500 K.

This cell is equipped with five air-cooled jackets which afe attachedﬂto
0-ring joints which hold the window material. The resonance lamp window

was equipped with a CaF2 window while the flashlamp window was made of
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Figure 1. Schematic Diagram of the High Temp fature Flash Photolysis-Resonance
Fluorescence Apparatus used for O(°P) Reaction Studies.
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sapphire;:alltthe rest were made of quartz except the resonance light col- -
lection port whicﬁ had an MgF2 lens. The presence of air-cooled jackets
enabled us to use O-ring joints to attach windows to the cell andAkeep the
window material at room témperature, thereby greatly increasing the signal
level as well as the ease of operation.
In all of the experiments discussed below, 0(3P) atoms were produced

by flash photolysis of O2 at ane]engths between the sapphire cutoff at
- 145 nm and the onset of continuum absorption at 185 nm (flash duration <

50usec). Following the flash, oxygen atom resonance radiation continuously
excited a small fraction of the 0(3P) created in the reactor to its électronically
excited state; the resultant fluorescence emanéting in the direction perpen-
dicular to both the résonance excitation and photolysis beams was collected

by a lens and focused onto a solar-blind photolultiplier tube. Signals
were obtained by photon counting and then fed into a signal averager operated

in the multichannel scaling mode. For each decay rate measured, sufficient
flashes were averaged to constrqct a well-defined temperal profile over af

least a factor of twenty variation.-in [0(3P)].

A11 experiments were carried out under pseudo-first order kinetic con-
dftions with the aromatic hydrocarbon concentration [RH] in excess, [RH]/[0(3P)}
> 1000. In the absence Qf secondary reactions whichvsignificantly deplete or
reform the transient 0(3P) species, [0(3P)] varies in an exponential -manner
with time: |

_(K[RH] + k)t

(031, = [0%P)], e - 1031, et ()

where k' is the measured pseudo-first order rate constant, k is the bi-

molecular rate constant for the reaction

k

(3P) + RH —» products ,

0



[RH] is the (constant) aromatic hydrocarbon concentration, and kd is the
first order rate constant for 0(3P) disappearance due to diffusion and
reaction with 02 in the absence of RH. Exponential [0(3P)] decays such

as those displayed in Figure 2 (for reaction with benzene) were observed.:
k' values were taken as the slopes of such decays. RH concen;ration varia-
tions over a factor of at least ten led to k' vs. [RH] plots of the type
shown in Figure 3 for 484 K. Bimolecular reaction rate constants k(T)
were obtained as the slope of the lTeast squares straight Tine through the
(k', [RH]) data points.

In ordef.to avoid the accumulation of photolysis or reaction products
and to minimize any uncertainties in [RH] arising from aromatic hydrocarbon
absorption on the reaction walls, all experiments were carried out under
"slow flow" conditions. The flow rate through the cell was such that each
photolysis flash encountered a fresh reaction mixture (photolysis repetition
rate v 0.5 Hz).. The aromatic hydrocarbon RH was taken from a 12 & bulb con-
taining an RH/diluent gas mixture. The RH/diluent gas mixture, 02 and
additional diluent gas were mixed prior to entering the reaction ée]]. Con-
centrations of each component in the reaction mixture were determined from
ﬁeasurehents of the approbriate mass flow rates (measured using calibrated
mass flow meters) and the total presﬁure. The fraction of aromatic hydro-
carbon in the RH/diluent gas mixture was checked frequently by simultaneous
measurements of the aromatic hydrocarbon absorption at 253.7 nm and‘the fota]
pressure of the mixture. These determinations were carried out using a Hg
pen-ray iamp as the light source, an 80 cm long absorption cell, and a
photomultiplier tube fitted with a bandpass,fi1ter. The absorption cross
sections at 253.7 nm used to ca]éulate the RH concentrations in the source
mixtures were measured during the course of the experiments; the obtained

. -19 2, -19 2,
values are: C.H., 3.67 x 10 cm™; CeDes 2.39 x 10 cm™; CHeCHg,

66°
4.78 x 10712 cm2; CeHsCD4s 5.26 x 10712 cm2; o-xylene, 5.98 x 10719 cm2;
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Temporal Profiles of [0(3P)] Following Photolysis of a Mixture
of 0p, CgHg, and Ar. Experimental conditions are shown in
the figure. :
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Figure 3. Plot of Pseudo First Order Rate.Constant vs. [C6H6]
Concentration at 498 K.-



m-xylene, 5.22 x 10-]9 cm2; and p-xylene, 6.16 x 10']9 cm2. These cross -
sections and the resulting absolute [RH] values euoted for each experiment
are accurate to 8%.

The bulb gases used in this study had the following stated purities:
Ar > 99,9995%, He > 99.9999%, O2 > 99.99%, Né > 99,9995%. Benzene, toluene
and p-xylene were obtained from J. T. Baker, Co. and had analyzed purities
of > 99.99%. The deuterated aromatics'were purchased from Merck, Sharpe,
and Dohme, Canada, Ltd. Their chemical purity was > 99.99% and their
selectively labelled isotopic purities were as follows: CGDG > 99.96% D

andAC6H CD, > 99.0% D. O-xylene and m-xylene were obtained from Eastman

5773
Co. and their purity level was greater'than 99.9%. A1l aromatic hydro-
carbons were degased befofe use.
RESULTS

The rate constants obtained in this study for reactions (1)-(4) and
reactions (5)-(7) are listed in tabular form in Tables I and II, respec- -~
tiVe]y. Figure 4 shows the results of reactions 1 and 2 is an Arrhenius
plot while similar plots are shown for reactions (3) and (4) in Figure 5
and for reactions (5), (6), and (7) in Figure 6.

Over the entire temperature range studied, the [0(3P)] decays were
exponential except for reactions (1) and (2) at T > 700 K. As T increased,
in case of reactions (1) and (2), [0(3P)] decays became non-exponential
with the initial part o% the decay being faster than the tail. This curva-
ture was reduced when 02 (the photolyte) concentration was increased while
keeping [0(3P)]O the same. The curvature was unaffected by changes 1in |
flash energy, total system pressure, flow rate and benzene~(C6D6) concentra-

tion. However, when a mixture of N20 and‘N2 were photolyzed using 193 nm

(ArF laser) radiation Lo produce 0(3P),



Rate Constant Data for the Reactions of 0(3P) with Benzenes and Toluenes.

Tabie I.

Tempsgature Benzene Benzene-d. Toluene Toluene-d,
298 1.19 + .19 x 107 14 ¢ .89 x 10714 .60 + .93 x 1074
326 1.15 ¢ .31 x 10713
364 5.29 + .70 x 107 % |
376 5.97 + .68 x 107 ° 2.36 + .23 x 10713
392 9.79+1.08 x 1014 2.85 + .27 x 10713
402 1.28 + .13 x 10713 | 3.43 + .30 x 10713
07 1.35 + .10 x 10713
440 1.55 + .14 x 10713 .80 + .42 x 10713
452 2.39 + .21 x 10713 6.2+ .51 x 10713
484 2,61 £-.30 x 10713 42 + .63 x 10713
492 2.86 + .32 x 10713
497 4,21+ .36 x 10713 | .96 + .85 x 10713
522 4.89 + .41 x 10713 N
550 | 43 .16 x 10712 o
556 6.70 + .84 x 10713 51+ .18 x 10712 .30 + .14 x 10712
560 5.52 + .53 x 10713
578 ' 7.15 % .73 x 10713
604 . 61+ .13 x 10712
620 9.90:1.12 x 1073
636 | 9.39 + .76 x 10713 02 + .21 x 10712
640 ' 41 £ .20 x 10712 -



Table I. (coﬁtinued)

Rate Constant Data for the Reactions of 0(3P) with Benzenes and Toluenes.

Tempg;ature Benzene Benzene-d6 Toluene . To]uene-d3

660  J.34 % .12 x 1072

718 1.63 £ .16 x 10712

724 1.76 £ .19 x 10712 : 3.00 + .31 x 10712
729 1.58 + .23 x 10712

742 2.02 + .17 x 107 V2

749 1.69 .19 x 10712t

807 o 183+ .23 x 1002 4.23+ .64 x 10712 2,99+ .34 x 10712
823 2.28 + .22 x 107 & | 3.93 + .45 x 10712 :

826 2.48 + .35 x 107 12"

837 2.58 + .48 x 10712t 3.90 + .37 x 10712

867 3.01 + .36 x 1071%F

930 | | 5.06 + .64 x 1072 3.59 + .42 x 10712

=+

t+ Curved pseudo first order decays

* Laser photolysis (193 nm) of N20




Rate Constant Data for the Reactions of O

Table 1I.

(3

P) with Xylenes.

Temperature

o m-xylene o-xylene p-xylene

298 419+ .46 x 1073 2,23+ .22 x 10713 25 ¢ .26 x 10713
372 1,07 £ .11 x 10012 5,91 + .59 x 10713 29 + .78 x 10713
484 2.58+ .34 x 10712 1.69 + .18 x 10712 57 + .18 x 10712
569 3.75+ .42 x 10712 2.57 % .36 x 10712 2.75 = .27 x 10712
634 .79+ .32 x 1072 3.65+ .48 x 1072 4.00 + .46 x 10712
706 7.78 + .89 x 102 558+ .82 x 1072 5.94 & .66 x 10712
815 103 12 x 1072 9,26+ .93 x 1072 9.40+1.06 x 10712
966 1.5+ .19 x 10710 14T % .15 x 10711 .38+ .16 x 1071
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N0 —230m, , + o('p) - (8)
0('0) + Ny— 0C%R) + W, (9)

the [0(3P)].decays were exponential and the slope of these .decays wefe

jdentica] to the initial s}ope obtajned when 02 photofysis was used as
the source of og?P). This observation clearly indicated that O(3P) was
being formed, as the reaction progressed, via some secondary reaction:of

a species with 02. [Of course, tests were carried out to ensure that indeed
only 0(3P) was being detected.] It wii] be Tater shown that this observa-
tion is consistent with the H atom being a product of reaction (1).
DISCUSSION

Figure 7 shows the results of 0(3P) + benzene reactions obtained by

all previous studies., [t is clearlthat results of Bananno et a].fyare
clearly outside the error of the other four measurements. They had chemistry
complications which could account for.this discrepancy, our results are in
reasonable agreement with that of the other investigations; the best-agree-
ment being with Colussi et a1.3 Our 298 K value of k] is the lowest that has been
measured, It should be pointed out that the apparently different Arrhenius
expressions derived from all four fnvestigations converge aroud 450 K, the
upper temperature 1ipit of all previous investigations. '

Based on the molecular beam studies of Sibener et a],s and S]oanef6

(3P) reacts with C_H. via addition to the ring.

it is clear the 0 676

H H
0 0.
0(3p) + H H H H |
—> (10)
H H . H H .
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—— This Work

———- Atkinson & Pitts(I975)

»— Atkinson 8 Pitts (1979)
- —.— Colussi etal (1975)
|(5|2 - ------- Bananno et al (1972)

T T TTTT]

|

1

N
Ol
-

T TTTTT]
b

k, cm3 molecule’! sec!

I

1000
T(K)

Figure 7. Comparison of k] with Results of Previous
Investigations.



The adduct can either undergo rearrangement to form pheno],

(1)

or e1iminate‘the H atom,

- - . |
H 0 H 0
e, @ + H (12)
Of — 0L
| [ ! | o

or eliminate CO,

H
0- : ’ .
(13)
——+ C0 + CgH . |
H H
H ' .

In variance of the rate constant for the feaction of 0(3P) with benzene with

the isotopic identity of hydrqgen atom, (i.e., k] =k2) shows that the primary
step is addition of 0(3P) to the ring and this confirms step 10 being the

initial reaction. There is some controversy regarding step'13. Sloane claims

to have seen CO, while Sibener et a1.5 do not. Also, Sibener et al. have pointed

6

out that the origin of CO seen by Sloane” is probably dissociation of the parent

ion in the mass spectrometer. To resolve this controversy, we tried to detect °



CO0 via resonance fluorescence. We did not observe CO thereby; probably,
confirming results of Sibener et al. It should, however, be remembered
that our experimental conditions (e.g., pressure) are very different from
those in beam studies. We have some indications for reaction (12) being a
dominant channel. H atoms would, of course, be scavenged by 02 in our
~system to form HO2 at low temperatures. However, at high temperatures3
this process slows down and H atoms can then react with benzene itself.

. At much higher temperatures, H atoms can react with 02Ato reform O(3P),

H + 0,— OH + 0(3P) . " (14)

2

Reaction (14), we believe, was the cause of curvature in 0(3P) decay
plots at high temperatures. As pointed out earlier, when N20 was used
as the O(3P) source, the curvature was not observed thereby adding further
credence to our hypothesis. [We will, in the‘nea} future, follow H atom
concentrations directly.]

Figure 8 shows the results of O(3P) + toluene reactions obtained by
all previous studies. As in the case of benzene reactions the results
are in reasonable agreement except for those of>Furuyama and Ebara.7
A1l the réactions that can take place in the case of benzene can also

occur with toluene. In addition, it is possible to have side-chain hydrogen

abstraction at higher temperatures,

HoCHy —= CcHeCHyo + OH . (15

0(3p) + e oHe

To check for the possibility, we carried out measurements of O(3P)
reactions with CGHSCD3, i.e., reaction (4); If side-chain hydrogen
abstraction is significant, then k4 would be sﬁa]]er than k3. As seen
- from Figure 5, k4 T k3 thereby indicating that side-chain hydfogen

abstraction is not very important in the temperature range studied.
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The results of reactions (5), (6), and (7) are shown in Figure 6
and Table II. The most interesting feature that is 6bserved is that ﬁ-
xylene reacts faster than o- or p-xylene with 0(3P). This i§ identical
to the reactions of OH since both 0(3P) and OH are reacting with xylenes
via electrophilic addition. Another feature that is observed is the sTight
curvature in Arrhenius plots. We are stil] working on this process and
‘hence no concTuSion can be drawn at this point;v

Finally, for the sake of comparison, Table III lists Arrhenius param-
eters of all O(BP) reactions studied until now in our laboratory. It is
clear that as substitution of the ring is increased, the reactivity of the
compound with 0(3P) increases and the activation energy decreases keeping

the A factors approximately the same.



Table III.

Summary of Arrhenius Parameters

] , 1 ) Temperature
Reaction A x 10 - -E/R Range
0(%p) + CyHg 5.11 + 0.79 2467 + 80 298 - 870 K
0(%p) + Cghg 4.0 + 1.4 2004 + 80 298 - 806 K
0C%P) + CGHeCHy 4.2 +0.65  1900& 74 298 - 930 K
0(%p) + CeHeCDy 2.85 + 0.71 1765+ 121 298 - 930 K
003p) + o-xylene 3.9 + 0.76 1550+ 75 298 - 569 K
0(3p) + mxylene  4.36 £ 0.49 1381+ 45 298 - 569 K’
0(%) + p-xylene  4.02 - 569 K

0.70 1548 + 69 = 298

*Above 569 K, slight curvature is observed and is therefore not
included in this calculation.
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APPENDIX I

KINETICS OF REACTIONS OF OH WITH BENZENE
AND TOLUENE





