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In kinetic models, gas-phase reactions involving large molecules (of more than about a dozen atoms) are
often assumed to be in the high-pressure limit, that is, to not exhibit significant falloff or chemical activation
effects. However, cases are known where rather large molecules are indeed involved in chemically activated,
pressure-dependent reactions particularly at high temperatures. Here, we present simple formulas giving
guidance for deciding whether a particular reaction’s rate can be accurately approximated using the high-
pressure limit rate constakt(T). We find that under practical combustion conditions for liquid and gaseous
fuels, few reactions are truly in the high-pressure limit, regardless of the size of the molecules involved.

I. Introduction Falloff and chemical-activation effects can clearly be ne-
glected when the stabilization rate due to collisions with the
bath gas M kJ{M], is significantly faster than the microca-
nonical reaction rat&(E) of the activated species

It is well-known that the rate constants for elementary-step
gas-phase reactions of the form4AB — C, C— A + B, or
C — D are dependent on both temperature and predsure.

Depending on the nature of the reaction, this phenomenon is BkIM] > K(E) )
known as “fall-off” or “chemical activation.” A reaction in
which the rate constant is dependent on temperaflyeurid whereks is the collision rate and f#/is roughly the average

pressureR) in a particular region of,P) space is said to b, ;mper of collisions required to thermalize the activated

“pressure-dependent’_’ or “in the fall-off regime.” If one fi_xes specie$. The microcanonical RRKM reaction rakéE) (neglect-
the temperature and increases th_e pressure toward infinity, theIngl energy associated with any conserved quantum numbers
reaction eventually reaches a regime in which the rate constantg -, as)) can be written

is no longer sensitive to pressure. In other words, as the pressure
is increasedk(T,P) — k.(T) wherek,(T) is known as the high- K(E) = N;o(E)/(ho(E + Eng)) (3)
pressure limit rate constant.
Calculation of the rate COﬂStak(ﬂ—,P) as an EXp”Cit function whereE is the energy relative to the Zero-point energy oftA
of temperature and pressure can be complex and demandingB, E,g is the threshold for the reaction€ A + B, Nrs(E —
sometimes involving a large network of interconnected pressure-E,z) is the sum of states at the transition state from &t
dependent pathways. In addition, the preferred methods of s Planck’s constant, anglis the accessible density of states of
evaluatingk(T,P) (for example, a RiceRamspergerKasset- the molecule or adduct undergoing reaction. The density of states
Marcus/Master-Equation (RRKM/MEQ) calculation) for any , increases exponentially with the number of atoms in the
reaction will require detailed information about the transition adduct! therefore, the argument goes tH&E) must rapidly
state, potential energy surface, and the internal vibrational anddrop belowsk{M] in eq 2 with increasing molecule size. The
rotational modes of all the species involved; a single pressure-exponential dependence @bn molecular size is so strong that,
dependent reaction network is often the subject of many years’ py this argument, pressure dependence will only be relevant
work. Such demands are strong incentives for many kinetic when the reacting molecules or adducts have less than about
modelers, especially those studying high-temperature pyrolysis, 10 heavy atoms; otherwise, it is acceptable to ass(fif) ~
combustion, or partial oxidation systems, to assume that ak.(T) at any temperature.
pressure-dependent reaction is in its high-pressure limit when-  However, there are several indications in the literature that
ever this is reasonable. That is, it is very convenient for the this common assumption is incorreaven reactions through
builders of large, gas-phase kinetic models to assume, for a greatery large adducts are strongly pressure-dependent. For example,
many reactions we have recently found the reactiongd7; + C,H,, where the
initially formed energized 21-atom adduct has an enormous
K(T,P) ~ k(T) Q) density of statesp( > 10 states/cm?), is dominated by
chemically-activated product channels instead of the expected
When is such an assumption reasonable? In the literature jtStabilization product over the whole range of pressures and
is almost universally assumed the high-pressure limit ap- {emperatures relevant for combustiidthers have shown
proximation, eq 1, is true for reactions involving large molecules chemical activation dominates for the recombination of cyclo-
(more than 810 heavy atonfy. The justification is as follows: ~ Pentadienyl radicals @s + CsHs)” and for reactions involving
even larger moleculésin addition, the microcanonical argument
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Information). In short, eq 1 is not true merely because the C — A + B correspondingly. Equation 4 becomes
reacting species are large, as the microcanonical argument given

above would suggest; in fact, kinetic modelers can (and do)
incur serious errors using eq 1 for large species, especially unde

high-temperature combustion or pyrolysis conditions. A more
detailed treatment is given in this paper which identifies the

source of these discrepancies and presents a better criteria for .,

determining when eq 1 is valid.
In this work, we demonstrate the validity of the assumption
k(T,P) = ko(T) depends far more on temperature than on

rﬁ)w Pa+s(E)Katp(E)P(E + EAB)eiE/kBTdE =

1 o )
T3 oo Pare(Ekaia(B)e “C'dE (6)

p(E)K(E)p(E)e ¢ TdE =

1 00 _
11 cJen PeBkc(B)e T <TdE

«/;EAB

molecular size especially at higher temperatures. We present a
fast, reliable, and convenient method for determining whether yhere Eng is the threshold (barrier height) for the reverse

the approximation of eq 1 will be valid, without performing a
precisek(T,P) calculation. The point of the calculations pre-

reaction C— A + B whose microcanonical rate kg(E), and
¢(E) is the fraction of C*E) that is stabilized to C. To arrive at

sented is to show temperature is the overwhelmingly important 3 simple general formula foPgyiicH(T), We approximatep(E)
variable in assessing the validity of eq 1, and molecular size is py the modified strong collision formula

a relatively small correction except at lower temperatures. The
purpose is not to resolve the many open questions regarding

how best to accurately calculakéT,P) a priori for complex

reactions in different bath gases, nor to improve the existing
literature on the specific reactions presented as illustrative

examples.

To aid builders of kinetic models, we present a formula for
Pswitch @s a function ofT and adduct size wher@syich is the
pressure at whick(T,P) begins to approadk,(T), within a user-
specified tolerance. Given a temperatilirehe kinetic modeler
can be confident of eq 1 at pressures abBygn but should
carry out a pressure-dependent estimatek(@iP) below it.

Analytical and numerical results are presented which validate

the formula forPsyitch and show how it can be used in practice.

Based on these examples we present rough guidelines for when
whole reaction classes should or should not be treated as true

pressure-dependent systems.

Il. A Simple Model for Estimating the Onset of the
High-Pressure Limit

For any fall-off or chemically-activated reaction through an
energized adduct C*, we define the transition to the high-
pressure limit to occur when the rate of formation of thermalized
C, ka+s—c, is given by

Kn+p—c(T,P) = koo,A+B—~c(T)/ (1+¢ 4)

wheree is a tolerance. For a choseneq 4 defines a curve on
a (T,P) grid such that the rate constant ”R) space well above
the curve (i.e., at highd?P and/or lowerT) may be considered
“in the high-pressure limit”. Similarly, the rate constant would
be pressure-dependent in regionsP) space well below this
curve (at lowelP and/or highefT). Only rarely would one know
k(T) to better than a factor of 2; thereforex 1 is a reasonable
choice. Fore = 1, the error incurred by assumingT,P) ~
k.(T) for the main channel A- B — C at anyT andP above
the curve defined by eq 4 will be less than a factor of 2 (This
criterion ensures most of the flux into C* will form thermalized
C, as it should in the high-pressure limit. In some situations
one is concerned with even very minor chemically-activated
channels; to predict their yields accurately, much tighter
tolerances may be required).

In terms of the microcanonical quantities, the microscopic
reversibility relation gives

Pa+a(E)Ka1(E) = pc(E + Exg)Kc(E + Epg) )]

wherepa+g andpc are the densities of states of-AB and C,
respectively, anda+s andkc are the rates of A B — C and

BRIM]
$(E) =
BRIM] + 3 K(E)

()

where the sum is over all the open reaction (dissociation and
isomerization) channels for CEj. Assuming simple Arrhenius
forms suffice to describe all high-pressure limit raktg€l) and
using the inverse-Laplace transfétexpression for the corre-
sponding microcanonical rates yields

ko (T) = Ae T (8)
_ rc(E—E)
k(E) = Ai—pC(E) Ei

where Hg; is the Heaviside functiomg; = H(E — E). The
density of vibrationatrotational states for a large molecule can
be approximated by the semiclassical expredsioh eq 4.78,
neglecting the factor gfg)

(E+Z)m_l r 87'[3|J 1/2

p(E) = . ©)
S i'\h
[

whereZ is the zero-point energyn is the number of degrees

of freedom (M = Nyibrations+ Nrotord2 = S+ 1/2), 1; is the moment

of inertia of thejth rotor, andv; is the frequency of théth
oscillator. Note that all the constants in eq 9 cancel whésn
substituted into eq 8. With these approximations, and after some
manipulation (see the Supporting Information) we obtain

\Nmf 1 e (m—1)w
Ja

S A1

BRIM] 4

dw =

E. m—1

- w(m— 1kgT + Exp

1+

1 .
e j; W e M ey (10)

wherew = (E + Z — Eag)/((m — 1)ksT), Z = hdd (2, a =
(hcw kg T)(/(m — 1)), andHgi = H((m — 1)wkgT + Eag —
Z — Ej). Typical values of the mean vibrational frequency for
organicsldOrange from about 800 crd to 1200 cnt?; here,
[wOwas fixed to 1000 cmt. To this level of accuracy, one can
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approximate the dimensionless variabléoughly the ratio of 4|4
zero-point energy to available thermal energy)eby hclwl Npgl |1+ 2K, T (Mm—1kgT—Z
(2kgT), the same for all molecules. k((ED =
o . . . V4] /4
This integral equation can be solved numerically to find the hol[1+ | == (M—1)kgT — Z+ Epp
(T,P) locus which defines the region where the high-pressure 2kgT 13)

limit approximation is accurate. However, analytic results are

more useful for our purposes. One can notice immediately if ~ The number of quantum states in the transition state for a
large molecule can be approximated by the semiclassical

ZA" < efik{M] (11) expressioh (cf. eq 4.75, neglecting the factor Sf)
I
(E _ EAB + Z)mfl r 8\7T3IiTS 1/2

the equation has no solution; at these high [M], the system can N;o(E — Epg) =
always be approximated as being in the high-pressure limit. For i 15 | h?
largem, the integrand on the right-hand side is sharply peaked I'(m) |_| hw;
(like a Dirac¢ function) atw = 1, and numerical quadrature is ' (14)
not really necessary. In fact, in eq 10 both integrands can be
replaced by simple function evaluationssat= (1 + a%)¥4 i.e., \_/vhere TS indicatc_e; vibrational_frequ_encies and moments of
72wl (m-Dgiy & (1 4 ad)m-Didg- (DY AW), where inertia of the transition state. Using this approximation and the

expression for the density of states in eq 9, the criteria for
Idescribing the system as being in the high-pressure limit
becomes

Aw is the width of the sharp peak. A similar substitution can
be made for the integral on the left-hand side using an identica
Aw element without significantly affecting the comput&gR)
locus. In this approximation (see the Supporting Information), BkIM] > k((ED =
which has been verified numerically, the equation defining the

(T,P) locus becomes . Ens m
hcla 4] 1/4
S AHG1- E mt _ Epg — Z+ kgT(M—1)[1 + (Ej ]
. Exs + (M= 1)1+ a) T s o
kP (I|_| vi)( I|_| (liTS)m)
PRIM) == (12) (15
(™0™
where : !

N In the products over the frequencies and the moments of
Hg=H(m— 1)1+ a&") 4kBT +Exp—Z—E) inertia, the denominator has one fewer frequency because the
reaction coordinate is not included. The ratio of these products

Equation 12 requires only estimates of s andEy's for is a frequency itself, presumably not very sensitive to the size

each reaction channel from the initial adduct, the collision rate, of the molecule, so eq 15 can be written in the form
and thelAE[; used to comput$ as inputs. It does not require IN(BKIM]) > In(v) + (M — 1) x
many of the details required for a detailed master equation (e.g., E
the vibrational frequencies or heat capacities of all the isomers Inl1 - AB
or transition states) nor all the multiple-well inputs required for 14 (hd}bT] 14

a QRRK calculation. Consequently, it is very convenient to use 2k T

eq 12 to compute the switchover pressure as a function of the

temperature (for any specified tolerargeto assess whether a Expanding the second logarithm on the right and keeping
more detaileck(T,P) calculation is necessary. A simple MAT-  the first term in the seriésyields

LAB computer program to perform this calculation is avail-

(16)
Epg — Z+ ks T(M— 1)

10 E hcld V4] 14
able: _ _ _ INBKIM]) > Inr) — =2 |1 + (—3 +
Why the Simple Microcanonical Argument Is Incorrect. kg T 2kgT
Before proceeding with a general discussion of eq 12 and its Ens 7 -1

implications, we once again reconsider the misleading argument (17)

based on eq 3 which concluded that large molecule reactions 2m=DkeT (M= DkeT
are never pressure-dependent. This incorrect argument implicitly For low temperatures, the term in square brackets in eq 17 is

assumesE is fixed, independent of molecular size ar : _ : :

- ’ . approximatehhda (2kg T) = Z/(mksT), roughly canceling with
However, in the real system, the reactants A and B are typically o |ast term, and the leading terms in the expansion for eq 17
thermalized before they combine, so the initially formed adduct .

C* has an average ener@¥~ misT + Eag Where for large

mand highT the first term can significantly exceed the second. In(BkIM]) > In(v) — 2(m— 1) (low T) (18)
More precisely, making the substitutidk(]= (1 + (hclw
(2ksT)HY4m — 1)keT — Z + Eap in the microcanonical According to this very rough model, the [M] required to

expression of eq 3 gives achieve the high-pressure limit will be exponentially dependent
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TABLE 1: Kk(T, P)/k«(T) Ratios for Important Large-Molecule (m = 60) Reactions as Predicted by eq 12

laboratory cool flame/reactor engine ignition flame
400 K, 1 atm 800 K, 10 atm 1200 K, 20 atm 2000 K, 10 atm

p-scission of R R* — R'* + alkené* 0.999 0.998 0.954 0.103

B-scission of R@ RO — RO+ R"*23 0.863 0.770 0.227 0.004

R+ O,— ROO?* 0.995 0.974 0.479 0.002

2R —R-R?» 1.000 1.000 1.000 0.379

ROOH— RO. +.0H?*% 1.000 0.997 0.846 0.006

*OH + aromatié’ 0.613 0.447 0.074 0.001

CoH, + aryl radical§ 0.991 0.986 0.876 0.029
on the size of the adduct at very loWw However, for higher  In(Pg,) = In(ﬁ +(Mm—1) x
temperatures, the first term in braces is close to unity, and for epks
largemandT it dominates the sum; therefore, the leading terms nl1— Ens 29
in the expansion for eq 17 are n held [¥4] /4 (22)

Exg T KgT(m—1)[1+ —ZkBT
E
In(BkIM]) > In(v) — ﬁ (highT) (19) AR
IN(Pyyiter) = IN|——| —
( SWI'(C|’D (eﬁkS
In this rough approximation, the required [M] to achieve the 1+ hclo O ME 1 - (23)

high-pressure limit does not depend significantly on molecular KT Exg 2(m—1)

size but has a strong Arrhenius temperature dependence (which

arises because the initial energy of the adduct depends on the Equations 21 and 23 make it easier to see how temperature

thermal energy of A+ B). The microcanonical rate constant and molecular size contribute to the switchover pressure. At

will likewise be sensitive tdT, but relatively independent of  |ow temperature, the term in braces is sensitive to the last term,

molecular size at high temperatures. This improved microca- and increasing the size of the adduct reduces the switchover

nonical argument based on eq 2 agrees qualitatively with the pressure. At higher temperature, the first term in braces

more precise eq 12. dominates, and the molecular size dependence is greatly reduced.
Implications of the Simple Model. Although eq 12 can be ~ For any temperature, because of thenldependence, the

easily evaluated numerically, it is complex enough that it may Switchover pressure reaches the “large-molecule-limit” when

be hard to see the fundamental physics. Judicious approxima-m> Eas/(keT).

tions make the physical behavior of large-adduct pressure- Testing the Simple Model.We compare the results of eq

dependent reactions more transparent. For a reaction with largel2 against well-established methétid* as implemented in a

m, the channel with the smalle§twill often dominate the sum. ~ Substantially improved multiwell version of CHEMDISThis

Let the Arrhenius parameters for the lowest energy exit channel improved CHEMDIS approximates the effective collision

be Aowes: and Eowes: Keeping only this term and rearranging, Parametep using a complex form suggested by Gilbert etoal.
this approximation gives We have found our expression fBewici(T) agrees quite well

with CHEMDIS even when the collision efficiengy used in
our expression (eq 12) was evaluated from the simple 5Troe

IN(Pg,er) = |n(M +(m-1) x expressionp/(1 — Y2) = —[AEQ/(FeksT). In our egpression,
€K, Fe was assumed to be 1.15 (cf. Table 2 of ref 16); the value of
E owest the average energy transferred[AE[])) was taken from
Inj1— hepna (20 Gardiner!’ In both CHEMDIS and our expressions, Lennard-
Epp + kg T(M — 1)’1 + (_3 ] Jones collision raté&for an argon bath gas were used kgr
2T values for collision diameters and well depths were taken from

Hippler et al!® The densities of stateg(E) required by
CHEMDIS come from the heat capacities fitted to the three-

Expanding the term in braces and keeping the first term in frequency form proposed by Bozzelli et al. using their THERFIT

the series yields

software?°
Aowes Eowest Ill. Results
IN(Pgitcy) = IN Bl - X
AB lowes The contour plot ofk(T,P)/k.(T) in Figure 1 demonstrates

2ksT — Elowest+ 2(m—1) reaction GoH7 + C;H; including all the multiple-channel and
low-barrier isomerization pathways proposed by Richter ét al.
An interesting feature of this strongly chemically-activated
The first term in square braces contains the energy differencereaction is the presence of several isomerization channels which
between the entrance and exit channels and accounts for thehave barriers much lower{L50 kJ lower) than the decomposi-
fact that chemically activated reactions are further from the high- tion back to GgH7 + C,H,. These low-barrier isomerization
pressure-limit than the corresponding “fall-off” reaction through channels compete with collisional stabilization and so determine
the same adduct. For the special case of fall-off where there iswhere the reaction is in its high-pressure-limit. Despite the
only a single channel for CH) back to A+ B, egs 20 and 21 ~ complexity of the system, our approximate calculatiorFQyicn
trivially reduce to eqs 22 and 23, respectively: via eq 12 accurately locates the “transition regime” (gray area)

{[1 N (hc@uﬁ“]”“ kg T 1 }1 (21) the quality of these expressions for the chemically-activated
2E,g
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Figure 1. Switchover pressures [pressures WhdEP)/k.(T) = /]
predicted by eq 12 for gH; + CH, — Ci0H,CHCH plotted over
contours ok(T,P)/k.(T) as calculated by CHEMDIS (including multiple
competing chemically activated channels). In the regioT@?)(space
above thePsyich curve, this rate can be approximated by the high-
pressure limit. Our approximate calculation fewich Via eq 12
accurately locates the “transition regime” (gray area) between the
pressure-dependent and pressure-independent regiofdPpfspace.
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Figure 2. Switchover pressures [pressures WhiefEP)/k.(T) = Y-
due to falloff] predicted by eq 12 for £l — C;H4 + C;Hs plotted
over contours ok(T,P)/k.(T) as calculated by CHEMDIS.
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Figure 3. Switchover pressure [pressure Whk(E P)/k.(T) = Y] plots

using different values om (= Nuibrations T Nrotord2), the number of
degrees of freedom in the adduct. Other parameters of eq 12 are identical
to those used for &is + C;H, — CeHsCHCH. The switchover pressure

is only weakly dependent on adduct sime~ 3N — 6 above 800 K,

and at typical combustion conditions indicated by the star(1800

K, P =1 atm), even a reaction that forms a very large adduct can be
pressure-dependent.

will have substantial uncertainties in the rate and collisional
energy transfer parameters; likely, the true uncertainty in
predictedk(T,P) will be larger than this factor of 3 variation).
For a given temperature, the switchover pressure is weakly
dependent on the adduct size particularly at high tempera-
tures, as shown in Figure 3. It is clearly demonstrated in Figure
3 that the ratidk(T,P)/k-(T) is largely a function of temperature
and to a lesser extent the molecular size of the adduct. The
spread of this ratio between a small molecule (11 atoms;
27) and a very large onen(= 1000) varies between 3 orders
of magnitude at low temperatures to less than an order of
magnitude at high temperatures. For reactions involving large
molecules (more than-810 heavy atoms), the high-pressure
limit approximations used in ref 4 are valid at low temperatures;
however, these assumptions can incur serious errors if applied
to high-temperature conditions. Under typical flame conditions
(T = 1800 K,P = 1 atm) the important reaction between very
large aryl radicals and acetylene to form polycyclic aromatics
and other soot precursors is not in the high-pressure limit.
Virtually all existing soot-formation models may have to be

between the pressure-dependent and pressure-independent rée€xamined.

gions of (T,P) space, using minimal inputs. The contour plot of
k(T,P)/k»(T) in Figure 2 illustrates the same method applied to
the single-well dissociation of g using the parameters of

Knyazev et af! Similar accuracy is seen in plots for several

other important reaction classes, both chemical-activation cases

and falloff cases with quite different potential energy surfaces,
presented in the Supporting Information.

All the equations presented here as well as the CHEMDIS
calculations are only approximations to the full master equation
treatment. The ratiogT,P)/k.(T) predicted by our simple model
and CHEMDIS are compared with detailed master equation
calculations in the Supporting Information for the multi-well,
multichannel chemically activated reaction ofHs + C;H, at
1000 K. The potential energy surface and values for the input
parameters for Multiwelf were taken from Richter et &lAll
methods agree within a factor of 3; similar good agreement

In Table 1 we list some important reaction classes, and
indicate the ratid(T,P)/k.(T) (= 1/(1+ ¢€)) for a 22-atom adduct
(m = 60) as predicted by our approximations in various
pressure-temperature ranges of technological importance. The
equiredA’s andEg’s for all the channels of each reaction were
taken from literature sources indicated in the table. In general,
if K(T,P)/k(T) < 1/2, pressure dependence cannot be ignored.

IV. Conclusions

At high temperatures, the switchover pressure for reactions
through polyatomic energized adducts depends only weakly on
molecular size. The common belief that falloff and chemical
activation can be ignored for reactions of large molecules in all
temperature ranges is incorrect.

Our simple formula forPswite(T), €q 12, requires as inputs
only estimates of th&’s andEjy’s for each reaction channel, of

between master equation and modified strong collision models the collision rate, and\E[;. A user-friendly code for comput-

has been observed in several other c&3&s# (Any calculation

ing the switchover pressure using eq 12 is availdblEhese
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rough estimates of the switchover pressure are sufficient since  (2) Matheu, D. M.; Lada, T. A;; Green, W. H.; Dean, A. M.; Grenda,
the transition from “pressure-dependent” to “in the high-pressure J- M- Comput. Phys. Commu@001, 138 237. '
limit” is not very sharp (cf. Figure 1). However, if itis necessary 2005*3%5""3}3“9“' D. M.; Green, W. H.; Grenda, J. Mt. J. Chem. Kinet.
to accurately. predict minor channel yleld_s, much t_|ghter (4) See, for example: (a) Larson, C. W.; Patrick, R.; Golden, D. M.
tolerances will be needed. Furthermore, if the estimated combust. Flame984 58, 229. (b) Curran, H. J.; Gaffuri, P.; Pitz, W. J.;
switchover pressure given by our approximation is within a Westbrook, C. KCombust. Flamel99§ 114, 149.
factor of 10 of the pressure of interest, it is advisable to perform (5) Troe, J.J. Phys. Cheml1979 83, 114.
a more detailek(T,P) calculation using a more preciggE) (6) Richter, H.; Mazyar, O. A.; Sumathi, R.; Green, W. H.; Howard,
than the simple generic expression used here (eq 9). J. B.; Bozzelli, J. W.J. Phys. Chem. 2001 105 1561.

Our analysis of the molecular size dependence of falloff and ~ (7) Dean, A. M.J. Phys. Chem199Q 94, 1432.
chemical activation indicates many types of reactions are  (8) Richter, H. Private communication.
pressure-dependent even for very large molecules and even (9) Forst, W.Theory of Unimolecular Reaction&cademic Press: New
under relatively high-pressure conditions. Notalflyscission York, 1973, )
reactions of alkoxy radicals, additions of OH to aromatics, and ~ (10) See: http://web.mit.edu/greengp/Software/. _
additions of Q to radicals are pressure-dependent under most Prééﬂts Za;ﬁsgc}.e;yz,céag%i(?grhelgl.Sl\grrnalg)lieésgg:f Té%%r?g_’ escfrl'?gi;g()j_
conditions. Under typical flame conditions, most reactions (12) Dean, A. M.J. Phys. Chem1985 89, 4600.
through ao!ducts are not in thel high-pressure I|_m|t even .atllo 13) Westmoreland, P. R.; Howard, J. B.; Longwell, J. P.: Dean, A. M.
atm, even if the adducts are quite large. Essentially all existing AIChE J.1986 32, 1971.
flame models for fuels heavier than methane have neglected (14) westmoreland, P. R.; Dean, A. M.; Howard, J. B.; Longwell, J. P.
this effect and will need to be reexamined. J. Phys. Chem1989 93, 8171.

(15) Chang, A.Y.; Bozzelli, J. W.; Dean, A. M. Phys. Chen2000Q
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