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Abstract

Kinetic data for multiple OH-alkane reactions, including primary kinetic isotope data, can be fit simultaneously to extract constrained contri-
butions from transition state vibrational activation, zero-point energy, and tunneling. We use data for single-pathway reactions: OH + methane
ethane, and cyclohexane, to obtain optimal ‘intrinsic’ parameters common to all reactions. This is possible because parameters specifid to individu
reactions, such as the pre-exponential term, can be accurately calculated with ease. Several intrinsic parameters — the barrier heighg the tunnel
temperature (imaginary frequency) and a transition state bending frequency (the radical attack angle) — scale together from reaction to reactio
This scaling is so precise that we can accurately fit data for OH + methane using intrinsic parameters derived for OH + ethane and OH + cyclohexar
using only a single free parameter (the scaling factor). This strongly confirms our underlying hypothesis about the physics controlling the key
transition state parameters and suggests that extrapolations in temperature and predictions for unmeasured reactions are potentially robust.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ing to obscure the relationship between the electronic potential
energy surface (PES) and temperature-dependent rate constants.
Reactions of alkanes and hydroxyl radicals (OH) initiateFor reactions such as these, the region near a well-defined saddle
hydrocarbon oxidation sequences and constitute the dominapbint does indeed control the rate constant, and the energy of this
sink for OH in the atmosphere. These reactions are equallgaddle — the barrier heighff, — does indeed play a vital role in
important in high-temperature combustion. Consequently, théhe rate constant. There is also a well-defined pre-factor (related
extent and accuracy to which we know their rate constants limitso the Arrhenius A factor) that we can calculate with great accu-
the predictive abilities of chemical models. However, the myriadracy. However, at least three factors significantly influence the
of hydrocarbons and broad temperature range relevant to theste constant beyond the barrier height and pre-factor. First, zero-
fields make the task of data collection daunting, highlighting thepoint energy changes, especially from vibrational modes both
need for atheory of reactivity capable of predicting unknown ratdormed and lost in going from reactants to the transition state,
constants. Furthermore, the H-atom transfers are among the ma@stgment the electronic energy. Second, vibrational excitation
basic of reactions, soitisimportant to understand their dynamicsf key loose modes at the transition state greatly enhances the
in detail as part of a comprehensive theory of reactivity. rate constant. This excitation corresponds to off-axis collisions
The connection between computational and experimentdly the attacking radical that nonetheless have sufficient energy
kinetics is a challenging one because the dynamics of even ‘sinte initiate the reaction, especially when the reaction channel is
ple’ reactions such as H-atom transfers are sufficiently interestelatively ‘wide’; it thus relates closely to the phase function of
the cross-section for reactive scattering. Third, especially for H-
atom reactions, tunneling can play a very significant role. This is
* Corresponding author. Tel.: +1 412 268 4415. most important at low temperature for reactions with relatively
E-mail address: nmd@andrew.cmu.edu (N.M. Donahue). high and thin barriers.
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Computational reaction dynamics studies build up a ratehe electronic potential energy of the reactants), the barrier width
constant, with either canonical, microcanonical, or trajectorydefined by the imaginary frequency, expressed as a tunneling
calculations. They typically explicitly calculate each of thesetemperature), and two nearly degenerate transition state bend-
critical terms: the ‘Born-Oppenheimer’ surface of course, thang modes (corresponding to the collision angle of the radical
zero-point correction, the phase function or the vibrational parrelative to the &H bond axis), all evolve in a highly corre-
tition function at the transition state, and a tunneling or quantuntated manner, with the barrier height, tunneling temperature,
transmission coefficient. The combined terms are then comparezthd bending frequency declining together as the curve-crossing
with experimental data, though in very, very few cases has thienergy defining the transition state drops from one reaction to
been accomplished successfully without at least some paramtie next.
ter tuning. Because they are time intensive, these studies almost Our basic function is based on transition state theory, includ-
invariably focus on a single-reaction. ing tunneling. The starting point is a functional form presentedin

It is tempting to ask whether experimental data can be minedeveral papers over the last decfideOur early work explored
to constrain some or all of these terms accurately. This turnthe physics controlling the curve-crossing itself, establishing
out to be nearly impossible for a single-reaction, but by analyzthat changes in the curve-crossing energy were driven almost
ing multiple reactions within a unified theoretical framework, it entirely by changes in an ionic-excited state defined by a single
is possible to invert data to discover the contributions of theselectron transfer from the donor hydrocarbon to the acceptor
terms to multiple reactions. For this purpose, we have developetdical (with initial energy IP-EA)2]. We confirmed the basic
a method for determining computationally relevant parametersalidity of our central hypothesis for atom—alkane reactions in a
from experimental data. The method simultaneously fits setsubsequent papgs], considering only reactions with a single-
of data for the reactions of OH with a homologous series ofeaction pathway to simplify the analysis. Here we extend this
standard and deuterated alkanes, allowing the variations withimeatment to OH—alkane reactions, which forces treatment of a
and among datasets to constrain fundamental physical param@&ore complicated transition state because of the added modes
ters that are generally inaccessible using single-reaction kinetigglated to the linear radical, but which also provides a richer
studies. Using this method, we are able to abstract parametedata set including high-quality primary kinetic isotope data for
such as the Born-Oppenheimer barrier height and the transitidiully deuterated alkanes. As before, we focus our attention on
state vibrational frequencies, which are characteristic not just afeactions with a single-pathway — specifically OH + methane,
an individual reaction, but of the entire reaction series, from thesthane, and cyclohexane.
available experimental data. The method is tied to the fundamen- The function focuses on key modes undergoing a substantial
tal chemical physics controlling rate constants and consequenttyansformation as the system moves from reactants to the tran-
demonstrates considerable skill in extrapolation — both extendsition state — for example, reactant translation orthogonal to
ing beyond the range of individual measured rate constants arttle reaction coordinate becomes rotation at the transition state,
predicting the behavior of additional reactions with a single scaland the rotations of the individual reactants become bending

ing parameter. vibrational modes. The reactants have six translational and five
rotational degrees of freedom, while the transition state has three
2. Methods of each; therefore, five internal modes of the transition state cor-
respond to external modes of the reactants. Those five modes
2.1. Background dominate the rate constant, and they are depict&thinl. Only

one of these modes is relatively simple to treat — the internal

Our objective is to develop a function to fit kinetic data rotation of the G-H directly corresponds to one of the OH exter-
that can describe an individual rate constant over the fulhal rotations. This leaves four internal transition state modes
temperature range, from combustion temperatures to 100 Krucial to determining the rate constant.
and below, while also describing the kinetic isotope effects. On Energies important to the transition state are showsign2
top of this, we wish to describe and understand the evolutiomn this paper we shall describe energies in Kelvin, so for the sake
of the rate constant through a homologous series of reactionsf consistency we will use characteristic temperaté@re&/R,
so the function should be able to describe this evolution witithough we shall discuss frequencies in wave numbers, with
the minimum necessary physics. Ultimately, this serves @&, =1.44. The important energies include the electronic energy
practical and a fundamental purpose. The practical purposaf the reactants (which is the reference), the zero-point energy
is to accurately extrapolate rate constants well beyond thkost from the reactants at the transition state fpresumably
experimental temperature range and also to accurately prediotostly the lost ©H stretch in the alkane, which is the reaction
branching ratios in reactions with multiple pathways wherecoordinate at the transition state), the zero-point energy gained
branching data are unavailable. The fundamental purposiom the four transition state vibrations discussed above, and a
is to study the chemical physics that controls the propertiesan der Waal’s energy,, which serves as a reference energy
critical to determining rate constants and to test a specifior the barrieg =6y, — 6y and is important when various terms
hypothesis of how that physics evolves in homologous reactioare scaled for different reactions. These are joined by the imagi-
sequences. nary frequency of the reaction coordinate itself, which we depict

That hypothesis is that the Born-Oppenheimer barrier heights a characteristic tunneling temperatuig ¢ee below). The
(the electronic potential energy of the transition state relative tadiabatic transition state critical ener@y; is the zero-point
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2.2. The single-reaction function

V3 The canonical transition state theory (TST) rate constant, cor-
rected for tunneling, is
keT QT
k =nni(1/T, Qt)T@tEXp(_(QO + Abzp)1/T) 1)

whereny is the number of equivalent hydrogens in the alkéne,
the tunneling correction, ari@ 7/4 is the residual partition func-
tion for the reaction coordinate. Following standard practice, we
break the partition functions for the transition sta@ ) and

the reactants@™2) into terms for different modes of motion:

0 = QeleQiranLrotQir Ovib, Where ‘ir’ connotes internal rotors.
Because of the ratio in Eq1), only modes that change sig-
nificantly from the reactants to the transition state contribute
significantly to the rate constant. Furthermore, the translational,
and rotational parts of the expression are extremely well known
—even acrude estimate of the transition state geometry will give
accurate moments of inertia. The electronic term for the reac-
tants (the OH radical) is also well known, and we shall assume
that the transition state electronic degeneracy is simply 2. Tak-
ing the log of Eq.(1) and grouping the terms, we arrive at our
basic equation for the rate constant:

Fig. 1. Modes associated with OH attack on an alkane, with the simplifyingln Xk = Inny + Inx 4+ In Qyip + IN gelec+ IN B

assumption of a linear-©H—C structure. Translation of the OH radical becomes

two quasi-degenerate-€H—C bends 1) and one G-H—C stretch (2, which is +In(1/T) — ((Bo + Abzp)1/T) )

the reaction coordinate far from the TS geometry). Rotation of the OH becomes

an H—O—H bend ¢3) as well as an internal rotation about the®—C bond. ~ The overall temperature dependence (specifically the7In 1/

Othercrucialfactorstothetransitionstatearealsoshown,includingthetunnelinterm), results from the net effect of six translational modes
(x), which is controlled by an imaginaryfrequency here expressed'as atupnelirgecoming three translational modes and five external rotations
temperaturﬁé(l, see text) as well as lost zero-point energy associated with theoecoming three external and one internal rotations at the tran-
CH strefch &) sition state — the pre-factor (B) in Eq. (2) is independent of
temperature.

For the purposes of fitting and interpretation, it turns out to
é)e expedient to separate Kf) the following way:

corrected electronic energy + Af,p, WhereAdp=(1/2) 1.44
(2vy +vo +v3 —8v).

Almost all of the other vibrational modes of the reactants hav
a minimal influence — their only significant role, if they have |n x — [in «] + [In Qvin] — [Abzp/T] + [Inny
one, is to change the overall zero-point energy of the system.
The exceptions are very loose modes, torsions and backbone +Ingelec+INB+IN(A/T) — 60/ T 3)
undulations that may change frequency at the transition Stat%e shall consider each of the bracketed terms in turn, working
for the most part these modes influence the preexponential Wom fiaht to left: first is the ‘Born-Oppenheimer’ term"
proportion to the fractional change in frequen@J@/Q\'}b ~ g ' P '
vrs/vR). For this reason, we treat these modes as causing [th ny + In gejec+ IN B + In(1/T) — 6o/ T]

constant contribution to the rate constant and include them with )
the other parts of the constant pre-factor. It contains numerous parts but only one real unknown — the

barrier, 6o, itself. We use the number of equivalent hydrogens,
ny instead of a rotational symmetry number as this will make
later treatment of substituted alkanes and their isotopomers far
simpler. The electronic partition functiogeec, combines an
assumed transition state degeneracy of two with a spin—orbit

1y (2vy#vytvs3)

=l splitting for 2IT1/» < 2135 of 126.23cnT? [4] for an overall
ratio:
In gelec = —IN[2 + exp(—1.44(12623/T))] (4)

Fig. 2. Energies important to the transition state (in Kelvin). The critical energy

(9p) is the sum of a barrier ternd) and a van der Waal's term-@,). Tunneling With the negative sign showing that the net effect is to reduce

depends on a tunneling temperatéyeelated to the imaginary frequency. Zero- . , .
point energy is subtracted by modes lost from the alkdneand gained at the the rate constant. The ‘pre-factor’, Brarises from the external

transition stater, vy, vs, also depicted ifFig. 1 modes, the internal OH rotation at the transition state, and any



A.M. Sage, N.M. Donahue / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 238-249 241

loose vibrations whose frequencies change enough to contributd: point to emphasize is that tunneling occurs through the zero-
point corrected barrie®g;t). While the tunneling temperature
o _3p | IREs O can be related to the imaginary frequengys hw;/(2kg), we
INBx~In|{107u >3 react (5) . ' Y
12,13 Q€ regard this function as a parameterization for the far more
OH*mol =vib . . .
complicated dynamics of tunneling and thus do not expect

wherey is the collisional reduced mass, in aniggandr® |, the  that computational imaginary frequencies will be appropriate.
products of three moments of inertia for the transition state andhe tunneling temperature is simply the temperatbrw
the alkane/3,,, the moment for the linear OH rotation ahg ~ Whichx>> 1 —forexample fof'=6; = 100 K andbcrit = 1000 K,
is the (nearly identical) moment for the internal OH rotation, allx = 10. Using multiple datasets, including primary kinetic iso-
in amuA2. Finally, 013 /%% ccommodates any vibrations tope effects, we propose to constrain the tunneling coefficient
shared by the reagents and transition state that may be suffiSingx andé; as the function and adjustable parameter with the
ciently loose and different to have a ratio different from unity @Ppropriate characteristics.
(backbone bends and torsional modes). The residual temperatureAt this point, there are seven ‘free’ parameters associated
dependence is T/ which yields the overall behavior shown. ~ With Eq. (3): {InB, 6, 64, v1, v2, v3, év}. These parameters
One of the keys to our fitting approach is that this completecan be used to fit rate constant data for a single-reaction with a
In B term can be tightly constrained with minimal effort, using Single reactive pathway, provided that some a-priori constraints
low-level ab initio or semi-empirical transition state structurescan be applied to condition the fit. In this case, we expect the
or even an educated guess. In our case we use a combinatigrPosteriori parameters and uncertainties to relate to the chemi-
of high-level structures from the literatuf®,6], and structures ~ cal physics responsible for them, described above.
found using either Hartree-Fock or density functional calcula-
tions, keeping to a single level of theory for a single-reaction to?-3- Kinetic isotope effect
ensure that errors cancel. In practice, the residual contributions
of loose backbone modes for reactions like OH + cyclohexane Our ultimate objective is not to describe a single-reaction
are the leading sources of error indnand that error is small. ~ but a succession of them. Specifically, we want to treat the pri-
The next two bracketed terms in Hg) are fairly straightfor- ~mary kinetic isotope effect (pKIE) due to deuteration as well
ward. Firstwe have the zero-pointenergy terx@y/ T, which ~ as the evolution of both the protonated and deuterated rate con-
includes contributions from the vibrations already discussedstants from one reaction to the next in a homologous series. The
We Separate this from the ‘Born_Oppenheimer’ term becaus@KlE is relatively Straightforward. Deuteration lowers the tun-
changes to the zero-point energy term are a major contributor taeling temperature by lowering the imaginary frequency, and
the primary kinetic isotope effect. Next is the vibrational con-it also lowers the frequency logs. In both cases we expect
tribution due to the ‘new’ transition state modes, v, andvs,  the effect to scale with the square root of the ratio of reduced
giving masses in the protonated and deuterated systems for the impor-
tant modes, which we will calt, i.e.6P = 6/, /i. We assume
In Qvib = —[2In(1—exp(144v1/T)) + In(1 — exp(144v2/T))  that the reduced mass for tunneling and the vibrational change
are the same, and that the ratio is approximately 2. In addition
(L — exp(144vs/ T))] © to this effect, there is a small change in the pre-facidm,B,
In practice, only the contribution fromy is interesting — the  for the deuterated system#® =In B — §In B. The deuterated
frequency is low and it varies from reaction to reaction; whilesystems collide somewhat more slowly because of the larger
this mode is obviously not degenerate in the real reaction, treafeduced mass and smaller change in moments of inertia. This
ing it as quasi-degenerate with a single frequency significantlgan be calculated to higher accuracy than evehitself.
simplifies the fitting and, as we shall show, it works well. The
two other frequencies are high (at 740 and 1000tmas we  2.4. Homologous series
shall discuss below. When the temperature is equal to the fre-
quency of a vibration the partition function is only 1.3, meaning  The evolution in a homologous series is more interesting.
that the rate constant is increased by 30% due to activation @ crucial theoretical finding is that the three most important
this mode; consequently, the stiff modesand vz contribute ~ parameters in Eq3) —6p, 6;, andvy — are highly correlated. In
only modestly to the overall vibrational partition function even particular, the physics that drives variations in the barrier height
at the highest temperatures. However, the zero-point energy fmultaneously drive variations in the imaginary frequency (and

these stiff modes is substantial. thust;) andinthe TS bending frequenay §. As the barrier low-
The tunneling coefficient;, is based on Truhlar's one dimen- €rs from one reaction to the next, the reaction channel gets wider
sional function[7]: and the barrier gets relatively broader. This is because these
terms all arise from the same frontier—orbital interactions; the
6/ T (ex K@t _ 1) 9crlt} _ 1) T <o bending, for example, is defined by a quadratic energy rise from
6/T —1 T 6 = the transition state minimum as frontier orbital overlap decreases

away from the optimal orientation. The absolute curvature is
thus a dimensionless overlap term scaled by the crossing energy;
(7)  as the crossing height drops, so does the bending frequency.

T T i
76/ 0/ exp |:(9t ) Ocrit

: - A _q) Tt oy
sin@oy/T)  1—6yT T et} ~
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This is responsible for the emergence of “stripping” behaviompanels, the black line shows the pKIE due to changes in the pre-
seen in low barrier reactions, such as Cl+ethane. It is alséactor (§In B), the blue line shows changes due to zero-point
why there is usually a tight relationship between barriers an@nergy changes, and the red line shows changes due to tun-
A-factors; this is discussed in detail in our earlier wskl]. neling Aé;. The left-hand reaction is slow, with a large scaling
The theoretically derived correlations among the parameter&ctors, while the right-hand reaction is fast, with a small scaling
permit well-constrained fitting of rate data to functions of thisfactor.
form. This in turn provides a much tighter link between rate data For the top panels iRig. 3we have idealized the form of the
and theoretically derived barriers. In particular, dg@arameter  ‘Born-Oppenheimer’ rate constant, neglecting curvature driven
obtained from a fit using Eq23) is closely related to a Born- by either the In 17'term or the electronic partition function. The
Oppenheimer barrier, whereas thgobtained from a log-linear constraints begin at the intercept of the black and blue lines,
Arrhenius fit is not. From the perspective of fitting rate constantwhich is determined by IB. High-temperature rate constants far
data, this means that as we move from one reaction to the next, vedove this value rely almost exclusively Oqip, which is dom-
expect the three parameters to scale together, following a singieated by frequencies well to the right of a given temperature
scaling parametay, for reactiom. As itturns out, the datareveal (for example, in the first panel is shown at 250K, so it dom-
a slightly more complicated relationship — the apparent barriematesQ.i, below at least 1000 K). The fundamental slopes are
changes more rapidly than either or 6;. A fully consistent governed by the barrier height as well as the zero-point energy.
interpretation is that the reference energy for the curve-crossingt relatively low temperatures, tunneling can increase the rate
physics is lower than the reactant energy by an amount we refeonstant, as shown. Moving from a slow reaction to a fast one
to ashy, shown inFig. 2 (a van der Waal’s energy). (left to right panels), the simultaneous lowering of the barrier,
bending frequencyyg) and tunneling temperature will lower
O = b + Oy the apparent slope (the activation energy), significantly increase
With that addition, relative to a reference reaction, 1, the correthe offset between the observed rate constants aBé@tigh-

lated parameters for a second reacticare temperature, and sharply reduce the tunneling (note thatthe
andé; indicators move to the right in the second panel).
Ob.n = Snbb.1 (8) In our model, the pKIE has only three contributing factors.

The pre-factor changéln B provides a constant offset at all

On = a0t ©) temperatures. The zero-point energy change is due solely to the
and change indv: Adv = év (1 - 1/,/i). We expect this factor to
generate a pKIE that increases toward low temperature in a lin-
Vin = SpV11 (10)  ear fashion, as shown. This contribution is identical across the
homologous series of reactions. Finally, the tunneling contribu-
2.5. Fit interpretation tion will generate a non-linear increase toward low temperature,

with the magnitude changing dramatically across the series of

Inthis model, we consider the rate constants for reactions in eeactions. Because our model contains only these three contribu-
homologous series to be governed by a set of intrinsic parametetisns to the pKIE, the inversion (the fit) will apportion contribu-
common to all of the reaction$dy, 5,0y, s,6t, spv1, V2, v3, 8V, tions to each term; as such it cannot prove that these three terms
u}, and a smaller set of parameters specific to each reacticmlone dominate the pKIE but it can demonstrate consistency. One
n: {sn, nn, INB, §In B}. The specific parameters other thgn  possible influence we neglect is any variation in the new transi-
are more or less exactly known — we shall fit them withouttion state frequenciesq, vz, v3) upon deuteration — while we
allowing any significantvariation. The scaling paramegtétself ~ do not expect this to be large, in some cases the contribution of
is perhaps the most fundamental; we expect it to vary with the,, to the overall rate constant in E) is so substantial that
excited state energies driving the curve-crossing energy (e.@ven a small change iB,i, could influence the pKIE.
IP-EA). Some of the intrinsic parameters are less well known, While our overall functional form has quite a few parameters,
while others we can constrain; for instance we expectitha®  they are all either tightly constrained a-priori or forced into an
and will fit data with this constraint, and computations showintricate relationship by the data. Consequently, we expect that
vo ~ 760 cnt ! andvz ~ 1000 cntl, which we will constrain  success in treating multiple reactions within this framework will
as well (though not absolutely). strongly test and confirm our underlying hypothesis.

The rest of the parameters are constrained by multiple data
sets. The relationships are showiirig. 3, which shows the styl-  2.6. Fitting specifics
ized contributions of these various parameters to two reactions
(in the top panels) and their primary kinetic isotope effects (in  Our actual fitting procedure is to code the functions above
the bottom panels). We plot ‘rate constants’ due to the brackand to carry out standard non-linear least-square optimization
eted terms in E((3). The black line is the ‘Born-Oppenheimer’ with constrained parameters, as described in an earlier publica-
rate constant, including the electronic partition function, as distion [8]. The significant detail is that we provide both a-priori
cussed. The blue line adds the zero-point energy correctioparameters (the guess) and a-priori parameter uncertainties (the
while the green line adds the vibrational partition function, andconstraint). These parameters are treated as normal constraints,
finally the red line adds the tunneling correction. On the lowemmeaning that the objective function is penalized in proportion
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Fig. 3. Interpretation of fit parameters (see text for the relevant functions) for two reactions, one slow (to the left) and one fast (to the rigtgjnéterpsignificant

to different terms are shown on the figures, with placement indicating the rough temperature ranges where each parameter is most tightly cdnseaaragle—

the pre-factor (IrB) constrains the intercept. The top panels show the rate constant. The ‘Born-Oppenheimer’ rate constant, including the electronic potential ene
surface and the electronic degeneracy of the reactants and transition state, is shown in black. The zero-point corrected rate constant (aslamr@ageinghe
effective barrier) is shown in blue. The contribution from active transition state vibrations is shown in green, while the contribution frongtisnstetiwn in red.

The lower panels show the kinetic isotope effect. The effect of pre-factor changes is shown in black. The effect of zero-point energy changes biushdiine i

effect of changes to the tunneling coefficient is shown in red. Slow reactions with a high barrier (and light reagents) have a relatively largeluteafattong
temperature dependence. The transition state vibration isstifft(250 K) and tunneling is importani;(at 150 K). Fast reactions with a low barrier (and heavier
reagents) have a relatively small pre-factor but a slight temperature dependence. The transition state vibrationjgtdo&eK) and tunneling is negligiblé;(at

125K and a low barrier). The kinetic isotope effect due to zero-point changes is identical in each case, but tunneling is far more important inahgaiow r

to the square of the number of standard deviations away fromuantitative, but the data do not constrain them significantly.

the a-priori guess that the ultimate parameter estimate lies. F@onsequently, we can provide a looser a-priori constraint — for

instance, for a well-known parameter such ag,lwe might pro-  example 76@: 20 for vs.

vide an a-priori estimate 6£22.254+ 0.02, and the a-posteriori

estimate will be unlikely to deviate much more than 0.02 from3. Results

that guess, unless the data are grossly inconsistent with that con-

straint. Selected subsets of the available literature data for the reac-
The constraints can play two roles. The first is that we reallytions of OH with methang9-13], ethane[14-19,2,20-22]

do have good a-priori information on the parameter value —and cyclohexang23,19,14] and their perdeuterated analogs

{InB, §InB, ny} fall into this category. The second is simply [10,11,14]were fit, both individually and simultaneously, to the

to condition the fit. For example, we shall include all of the function given in Eq(3). Because we are interested in both abso-

‘intrinsic’ parameters defined above in even our single-reactiofute and relative values of rate constants (both the pKIE and the

fits, but in this case the van der Waal’s tefgnand the barrier differences between different reactions are relative phenomena),

term 0 are degenerate, so one terméy; must be specified we must be very careful to consider the absolute accuracy of the

arbitrarily (or, in fact, based on subsequent determination of thindividual data from each publication. It is safest to consider

best value). Some parameters fall in the middle — for exampléigh-quality data from a single laboratory; for example, kinetic

we regard ab initio determinations 03 and vz as only semi isotope studies from the Tully laboratory form the foundation
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for this work. However, we propose to use the wider literature
to greatly extend the temperature range of individual datasets,
and so we must go beyond individual laboratories.

We can include individual calibration factors with each data
set, in essence fitting for the systematic errors in each experi-+
ment[8]; however, to include these parameters in the already g
extensive fitting exercise described above would be overwhelm- '
ing. Instead, we have selected literature data which show stronc
overall agreement when we fit the individual reactions includ- -
ing a calibration factor (error factors less than 5%); visually,
this can be verified by the absence of any systematic offsets
between different data sets over a common temperature range
The sole exception to this is data from an extremely low tem- :
perature study of OH + ethane using the CRESU Lavalle nozzle s I ; | ; s .
experimenf20]. These data extend the range of the OH + ethane 1000 500 400 300 250 200 175 150 125
data to 140K, but over the range where they overlap with mul- Teameratnre, (K)
tiple other data for the reaction they are systematically 18%ig. 4. Data and fit results in an Arrhenius plot for OH + methane, ethane, and
higher than the other data. Consequently, we multiply all rateyclohexane (fully protonated and deuterated; OH + methanis-Bt the bot-
constants from this Study by 0.85 before p|ott|ng and ana'ysigpm, OH+cycIohexane-ﬂ is at the top). Magenta lines mark the protonated
Another example of this offset appears to be the recent resulfg"ta' while cyan lines mark the deuterated data. Individual fits are discussed

. . . . in the text; solid lines indicate the range of data used in the fits, while dashed
for OH + methane at h|gh-temperatL[@4]. Visual Inspection lines are extrapolations to the indicated temperature limits. Symbols at the limits

reveals that these data appear to fall systematically lower thadhouw fit results for various functions combining the datasets, including kinetic
other literature data by a factor of approximately 0.7. Whileisotope effect (pKIE) fits for individual reactions (yellow in magenta) and mul-

we could ‘calibrate’ these data with a factor of 1.4 and includeliple reaction pKIE fits (blue and cyan).

them, the overlap with existing data is not large and the temper-

ature range includes substantial activation of the tight megles ~ The six-reaction simultaneous fit produced the parameters
andvs, which are not well constrained by any other data in oudisted inTable 1 These parameters were optimized from a-priori
combined data set. Thus, while we plot these high-temperatu@uesses based on low-level calculations and the individual reac-

-1
®aH

C

k (cm” moles

R T T BRI R AR TIT B RETT!T M ARTI MR

OH + methane data, we do not include them in our fits. tion fits. Parameters were more or less constrained in accordance
with our confidence in these guesses. For example, values of the
3.1. A-priori constraints pre-factor terms, I®, for each reaction were calculated from

transition state theory and constrained to within less than 1%

One of the mostimportant aspects of this method is to developf the calculated value, while the desired results of the fit, such
strong a-priori constraints on the pre-factorBlnFortunately, —as the terms representing the barrier energy and tunneling tem-
this is easy. In each case we use the highest-level theoreferature, were constrained only to within 10% of their a-priori
cal geometries available that consistently treat the reactant arvlues (and indee@}, was left completely unconstrained in the
transition state structures. For methane and ethane these angividual fits).
computational results from the Melissas and Truffa5]. For Ethane was used as the reference reaction for the scaling
cyclohexane, on the other hand, we use a simplified approacharametes,. Relative to ethane, the set of intrinsic parameters
finding a transition state geometry for the H +chyclohexanecommon to all three reaction systems was scaled by 782
reaction at a low-level of theory (UHF/STO-3G) and simply for methane and by 0.460.01 for cyclohexane. Using this
replacing the attacking H-atom with a mass of 17 in the fre-scaling factor, the six-reaction fit agrees with the included exper-

guency calculation. imental data with high fidelity over the entire available data
range, with the vast majority of the data lying within a few per-
3.2. Fitting results cent of the fit.

Extrapolation of the best-fit lines to the individual dataset and

The individual fits have loose a-priori constraints on all of the six-reaction fit to temperatures well below the experimen-
parameters except Band thus represent our best estimate oftal range leads, at worst, to a difference of less than a factor of
the ‘true’ experimental values, interpolated to any temperaturévo in the predicted rate constant for cyclohexane-d12 + OH at
between the limiting temperatures of each data set. The fidelit§25 K. Most of the extrapolations shown fig. 4 fall within
of any extrapolation is an interesting issue discussed below. Th#0% of each other for a given reaction.
results of these individual least-square fits to each of the six-
reaction datasets are shown as line§ig. 4, along with the  3.3. Contributions to the rate constants
results of the simultaneous fits of two, four and all six reaction,
indicated by the terminal markers at high and low temperature. According to our model, as expressed in KE8), the rate
Additional data (not included in the fits) are also shown for ref-constant for a reaction is the sum of four contributing terms: a
erencg24,25] Born-Oppenheimer barrier energy term, the zero-point energy
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Table 1
Parameters from the six-reaction fit

Intrinsic parameters

Oy Van der Waal's energy (K) —848+70
Op Born-Oppenheimer barrier (K) 144652
O Tunneling temperature (K) 1642
V1 Two degenerate ©H—C bends (crit) 120+2
v2 O—H—C stretch (crm?) 767
v3 H—O—H bend (cnT?) 986
dv Change in zero-point energy (ch 1331+ 63
m Ratio of reduced masgb/in) 2
Compound-specific parameters Methane Ethane c-hexane
Sn Scaling factor 1.75-0.03 1 0.45:0.01
ny Number of equivalent hydrogens 4 6 12
InB Pre-factor —-21.41 —22.47 —23.96
sInB Change in pre-factor (HD) —0.60 0.45 —0.09

The parameters intrinsic to all six-reaction are shown in the upper panel, and reaction-specific parameters are given in the lower panel. Valuesewdhdies
were tightly constrained.

correction, the vibrational partition functions of the three reac{shown in blue) and tunneling terms (shown in red) that occur
tion modes, and a tunneling term. The contributions of each ofipon deuteration. The pre-factor correctidn B gets progres-
these terms to the overall rate constants as determined by tlserely larger as the alkanes get lighter, as shown. The zero-point
six-reaction fit are shown iRig. 5, which follows the scheme energy correction remains constant across the series or reactions
depicted irFig. 3. The most obvious difference between that ide-(as required by our model), while the changes due to tunneling
alized presentation and the actual fit results is that the net effebiecome increasingly pronounced moving down the series from
of the zero-point energy changes is to increase the barrier heightyclohexane to methane. With very little deviation, the data are
meaning that the added zero-point energy froimv,, andvs consistent with our model.
outweighs the zero-point energy lost to the reaction coordinate,
dv. The result is that the vibrationally adiabatic rate constanth. Discussion
(shown in blue) lies below the ‘Born-Oppenheimer’ rate con-
stant (shown in black). This is something of a surprise, and we The excellent agreement of the individual and simultaneous
shall discuss it in more detail below. The difference betweetfit results clearly demonstrate the ability of a common set of
the reaction rate due to the vibrationally adiabatic barrier anéhtrinsic parameters (in a function based on the essential chemi-
the observed reaction rate (shown in red) is jointly attributablecal physics controlling the rate constant) to explain the variation
to the vibrational and tunneling terms. At high-temperature, thén rate constants within a homologous series of reactions. For
vibrational term (shown in green) progressively increases fronthe reactions considered here, these parameters are given at the
methane to cyclohexane, nicely compensating for the increasingp of Table 1 The co-evolution of the reaction barrier height
difference between the observed reaction rate and that calculatésl), the bending frequency of the radical attack)( and the
due to the relatively constant potential energy surface barrietunneling temperaturé@{) explains essentially all of the change
At low temperatures, the tunneling term decreases along thia reactivity as the series progresses from methane to cyclohex-
same series as tunneling becomes progressively less significaarie. The reaction-specific parameters, also listed, exert a more
with increasing molecular size; qualitatively, tunneling appearpredictable influence over the value of the reaction rate constant,
to be significant for OH + ethanegtbelow about 250K, for as they vary little from reaction to reaction.
OH + methane-kbelow about 350 K and for OH + methane-D The set of intrinsic parameters derived from the experimental
below about 225 K. In essentially all other cases it is negligibledata by the six-reaction fit are directly comparable to quantities
The primary kinetic isotope effect calculated from the six-calculated in high-level theoretical studies. Work by Melissas
reaction fit is compared to that calculated from the best-fit linesnd Truhlar calculated the forward reaction barrier heights for
to the individual reaction data iRig. 6. The ‘best-fit' pKIE  the reactions of methane and ethane with OH to be 3740 and
is shown as a thick magenta line in each case, extending onB021 K, respectively5,6]. Our corresponding fit values, given
through the range of temperatures where data exist for both isdy s,0, + 6y, are 3379K for methane and 2294 K for ethane.
topomers. Because these individual functions fit the data witalues for the nearly degeneratgbending modes were calcu-
high fidelity, this magenta line can be regarded as the experiated to be 316 and 357 crh for methane, which corresponds
mental pKIE. In all three reaction systems, the fit and the dat#o our fit value of 210 cm?; and 120 and 166 cr for ethane,
agree to within 10% over the temperature ranges for which botborresponding to our value of 120 cth
hydrogen and deuterium data are available. The six-reaction fit The behavior of two of the fit parameters is of particular
divides the observed kinetic isotope effect between changes interest. The first§v, is the net change in vibrational frequen-
the pre-factor (shown in black), the zero-point energy correctiories on going from the reactants to the transition complex,
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Fig. 5. Individual components of the six-reaction fit for each of the reactions. Lines are identical to those deiited though they are solid within the range of
the data (for each individual reaction) and dashed outside that range. In all cases the zero-point energy correction is negative, meaningffaat tieeet-point
energy changes is to increase the barrier (the blue lines lie below the black lines). Tunneling is negligible for cyclohexane but very importhabémhie
ethane is intermediate.

excluding the transition state specific modes that we modehe zero-point energy change upon deuteration (specifically,
explicitly. We expect this term to be dominated by the loss ofA6,p = 1.445v(1 — 1/,/1t/2). Our model of reactivity predicts

a high energy (3000 cnt) C—H stretch mode at the transition that cyclohexane, with a low and wide barrier, should see very
state, with small contributions, on the order of tens of wavdittle tunneling, and so after correcting f&in B, the pKIE is due
numbers, from changes in the other vibrational modes. As suclsplely to Af,p. This value is thus tightly constrained, leaving
its value in the fit was expected to remain near 3000km only the relative contributions ofv and 1 (the reduced mass
However, the fit consistently returned a value that was lesgatio). The reduced mass of@ stretching modes is known to
than half of that expected, with the final six-reaction fit settinghigh accuracy, so itis very hard to imagine that this is the culprit.
sv=1300cnT?. Fig. 6clearly shows why. This term dominates There is some zero-point energy along the reaction coordinate
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Fig. 6. Apportionment of the pKIE among its responsible terms as determined by the six-reaction fit. The contributing factors are the changefattdhémpre
black), the zero-point energy (in blue) and the tunneling term (in red) resulting from deuteration. The red lines also represent the six-réd&ines(ittp; the
best-fit lines to the individual reaction are shown in magenta for the temperatures for which data exist.

for H-atom transfer, as the motion is ultimately confined by theat high-temperature is the term including the vibrational parti-
two heavy atoms (O and C), but the effective confinement is ation functions of the three reaction modes. As showri( 5, it
least a factor of 3 smaller than in vibrational well of thelC  does so very well by increasing for each reaction as the overall
stretch, so the residual zero-point energy should be at most 10%action barrier drops.

of the original value. It is possible that the-8 bending modes The parsing of energy among the various controlling factors
are substantially stiffened at the transition state, which wouldlso points to a few limitations of the six-reaction fit.Hig. 6,
counteract some of the energy loss from thédGtretch; while  the slight discrepancy between the experimental kinetic isotope
we are not aware of any computational results showing a largeffect (shown in magenta) and the result calculated from the
change in the €H bend frequencies, an underlying motivation six-reaction fit (shown in red) at the low-temperature end of
for this work is the hypothesis that barrier frequencies are nohe available cyclohexane data suggest that the cyclohexane fit
more reliable that barrier heights in ab initio calculations. would be better accomplished with a largén B contribution,

The second interesting parametéy, is the stabilization and an even smaller contribution from the zero-point energy
energy of the reactants at the entrance to the reaction chanrdifference. At the other extreme, the methane high-temperature
relative to their energy at far field. The six-reaction fit assigneddata would be better fit with a term that made a negative con-
this term a value of-930 K, indicating significant stabilization tribution to the kinetic isotope effect. This discrepancy could
of the reactants relative to their separate energies. Before wmerhaps be resolved by the inclusion of a term representing the
included this term we were unable to fit the data with a com<changes in the frequencies of the 3 reaction modes upon deuter-
mon set of intrinsic parameters. Our basic model of reactivityation, which is currently absent from the fit.
includes a potentially strong dipole-induced dipole interaction
for OH radicalq1], though it has been argued that these dipole
terms are only significant for oxygen-containing organics, where
hydrogen bonding can simultaneously stabilize and stiffen the
transition stateg26]. It is possible that thig, term simply
represents correlation between the barrier height and key fre-
guencies with a non-zero intercept, but it is equally likely that
it is real. There is no doubt that van der Waal's complexes
exist in OH + alkane systems, as they have been unegivocally
observed in molecular beam experimd@#®. The only debate is
whether the complexes lie within the reaction channel. At 930 K
(645 cnm 1) 6y is a very modest energy, consistent with theHD
dipole being aligned parallel to the polarizable alkane electron
density.

The six-reaction fit parses the available reaction energy
among the several terms that control the overall rate constant, LLrno1 Lo Eh oy
and it does so in a consistent and physically reasonable manner 1090 0 W B 2 L

. Temperature (K)
For example, the rate constant for the reaction of cyclohexane
with OH is 50 times faster than for the reaction of methane withrig. 7. Data and fit results in an Arrhenius plot for OH + methane, based on the
OH at 1000 K, but the vibrational adiabatic rate constants for théour-reaction fit of ethane and cyclohexane (visible above the methane data).
two reactions (shown in blue fig. 5 are nearly identical. The MagenFa lines mark the protonated data, while cyan lines mark the deuterated
. X . . data. Fits to methane4tnd -Dy use parameters from ethane and cyclohexane
only parameter in the fit that can compensate for the increasi

. - NShda single scaling factor; they are extrapolations from the faster reactions using
discrepancy between the barrier and the observed rate constaningle free parameter.

ilag |
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