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Abstract. Recent advances in the measurement of high temperature 
reaction rate constants are discussed. The studies carried out by shock 
tube methods are particularly considered because these results are 
important not only in theoretical chemical kinetics but also in practical 
applications. The work on 5 chemical reactions are reviewed in detail. 
These are: D + H2, C1+ H2, H + 02, CH3 + CH3, and H + N02. 

1. Introduction. 
The field of thermal gas phase chemical kinetics and, in particular, bimolecular 
reactions, has continually expanded since the first such study by Bodenstein 
-100 years ago [l]. There are two main reasons for this continuing interest. 
First, most of these reactions occur with activation barriers that can be 
accurately determined from the thermal experiment. These barriers can then be 
compared to theoretical potential energy surfaces from modem ab initio 
electronic structure calculations that in turn can then serve as the basis for 
theoretically estimating the rate behavior with modern dynamical theories. 
Hence, the first reason for this type of study is to support theoretical chemistry 
and vice versa. However, there is a second and equally important motivation 
that is practical. A number of naturally occumng and anthropogenically altered 
environmental systems are now known to be influenced by the thermal rates of 
chemical processes. These include the earth's mesosphere, stratosphere, and 
troposphere; the various planetary atmospheres; interstellar clouds; air 
pollution; and high temperature incineration and, in general, combustion 
chemistry. Most gas phase kinetics investigations are currently being supported 
for use in developing mechanistic descriptions for these practical systems. 

In this paper, current work in the field of high temperature bimolecular rate 
processes is considered. There have been two significant experimental 
developments in the past -20 years, namely, the high temperature fast-flow 
reactor (HTFFR) method with the related high temperature photochemistry 
(HTP) option [2] and the flash or laser photolysis-shock tube (FLP-ST) 
technique [3]. Both can be used for temperatures in excess of 1000 K; however, 
in favorable cases, the latter can be extended to -2500 K. Hence, the 
combination of the FLP-ST and the classic thermal shock tube experiment [4] 
has proven to be particularly powerful in providing rate constant data over very 
large temperature ranges. There are two recent reviews of high temperature 
bimolecular reactions studied in shock tubes that are particularly relevant [5,6]. 

In the remainder of the paper, selected examples of shock tube studies from 
our laboratory will be considered. In particular, the experimental and theoretical 
results on the simplest and most important reaction of all, namely H + H2 (and 
deuterated analogs), will be discussed in order to illustrate the first motivation 
above. Subsequently, results on another important "theoretical test case" 
reaction, C1 + H2 (and D2) will be reviewed. In an attempt to illustrate the 
second motivation, recent results on the most important reaction in all 
combustion systems, H + 02-  OH + 0, will be discussed. A vibrationally hot 
species is initially formed followed by a forward dissociation process that is 
higher lying than reactants. High temperature results will then be presented for 
two barrierless bimolecular rate processes that are also chemical activation 
cases, namely, 2CH3 - C2H5 + H and H + NO2 - OH + NO. 
2. Experimental. 
The FLP-ST technique has been described previously [3,7]. Figure 1 shows a 
schematic diagram of the shock tube apparatus. He is used as the driver gas, 
and the test gas is mostly Ar (or Kr) with small quantities of added source and 
reactant molecules. The source molecule on photolysis gives the transient 
species that is spectroscopically measured as it reacts with the reactant 
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molecules. Two different molecules are generally used requiring accurate 
premixture determinations with capacitance manometers. 

Experiments are performed behind reflected shock waves where the hot gas is 
effectively stagnant and not flowing. Flash or laser photolysis occurs after the 
reflected shock wave has traversed the spectroscopic observation station. 
Transient species are observed radially across the shock tube. Reflected shock 
pressure and temperature are kept low so that thermal decomposition is 
minimized. The initial transient species concentration is initiated by photolysis, 
and its decay is then totally determined by bimolecular reaction. Diffusion out 
of the viewing zone is negligibly slow on the experimental time scale. This 
experiment is then an adaptation of the static kinetic spectroscopy experiment 
with the reflected shock serving as a source of high temperature and density; 
i. e., shock heating is equivalent to a pulsed furnace. 

Similar thermally induced experiments [4] can be carried out if a molecule 
exists that thermally decomposes to transients on a shorter time scale than that 
for transient decay through bimolecular reaction. Additionally, the reactant 
molecule must be thermally stable under thermodynamic conditions where the 
source has completely dissociated. In this type of experiment, the zero time is 
set by shock wave passage past the observation station. In both types of 
experiments, pressure transducers, mounted equidistant along the shock tube, 
are used to measure the incident shock wave velocity. Temperature and density 
in the reflected shock wave regime are calculated from incident shock 
velocities through relations and correction procedures [8] that account for 
boundary layer perturbations. Since the initial composition is known, the 
thermodyamic state of the system is fully determined. 

In the atomic resonance absorption spectrometric (AR4S) adaptation of the 
methods, atomic species are spectroscopically monitored as a function of time. 
H- [7,9], D- [7,10], 0- [7,11], N- [12], C1- [13] and I-atom [14] reactions have 
been studied. Beer's law holds if absorbance, (ABS), is kept low, and then 
(ABS) -ln(I/Io) (I and Io are transmitted and incident intensities of the 
resonance light, respectively) is proportional to the atomic concentration. If the 
decay of atom A is controlled by a bimolecular reaction, A + R, where R is the 
stable reactant molecule, then the decay rate is pseudo-first-order provided 
[R]>>[A]. Because (ABS) is proportional to [A], observation of (ABS)t is 
sufficient to determine the decay constant. Values for h i m  for each experiment 
are then determined by dividing the decay constant by [R]. The results from 
many experiments are usually displayed as Arrhenius plots. If a reaction is 
pressure dependent, experiments can also be carried by varying total density. 
Termolecular reactions can therefore be studied. In certain cases, chemical 
isolation is not possible, and numerical chemical simulations of the important 
chemical reactions then become necessary. In these cases, concentration 
profiles have to be derived, and this means that the atomic absorption curve-of- 
growth has to be carefully determined. 

Lastly, we have recently modified the apparatus so that multi-pass optics can 
be incorporated into the photometric system [15]. The optical path length is 105 
cm, and this technique has now been successfully applied to detect, CF2 [16] 
and OH [17] radicals in two kinetics investigations. 
3. Results and Discussion. 
In the sections to follow, rate data for 5 bimolecular reactions are reviewed. 
The first two will be compared to theoretical calculations that use modem 
methods for both potential energy evaluation and dynamical estimation for 
thermal rate constants. The latter three involve the formation of vibrationally 
excited species that subsequently forward dissociate into products. 
3.1 D + H2 - ED + H and H + D2 - HD + D. FP-ST experiments have 
been carried out on these reactions over the temperature range, -650 to 2200 K 
[9,10], and the absolute rate constant results have already been reviewed 
[6,7,18]. Because of the historical importance of these reactions in gas phase 
chemical kinetics, there are a large number of earlier lower temperature studies 
primarily due to Le Roy and coworkers [19], Westenberg and de Haas [20], and 
Jayaweera and Pacey [21]. All sets of data for D + H2 have been combined to 
give the Arrhenius plot shown in Fig. 2. Both reactions have been evaluated 
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giving analytic expressions for the rate behavior over quite large temperature 
ranges [9,10]. 

Because these are the simplest reactions, they have served from the 
beginnings of gas phase chemical kinetics as a test case for theory. The 
theoretical potential energy surface for H + H2 is known with sufficient 
accuracy that adjustments of vibrational frequencies and/or total electronic 
binding energy are not allowed; i. e., electronic structure and subsequent 
dynamics calculations can no longer be parameterized. Ab initio potential 
energy calculations are from Liu [22], Siegbahn and Liu [23], Truhlar and 
Horowitz [24], Varandas et al. [25], Diedrich and Anderson [26], and Boothroyd 
et al. [27] giving the LSTH [22-241, DMBE [25], and BKMP [27] surfaces. The 
LSTH surface has then been used in variational transition state theory (VTST) 
[28] and also in reduced dimensionality collinear exact quantum bend (CEQB) 
[29] calculations to estimate the thermal rate behavior for D + H2 and H + D2, 
and the results are in fairly good agreement with the experimental evaluations. 
Garrett et al. [30] calculated VTST rate constants for D + H2 and Michael et al. 
[18] calculated CEQB rate constants for both reactions with the DMBE 
potential energy surface. These results show improvement over the original 
LSTH calculations particularly in the low temperature region where tunneling is 
dominate. 

In addition to the thermal studies, researchers have also investigated the two 
processes using well established experimental dynamical methods [3 13. These 
experiments involve hot hydrogen atoms and therefore sample the potential 
energy surface well above the potential barrier height. Several calculations 
using the LSTH surface have been carried out with modem quantum scattering 
theory, and one of the most notable explains the differential cross section data 
at 1.29 ev relative energy quite well if the geometric phase effect is taken into 
account [32]. This agreement suggests that the LSTH surface is relatively 
accurate above the barrier height. 

Since the thermal results sample the potential energy surface below the 
barrier, we suggested [18] that quantum scattering theory should also be used to 
rationalize these data. Subsequently, studies have recently appeared by Park 
and Light [33] and Mielke et al. [34], and, in latter case, excellent agreement 
with the D + H2 experiments is obtained if the DMBE surface is used. The 
newer BKMP surface gives worse agreement with experiment particularly in 
the lower temperature tunneling region. Mielke et al. also compare their 
cumulative reaction probabilities with Wang and Bowman's [35] modified J- 
shifted CEQB method on the DMBE surface. This theory-to-theory comparison 
is exceptionally good. Hence, the thermal rate behavior predicted by Wang and 
Bowman agrees well with Mielke et al. and also with experiment as seen in 
Fig. 2. It should be noted that the new CEQB results are almost identical to the 
earlier calculation on the DMBE surface [18] and also to DMBE surface based 
simple conventional transition state theory calculations with Wigner tunneling 
(CTST/W) from 300 to 2200 K [9,10]. 

The agreement between theory and experiment shown in Fig. 2 is impressive. 
If additional quantum scattering calculations were to be carried out on H + D2 
the CEQB-DMBE results [ 181 would undoubtedly be reproduced, and therefore, 
such calculations are probably not necessary. However, Fleming and coworkers 
have measured the T-dependence of Mu + H2 and D2 [36]. The Mu-atom has 
1/9 the mass of H, and therefore, tunneling is still quite significant at higher 
temperatures than in H + D2 and D + H2. Even though VTST [37] and quantum 
scattering [38] calculations on the LSTH surface have already been reported, a 
rigorous quantum scattering calculation using the DMBE surface would be 
particularly interesting for rationalizing these data. 

It is true that the theoretical H + H2 work to date represents the most 
significant theoretical development in dynamics and kinetics since the first 
experiments by Bodenstein [l]. For nearly 70 years, countless theoreticians 
have been involved in this effort. The H + H2 reaction served as the inspiration 
for transition state theory and for developing more accurate electronic structure 
calculational methods. To many experimentalists, the credibility of all other 
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theoretical advances in dynamics and kinetics has really rested on the solution 
to the H + H2 problem. In view of the fact that good agreement has been 
obtained between the above mentioned experiments and theory, one is tempted 
to declare that the H + H2 reaction is now solved. Clearly theoreticians should 
be congratulated on this major accomplishment. 
3.2 C1 + H2 - HCl + H and C1 + D2 - DCl + D. Since the work of 
Nemst [39], this reactive system has also served as one of the test cases for thermal 
bimolecular reaction rate theory [40-421. With the C1-atom ARAS method 
bimolecular rate constants have been measured between 296 and 3000 K using both 
thermally and photochemically (LP-ST) produced C1-atoms [43]. Equilibrium 
constants were also measured and were found to be in good agreement with JANAF 
values [MI. When combined with several lower temperature studies, the evaluated 
experimental results can be expressed by, 

kcl,Hz = 2.52 x exp(-2214 W) for 199SS354 K, (1) 

kcl,H2 = 1.57 x exp(-1544 K/T) for 354SS2939 K, and (2) 

kcl,Dz = 2.77 x exp(-2162 Wr) for 255SS3020 K, (3 1 

all in molecular units. Arrhenius plots of these evaluations are shown in Fig. 3. 
Tucker et al. [42] considered 11 potential energy surfaces, some of which had 

been previously derived using semi-empirical methods, in their improved 
canonical variational transition state theory with least action ground-state 
transmission coefficient (ICVT-LAG) calculations. These rate constant 
predictions were compared to the lower temperature experimental data obtained 
before 1985. In our work [43], we continued the comparison into the high 
temperature region (i. e., with eqns. (1)-(3)) using the CTST/W method. At this 
level of theory, none of the 11 surfaces from Tucker et al. can explain the data. 
Harding has performed new high level ab initio electronic structure calculations 
[45], and the CTST/W comparison to experiment is still unsatisfactory. CTST 
calculations using Eckart tunneling, CTSTE, were also carried out, and there 
was no significant improvement in predictions. The data summarized by eqns. 
(1)-(3) and plotted in Fig. 3 exhibits too little curvature, suggesting that the 
barrier height and/or bending or imaginary vibrations are in error for all 12 of 
the surfaces. Accordingly, these quantities are parametrically varied until good 
agreement is found for C1+ H2 at the CTSTE level of calculation. For C1+ H2, 
V*= 6.77 kcal molal ,  vb  = 782 cm-l, and Vi = lOOOi cm-l gives the CTSTE 
theoretical prediction shown in Fig. 3. These saddle point properties are 
consistently transformed for C1 + D2, and this prediction is also shown in Fig. 3. 
Even though the comparisons are excellent, the derived saddle point properties 
are not unique. Similar agreement can be obtained with other combinations of 
VS, vb, and Vi at the CTSTE level. Clearly, quite different conclusions about 
the saddle point and the reaction path might be found if these data and the new 
hot atom dynamical data of Alagia et al. [46] were to be considered using 
modern dynamical theory in exactly the same way as in the H + H2 reaction. 
Such an approach might reconcile the experiments with the newest and most 
accurate potential energy surface by Harding [45]. 
3.3 H + 0 2  - OH + 0 and D + 0 2  - OD + 0. This reaction is the most 
important reaction in combustion. It is the principal branching reaction in the 
oxidation of H2 but also occurs in the oxidation mechanisms of all hydrocarbons 
[47]. This branching reaction has the highest enthalpy of all reactions that 
significantly consume 0 2  with most other 0 2  consuming processes being linear 
propagation reactions. Because of this it is usually the most important "slow 
step" in combustion mechanisms and is therefore often rate controlling. Since 
it is so important, the rate data have been reviewed many times [48]. There are 
a number of notable experimental studies on H + 0 2  dating from 1967 to the 
present [49,50]; however, there has been only one direct study [49m] reported 
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for D + 02. As is to be expected, there is a substantial theoretical effort on 
these reactions [51]. 

The data and theoretical calculations up to 1992 have already been evaluated 
and reviewed [48d]; however, in the past three years there have been additional 
experimental work and developments. Ryu et al. [50] have made new 
measurements, have included new measurements by Yang et al. [490], and 
have incorporated a new interpretation of earlier results by Yu et al. [49p] in an 
evaluation that takes into account all of the earlier direct studies [49]. This 
grand evaluation yields the result in molecular units, 

kH.4 = 1.30 x exp(-7105 K/T) for 96OflS330 K, (4) 

Schott’s experiments [49c] and Miller’s [51a-c] theory both suggested a 
negative T-dependence in the A-factor, and this catalyzed the new interest 
starting in -1981. Quasiclassical trajectory calculations (QCT) [51a-c] on the 
Melius-Blint potential energy surface [52] were used to rationalize the negative 
T-dependence as being due to increased re-crossing as temperature increases; 
however, it has subsequently been shown that this surface is in error. More 
recently, Varandas and coworkers have used their DMBE IV surface in QCT, 
QCT-quantum mechanical threshold (labeled QMT), and QCT-internal energy 
quantum mechanical threshold (labeled IEQMT) calculations [51i,j], and their 
results at 5 temperatures ranging from 1000-3000 K indicate that re-crossing 
exists but has no major effect because their implied A-factor is not strongly T- 
dependent in agreement with eqn. (4). These workers have also theoretically 
examined the rate behavior for D + 0 2  and find an isotope effect that is near to 
unity in agreement with experiment [49m]. 

Lastly, this new evaluation, eqn. (4), is only -20-40% higher than the 
recommendation of Baulch et al. [48a]. This 1972 evaluation was based 
primarily on induction period and explosion limit measurements in the H2/02 
system showing that these early measurements were of high quality. 
3.4 CH3 + CH3 - C2H5 + H. This reaction was studied by observing H-atom 
formation rates using the ARAS technique in the thermal dissociation of CH3I 
[53]. CH3I dissociation is fast compared to the subsequent bimolecular 
dissociative recombination. In the analysis, all of the absolute [Hit results were 
fitted using numerical simulations on a mechanism that consisted of several 
reactions most of which were known. The main complication came from 
thermal cracking of CH3 to give either CH2 + H or CH + H2. These processes 
dominated above -2100 K, and therefore, the useful temperature range for 
determining the rate behavior was limited to 1224-1938 K. Because the initially 
formed CzHg-radical is thermally unstable above 1224 K, it rapidly decomposes 
to C2H4 -i- H on a time scale that is short compared to the title reaction. Hence, 
the system effectively gives C2H4 + 2H at the dissoociative recombination rate. 
The rate constants can be expressed in Arrhenius form by, 

kcH,+cH3 = (5.25 f 1.19) x 10-l1 exp(-7384 5 312 K/T), ( 5 )  

in molecular units for 12241T51938 K. As can be seen in Fig. 4, eqn. (5 )  is 
only 1525% lower than earlier results by Frank and Braun-Unkhoff [54] (1320- 
2300 K) and is therefore in excellent agreement. 

There is an important theoretical implication from eqn. (5). Using strong 
collision RRK theory for the CH3 recombination, C2H6 formation rate constants 
are given by, 

OD 

(6) 
Eo 

where kadd, kfE, kbe, p, w, and f(&) refer to (a) the high pressure rate constant 
for CH3 recombination, (b) the RRK (or RRKM) rate constant for forward 
dissociation, (c) the RRK (or RRKM) rate constant for backward dissociation 
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at the threshold energy, EO, (d) the collisional deactivation efficiency, (e) the 
collision rate constant, and ( f )  the RRK (or RRKM) normalized distribution 
function for a given temperature, respectively. Eqn. (6) shows that k ,  = kudd. 
Rate constants based on H formation from 2CH3 - C2H5 + H are, 

m 

W 

implying that at high temperature and low pressure, k[LP+,, I kadd . The A- 
factor from eqn. (5)  is 5.25 x cm3 molecule-l S - ~  which is already the 
collision rate constant corrected for the electronic degeneracy ratio. In contrast, 
recombination experiments and analysis, based on eqn. (6),  by Walter et al. 
[55] suggest decreasing kudd with increasing temperature. Their extrapolated 
estimate at 2000 K would be 1.7 x cm3 molecule-l s-l. This disagreement 
will require a continuing theoretical assessment on this important reaction. 
3.5 H + NO2 - OH + NO. Rate constants were measured over the 
temperature range, 1100 to 2000 K, in reflected shock wave experiments using 
two different methods of analysis [17]. In both methods, the source of H-atoms 
was from C2H5I decomposition followed by the faster subsequent dissociation of 
C2H5. In the first method, absolute [H]t was measured with the AFL4S 
technique. Experiments were performed under such low [C2H5Ijo that the decay 
of H-atoms was strictly first-order. The second method utilized a multi-pass 
optical system [15] for observing the product OH-radical. A resonance lamp was 
used as the absorption source. Extensive calibration was required giving a 
modified Beer's law description of the curve-of-growth for use in converting 
absorption data to absolute [OH]t from which rate constants were determined. 
The combined results from the two methods give, 

in molecular units. These results have been compared to earlier work at lower 
temperatures [56], and. the combined database yields the temperature 
independent value kH,No2 = (1.45 0.30) x 10-10 cm3 molecule-1 s-1 for  
195STS2000 K. The combined results are shown in Fig. 5 along with this T- 
independent value. We are currently carrying out a theoretical analysis using ab 
initio electronic structure calculations combined with modern dynamical theory 
in order to rationalize the surprising T-invariance [17]. 
4. Conclusions. 
The field of chemical research started by Bodenstein [l] 100 years ago, gas 
phase chemical kinetics, is healthy. Experimental methods continue to mature, 
but the exciting field of theoretical kinetics and dynamics is still being 
formulated and tested against experimental results. Because these tests are 
always going to be necessary to assess success, chemical kinetics will remain 
a vibrant field in chemistry even though it is continually being de-emphasized 
in academic chemistry departments at least in the United States. Fortunately 
for theoretical chemistry, the need to model complex chemical systems in the 
practical disciplines has supplied intellectual support for continued work, and 
therefore, much of the current work is being carried out in departments of 
engineering in private and state supported laboratories and universities 
throughout the world. This trend will probably continue into the next century, 
and it is undoubtedly true that "advances in experimental chemical kinetics" 
will still be a topic of interest 200 years after Max Bodenstein. 
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line is eqn. (5). Solid line is from Ref. 54. 
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Figure 5. Data points from Ref. 17, 56g-i. 
Line is the T-independent evaluation. 


