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a b s t r a c t 

Key combustion properties, such as ignition delay time, show strong sensitivity to the thermochemistry 

of the main species in the standard radical oxidation pathway at low temperatures (60 0–10 0 0 K). Signif- 

icant uncertainties persist in current estimates of thermodynamic properties, particularly for the larger 

species of relevance to common practical fuels. In this article, we use advanced computational schemes 

to evaluate thermodynamic properties for the fuel, fuel radical, peroxy, hydroperoxy-alkyl radical, and hy- 

droperoxide species for a set of 17 fuels containing up to 9 carbon atoms, and with various degrees of 

branching in the alkane backbone. The procedure, termed STAR-1D , combines conformer sampling to find 

the minimum geometry, B2PLYP-D3/cc-pVTZ harmonic frequency evaluations, and ωB97X-D/cc-pVTZ one- 

dimensional torsional mapping. It includes two physically-based scaling routines: a frequency-dependent 

scaling to B2PLYP-D3/cc-pVTZ anharmonic frequencies and a scaling of one-dimensional ωB97X-D/cc- 

pVTZ torsional profiles to reproduce the product of the B2PLYP-D3/cc-pVTZ frequencies in the harmonic 

limit. Substantive comparisons with existing experimental databases, together with careful examinations 

of key theoretical assumptions, are used to explore the accuracy of the predictions. These computationally 

intensive explorations of 195 species were facilitated by automated thermochemistry software. High ac- 

curacy 0 K heats of formation from a separate study are used with the STAR-1D computations to generate 

NASA polynomial representations. In addition to their intrinsic value, the present results also provide a re- 

liable database for the optimization of group additivity or machine learning schemes for scaling to larger 

combustion systems. Towards this end a complementary extensive conformational analysis is carried out 

for the medium sized species and the thermodynamic properties of the lowest energy hydrogen-bonded 

and non-hydrogen bonded conformers are contrasted for larger hydroperoxy-alkyl radical species. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Quantitative chemical modeling of complex reactive environ- 

ents (e.g., a combustion chamber or the atmosphere) commonly 

elies on accurate descriptions of the thermodynamic and transport 

roperties of hundreds to thousands of species as well as the rate 

onstants for the reactions that connect these species [1] . Within 

ombustion, such modeling finds utility in the development of new 

nd improved devices, the consideration of alternative fuels and 

dditives, and the reduction of pollutants. Thermodynamic prop- 

rties play a central role in combustion modeling through their 

onnection to heat release. More generally, they are important in 
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etermining the equilibrium concentrations of various species, and 

s a result, the kinetic role of various pathways. 

Notably, under low temperature combustion conditions (e.g., 

0 0 to 10 0 0 K), simulated ignition delay times are extremely 

ensitive to the thermodynamic properties of the peroxy, R ̇O 2 , 

ydroperoxy-alkyl radical, Q̇OOH , and hydroperoxy-alkylperoxy 
˙ 
 2 QOOH species because of their impact on calculated equilibrium 

onstants and reverse rate coefficients [2–4] . For example, a re- 

ent study of vom Lehn et al. [3] on diethyl ether oxidation in- 

icates uncertainties in the ignition delay of factors of 12, 5, and 

 for uncertainties of 2.75 kcal mol −1 in the heats of formation, 

.4 cal mol −1 K 

−1 in the entropies, and 10% in the heat capacities, 

espectively. The latter parameter uncertainties were considered to 

e representative of those in the underlying model used as a ref- 

rence. Meanwhile, in a follow up study, vom Lehn et al. [4] found 
. 
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hat ignition delay group additivity (GA) sensitivity was highest for 

roups involved in the low-temperature chain-branching pathways 

specifically those that represent OO and OOH moieties and their 

djacent groups in R ̇O 2 , Q̇OOH , ˙ O 2 QOOH radicals. 

The thermochemical properties of many fuel molecules have 

een studied experimentally, although commonly only at relatively 

ow temperatures. In contrast, for the Q̇OOH radicals, which play a 

entral role in low temperature chain branching, there is no exper- 

mental data due to their ephemeral nature, with very few excep- 

ions [5] or even characterizations through indirect kinetic mea- 

urements. Meanwhile, for the fuel radicals Ṙ , as well as a few 

 ̇O 2 , and hydroperoxide molecules RO 2 H some limited experimen- 

al data exists [6–12] . The lack of experimental data has led to the

ommon use of either empirical methods, such as GA schemes, or 

b initio calculations in estimating the properties. 

Group additivity methods assign additive contributions, called 

roup additivity values (GAVs), to enthalpies, entropies, and heat 

apacities, from the atomic and molecular groups that constitute 

 molecule [13,14] . Inherently, thermochemistry produced with GA 

ethods is contingent on how completely a set of groups rep- 

esents the exclusive interactions in a molecule. Additionally, be- 

ause GAVs must be optimized on an established dataset, GA ther- 

ochemistry is sensitive to two further considerations: how thor- 

ughly and independently the molecules in the dataset cover the 

A groups and how accurate the dataset’s thermochemistry is. His- 

orically, these datasets were aggregations of experimental values 

13] , which are updated in several reviews (see, e.g., Refs. [15–19] ).

he development of the hydrogen bond increment (HBI) method 

y Lay et al. [20] provides a simple means for extending the GA 

cheme to radicals. However, the absence of experimental spectro- 

copic data for Q̇OOH species limits the accuracy of an experimen- 

ally based HBI GAV scheme for these key combustion intermedi- 

tes. 

Effort s to circumvent experimental limitations, and to achieve 

reater consistency, have led to the formulation of datasets 

hrough ab initio computations performed specifically with GAV 

ptimization in mind. Enormous numbers of theoretical studies 

ave focused on the determination of the 0 and/or 298 K heat of 

ormation for large sets of species. Here, we are instead specifi- 

ally interested in mapping out the temperature dependence of the 

artition functions, or correspondingly the entropies and heat ca- 

acities needed to generate the thermodynamic properties at com- 

ustion relevant temperatures. Ab initio datasets for these ther- 

odynamic parameters are more limited, since they require extra 

omputation to build vibrational and torsional partition functions. 

evertheless, several efforts to build such thermodynamic prop- 

rty datasets have been reported and include calculations based on 

F/6-31G 

∗ [21–23] , B3LYP/6-31G 

∗ [24–28] , B3LYP/6-311G 

∗∗ [29,30] , 

3LYP/6-31+G 

∗∗ [31] , and B3LYP/6-31+G(2df,p) [32] , density func- 

ional methods. Burke et al. [33] compiled many such updates to 

ecommend new GAVs, altering molar entropy contributions, per 

roup, by up to 3.5 cal mol −1 K 

−1 and heats of formation by up

o 2.9 kcal mol −1 from previous values. With every instance of an 

tomic or chemical group in a molecule, its uncertainty propagates, 

eading to potentially quite large uncertainties for large molecules. 

Recent years have delivered an increased affordability and re- 

iability for high accuracy electronic structure calculations. Fur- 

hermore, newly developed software packages, such as AutoMech, 

TC, Arkane, and EStokTP, greatly facilitate the application of ab 

nitio methods to the determination of thermodynamic proper- 

ies through automated workflows (see, e.g., Refs. [34–37] ). This 

rogress compels an update to combustion modeling parameters 

hat will, in turn, facilitate a deeper understanding of fuel chem- 

stry. Here, as our first substantive application of the AutoMech and 

TC codes, we have systematically determined the thermodynamic 

roperties of relevance to the first stage of oxidation of alkane fu- 
2 
ls, initiated with a hydrogen abstractor, X (e.g., ȮH, H ̇O 2 , Ḣ, O 2 , or

), and propagated. 

RH + X � ˙ R + HX 

˙ 
 + O 2 � R ̇

 O 2 � ˙ Q OOH 

RH + R ̇

 O 2 � ˙ R + RO 2 H 

In particular, we have determined the entropy, enthalpy, heat 

apacity, and Gibbs energy for the fuel RH , the corresponding 
˙ , R ̇O 2 , and Q̇OOH radicals, and the alkylhydroperoxide, RO 2 H , 

olecules for a set of 17 fuels over the temperature range 200–

0 0 0 K. This set of fuels ranges from C 1 –C 9 species and includes 

 variety of degrees of branching along the hydrocarbon backbone. 

he large range of branching patterns and long range interactions 

ncluded in this set provides broad coverage of the sets of inter- 

ctions required for the determination of quantitatively meaning- 

ul GAVs and effective machine learning. Towards this goal, con- 

emporaneous work [38] takes advantage of the dataset presented 

ere to update and formulate novel GAVs for 298 K heats of for- 

ation. Related work to update GAVs for the entropy and the tem- 

erature dependent heat capacities is in progress. An extension of 

his dataset to include the data from a large set of conformational 

appings provides further constraints for such GAV optimizations. 

f course, this data will also find direct utility in low temperature 

xidation simulations. 

Prior ab initio thermodynamic studies from the groups of 

ozzelli [20,39–45] , Vansteenkiste [46–48] , Green [22,23,49,50] , 

ean [28,51] , and Miyoshi [52] , have targeted many of these 

pecies with related theoretical methods. This work builds from 

hese earlier studies and proceeds beyond them in a variety of 

ays. As with these prior studies, the present work employs a sep- 

ration of modes into a set of torsional modes and the remain- 

ng vibrational modes, which are generally of higher frequency. 

urthermore, in the interest of computational expediency, we also 

reat the torsional modes as effective one-dimensional hindered 

otors (1DHR), while the remaining modes are treated within a 

igid-rotor harmonic-oscillator (RRHO) framework. However, we 

ork to systematically improve both the 1DHR and RRHO treat- 

ent. In particular, our 1DHR treatment includes a simple scaling 

o reproduce the proper harmonic limit, and a variety of meth- 

ds are used to improve the consistency of the torsional potentials 

cross regions of hysteresis. Meanwhile, the RRHO treatment in- 

ludes a frequency dependent scaling relation designed to repro- 

uce a reference set of anharmonic vibrational frequencies. Fur- 

hermore, the reference frequencies are now determined from a 

igher quality doubly hybrid density functional method. Finally, we 

mploy a set of high accuracy CBH-ANL 0 K heats of formation 

with 2 σ = 0 . 2 –0.5 kcal mol −1 ) determined in a companion study

53] in the generation of NASA polynomial thermochemical repre- 

entations appropriate for chemical modeling purposes. 

Another key aspect of the present work is a sequence of anal- 

ses that explore the validity of various assumptions and the ef- 

ectiveness of the overall approach. For instance, honing in on the 
˙ OOH species, the differences between calculated partition func- 

ions for hydrogen bonded and non-hydrogen bonded configura- 

ions provides some indication of the uncertainties arising from 

ulti-dimensional corrections. For several species, we directly con- 

rast scaled 1DHR properties to those obtained with full multi- 

imensional partition functions. Meanwhile the torsional mappings 

re validated by comparing the DFT predicted torsional potential 

ith large basis set coupled cluster torsional potentials. 

Within the RRHO + 1DHR framework, partition functions are 

ensitive to the selection of a reference conformer. At combus- 

ion temperatures, the ground electronic conformer often no longer 

ominates, largely due to the nonsynchronous scaling of enthalpy 

nd entropy with temperature. For species up to seven heavy 

toms we carry out a extensive conformational analysis, which ex- 
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mines the sensitivity of the reference conformer selection to the 

lectronic structure method. Comparison between two configura- 

ions for a single species is incredibly useful in choosing and eval- 

ating group additivity parameters. In particular, it helps isolate 

pecific short or long-range interactions. As group additivity aims 

or increasingly quantitative fits, new groups are identifiable by 

nding deviations between the ab initio and GA conformer energy 

rdering. Conformational analysis also presents a means of calcu- 

ating high-level fitting data with small species that contains un- 

avorable group interactions that only appear in the ground con- 

ormer of large, highly-branched species. 

For the alkane series, comparisons to experimentally derived 

hermodynamic properties are used to evaluate the importance 

nd effectiveness of the new scaling relations, as well as the overall 

caled RRHO + 1DHR procedure. Finally, for the Ṙ and R ̇O 2 radicals, 

ore limited comparisons with experiment help to further validate 

he overall methodology. 

. Theoretical methodology 

We here develop a protocol for S ystematic T hermochemistry 

uilt from A NL R eference energies and an RRHO + 1D HR parti-

ion function model ( STAR-1D ). Within this protocol, 0 K heats 

f formation ( �H f (0 K)), which are needed to generate abso- 

ute thermochemistry, are obtained from second order connectiv- 

ty based hierarchical (CBH2) [54–56] calculations. In essence, the 

BH2 scheme provides an optimal readily automated isodesmic 

eaction scheme, which requires reference data for a limited set 

f molecules continuing up to about five heavy atoms. The refer- 

nce data used in the CBH2 calculations is high-level ANL0 en- 

rgies laddered with ANL1 energies [57] in a CBH1 calculation. 

he �H f (0 K) evaluation applies this reference data in a CBH2 

quation to CCSD(T)-F12b/cc-pVTZ-F12 and CCSD(T)-F12b/cc-pVDZ- 

12 electronic energies paired with scaled B2PLYP-D3/cc-pVTZ zero 

oint vibrational energies (ZPVEs). This CBH-ANL procedure to 

valuate �H f (0 K) is described in a separate publication [53] , 

here we assign 2 σ uncertainties of 0.2–0.5 kcal mol −1 to the fi- 

al �H f (0 K) predictions. Meanwhile, the thermodynamic analy- 

is within the STAR-1D protocol, which is the focus of this work, 

mploys an RRHO + 1DHR model that is improved with physically 

otivated scaling procedures, as outlined below. Both production 

f the thermodynamic properties and computation of the elec- 

ronic structure properties are carried out with automated work- 

ow codes [34,35] . 

.1. Thermodynamic model 

The RRHO + 1DHR partition functions (Q), are obtained by call- 

ng the partition function code in MESS [58] . 

 = 

1 

σeff 

Q T Q R Q V Q e 

∏ 

i 

q HR ,i (1) 

he translational, Q T , rigid rotational, Q R , harmonic vibrational, Q V , 

nd electronic, Q e , partition functions are determined from the 

ass, structure, vibrational frequencies, and electronic energy lev- 

ls determined with the ab initio simulations. The effective sym- 

etry number, σ eff, is specified as the rotational symmetry num- 

er divided by the number of enantiomers. At low temperatures, 

ESS generates the torsional partition function ( q HR ,i ) for each tor- 

ional mode, i , from the eigenvalues E j (θ ) of the Schrödinger equa- 

ion for the corresponding torsional potential, V(θ ) : 

 HR ,i = 

1 

σi 

∑ 

j 

exp 

(
−E j (θ ) 

k B T 

)
(2) 

here k B is Boltzmann’s constant and σi is the periodicity of the 

orresponding torsional mode. For higher energy states, the direct 
3 
um is converted to a semiclassical integral. The underlying tor- 

ional potentials, V(θ ) are represented as Fourier expansions or 

pline fits of torsional scans, where only the torsional coordinate 

s constrained. Within the present RRHO + 1DHR treatment, the 

ibrational frequencies required for the evaluation of Q V are calcu- 

ated after automatically projecting the torsional modes from the 

essian with the ProjRot utility of EStoKTP [37] . 

We select a temperature range of 20 0–30 0 0 K for the partition 

unction evaluations in order to cover the full range of combus- 

ion and atmospheric interests. The subsequent conversion of Q to 

ASA polynomials is accomplished with PAC99 [59] , using 10 0 0 K 

s the connection between the low and high temperature coeffi- 

ients. The final output of the data is in ChemKin format as well 

s CSV files of thermochemical properties. During the process of 

uilding the MESS input, the code processes several novel scalings 

f the electronic structure properties, as described in later sections. 

ection 2.2 describes the automation of the process. 

.2. Automation of electronic structure properties 

Within the STAR-1D protocol, hundreds of ab initio computa- 

ions are required for each of the larger species. This work auto- 

ates the computations through a combination of the Quantum 

hermochemistry (QTC) [34] and AutoMech [35] software suites. 

he QTC package was used in early stages of this project. The 

utoMech package can be considered as the successor to QTC. It 

rovides some advanced features that proved useful for the later 

tages of this effort. All aspects of the STAR-1D protocol are di- 

ectly implemented in AutoMech, including a preliminary confor- 

ational sampling, conformer selection, torsional mapping, har- 

onic and anharmonic frequency evaluations, high level electronic 

nergy determination, CBH reference reaction correction, an on- 

he-fly implementation of the scaling procedures, partition func- 

ion determination, and NASA polynomial generation. This automa- 

ion includes data production and collection for the full set of rou- 

ines and applications, thereby greatly facilitating the development 

nd application of the present STAR-1D protocol. 

In a companion work [53] , we used the QTC software to com- 

ute reliable �H f (0 K) values for our full set of 195 alkane ox- 

dation species. In doing so, we developed a database of elec- 

ronic structure properties for our target species. After a geome- 

ry optimization module, this database houses properties in a lo- 

ation determined by a species specifier and a theory specifier. 

ll subsequent QTC modules use this geometry as their input ge- 

metry, and nest the auxiliary properties (i.e., single point energy 

r frequencies) under it with an additional theory specifier. From 

his QTC database, and new calls to the QTC electronic structure 

rivers, we collect the electronic structure parameters that build 

p Eqs. (1) and (2) . 

The STAR-1D protocol, as such, begins with an ωB97X-D/6- 

1G 

∗ [60] conformational sampling, for the lesser of 100 and 

 + 2 × 3 N samples, where N is the number of non-methyl tor- 

ional angles. The ωB97X-D functional is a well-motivated range- 

eparated functional that includes empirical dispersion corrections. 

he underlying frequencies and geometries are obtained with the 

ouble-hybrid method B2PLYP-D3/cc-pVTZ [61,62] , which provides 

CSD(T) quality geometries and frequencies at a small fraction of 

he cost. For the CBH-ANL high-level energies we use CCSD(T)- 

12b/cc-pVTZ-F12 [63] single point energies for species with eight 

eavy atoms or fewer, and CCSD(T)-F12b/cc-pVDZ-F12 energies 

or the larger species. To calculate V(θ ) for q HR ,i , we use the 

TC driver to carry out one-dimensional scans along each of the 

orsional angles in 30 ◦ increments. Each scan point geometry is 

uilt from the previous one and is optimized at ωB97X-D/cc-pVTZ 

60,62] after updating and freezing the dihedral angle of the scan. 
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he suitability of this cost-effective functional for the 1DHR analy- 

es is evaluated in Section 3.3 . 

.3. Reference conformer selection 

The STAR-1D protocol relies on the determination of a refer- 

nce conformer from which the RRHO and 1DHR analyses are per- 

ormed. This reference conformer is traditionally taken to be the 

onformer of lowest electronic energy, as determined through grid 

ased sampling of expected conformational minimum. We instead 

pply a Monte Carlo sampling based approach, where each of the 

orsional degrees of freedom is randomly sampled within its range, 

nd a full optimization is then performed. This process is then 

epeated until a preset number of optimizations have been per- 

ormed, which was the minimum of 100 and 6 + 2(3 n ) where n is

he number of non-methyl torsional coordinates. This approach re- 

oves the bias of presuming a starting grid of conformational ge- 

metries and is effective at finding a nearly global minimum with 

 relatively modest number of samplings. We find it is particularly 

ffective in considering molecules with large numbers of torsional 

egrees of freedom. However, it is not guaranteed to find the low- 

st conformer. The QTC code selects the reference conformer as 

he structure with the lowest electronic energy from the full set of 

B97X-D/6-31G 

∗ [60,64] geometry optimizations. The work done 

n QTC, therefore, relied on three assumptions: 

1. the number of sampling points was sufficient to find the global 

minimum on the ωB97X-D/6-31G 

∗ PES, 

2. the ωB97X-D/6-31G 

∗ PES is reasonably similar to a PES that 

would be achieved from higher levels of theory, and 

3. the zero-point vibrational energy will not significantly alter the 

conformer ordering. 

In applying the QTC database to evaluate thermochemical prop- 

rties we add a fourth assumption: 

4. the minimum energy conformer at 0 K will be the dominant 

conformer at combustion temperatures. 

As noted above, QTC can store only one geometrical configu- 

ation per level of theory, which to some degree limits the types 

f conformational analyses that can be performed. In contrast, the 

ewly developed AutoMech software suite [35] is able to store, and 

erform auxiliary computations on all local energetic minimum 

tructures for a level of theory. AutoMech, thereby, enables us to 

valuate the validity of these assumptions through more detailed 

onformer analyses, see Section 3.1 . 

.4. Scaling of vibrational frequencies 

Evaluating the vibrational partition function for a species is fun- 

amental to computing its thermochemical properties. At high T , 

ach frequency, and thereby each percent error in frequency, con- 

ributes multiplicatively to the vibrational partition function. More- 

ver, a study by Jasper et al. found that at 2500 K anharmonic cor- 

ections for each vibrational mode increased the partition function 

y 3% on average [65] . Even for a species with as few modes as

ethane, this would cause a 1 kcal mol −1 shift in the Gibbs free 

nergy at 2500 K. 

In previous work [66] , B2PLYP-D3/cc-pVTZ anharmonic frequen- 

ies had an error of 0 . 31 ± 0 . 87% from 455 CCSD(T)/CBS anhar-

onic frequencies calculated for a set of species containing C, N, O, 

nd H and 22 or fewer electrons and we recommend it for medium 

ized systems. The anharmonic analysis for both of these was car- 

ied out with second order vibrational perturbation theory (VPT2) 

67] . The success of the B2PLYP-D3/cc-pVTZ approach motivates us 

o obtain 562 VPT2 B2PLYP-D3/cc-pVTZ anharmonic frequencies for 

 set of C, H, and O containing species of relevance to hydrocarbon 
4 
xidation. The largest of these is ethyl hydroperoxide. We use these 

alculations to develop a frequency-dependent scaling factor be- 

ween harmonic ( ω) and anharmonic ( ν) B2PLYP-D3/cc-pVTZ fre- 

uencies. This scaling factor is chosen to minimize the error in the 

atio between harmonic and anharmonic frequencies ( ω ν ), rather 

han the absolute error of frequencies. This, in effect, directly min- 

mizes the error in the resulting partition functions. 

We represent the frequency dependence of the scaling factor 

s s(ω) = a − b ∗ ω 

c . The optimization results in: a = 1.045, b =
.00851, and c = 0.292. Figure 1 (a) shows the ratio ( ω ν ) along with

he optimized equation for s( ω). The resulting scaled harmonic fre- 

uencies are displayed in Fig. 1 (b). The mean absolute error in 

caled frequencies, | ω s − ν| , where ω s = s(ω) ∗ ω, is 7.4 cm 

−1 and

ts RMSD is 12.7 cm 

−1 . The mean absolute error of the ratio, | ω s −ν| 
ν ,

s 0.45% with an RSMD of 0.69% and a 2 σ (ω s ) = 1 . 4 %. The full set

f data for this analysis and details of the optimization are given 

n Section S1 and Table S1.1 of the Supplementary material. 

The RRHO + 1DHR vibrational partition function evaluations 

mploy projected harmonic frequencies, ω̄ , where translational, ro- 

ational, and torsional modes are projected out of the Hessian. The 

requency scaling factor is applied to these projected frequencies to 

btain ω̄ s = s( ̄ω ) ∗ ω̄ and the energy level spacings are ω̄ s . Note, 

nharmonicity has a nontrivial effect on 0 K heats of formation 

hrough a reduced E ZPVE . Explored in a contemporaneous study 

53] , we apply a direct scaling factor of 0.9864 to the harmonic 

2PLYP-D3/cc-pVTZ E ZPVE rather than consider contributions of ω̄ s . 

The uncertainty in a partition function due to the scaled fre- 

uency uncertainty is 2 σs (Q ) , and, to illustrate assuming uncor- 

elated errors, can be calculated with a simple multiplicative un- 

ertainty propagation, �z 
z = 

√ ∑ N v 
i 

(�x i 
x i 

)
2 . Here, �z 

z is 2 σs (Q ) ex- 

ressed as a percentage, the summation is over the number of fre- 

uencies ( N v ) after rotational, translational, and torsional projec- 

ion, and 

�x i 
x i 

is 2 σ (ω s ) = 1 . 4 %. Accordingly, 2 σs (Q ) = 0 . 014 
√ 

N v .

he largest species in the fit, ethyl hydroperoxide, has N v = 33 

nd so has an expected 2 σs (Q ) = 8% . In the larger set of target

olecules of this work, we have N v as large as 69, which would 

roduce 2 σs (Q ) = 11% . 

The suitability of this estimation of 2 σω s (Q ) is showcased in 

ig. 2 . This data shows, for each of the 32 species in the VPT2

ataset, the ratio of its product of scaled frequencies to the prod- 

ct of fundamental frequencies, 
∏ N v 

i 
ω s,i / 

∏ N v 
i 

νi . From this we see 

he scaled frequencies produce an mean absolute overall frequency 

roduct error for each species of 2.3%, and an RMSD = 4 . 5% , which

s a direct error in the partition function. The greatest error factor 

s for ethane, which has a scaled frequency product equal to 92% 

f its the fundamental frequency product and is the only point sig- 

ificantly outside the 2 σs (Q ) predicted uncertainties for this set. 

.5. Scaling of torsional profiles 

We used MESS [58] to perform a Fourier fit on each ωB97X- 

/cc-pVTZ torsional profile, V( θ ) and solve the one dimensional 

armonic oscillator, see Eq. (2) . When driven by AutoMech, MESS 

dditionally performs a precursory spline fit. The resulting har- 

onic oscillator frequency, � j , corresponds to that for the jth tor- 

ional mode. Under the assumption that the torsional vibrational 

odes are fully uncoupled, � j should be consistent with the vibra- 

ional frequency ω j that is calculated from the B2PLYP-D3/cc-pVTZ 

armonic frequency analysis, which was performed in G aussian 09. 

hese frequencies would differ only due to their differing levels 

f theory. In this case, we could approximate a B2PLYP-D3/cc- 

VTZ torsional profile by scaling the energies along the ωB97X- 

/cc-pVTZ torsional profile, V( θ ), to enforce � j = ω j . Coupling is 

resent between the vibrational modes, however, so we instead 

erform this scaling over the full vibrational spectrum. By doing 
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Fig. 1. B2PLYP-D3/cc-pVTZ VPT2 anharmonic frequencies ( ν) compared to B2PLYP-D3/cc-pVTZ harmonic frequencies ( ω) and scaled B2PLYP-D3/cc-pVTZ harmonic frequencies 

( ω s ) for 562 frequencies. The ω s = s( ω ) ω , where s( ω ) = a - b ×ω 

c . The parameters a, b, and c were optimized with these 562 frequencies to be a = 1 . 045 , b = 0 . 00851 , and 

c = 0 . 292 . 

Fig. 2. The error contribution of scaled frequencies ( ω s ) to the partition function for 

each of the 32 species that are used in the frequency scale factor fit plotted against 

their harmonic ZPVE. This error factor, compared to a partition function built from 

the VPT2 fundamental frequencies ( ν), is 
∏ N v 

i ω s,i / 
∏ N v 

i νi , where N v is the number 

of vibrational frequencies for each species. The bars show the estimated propagated 

uncertainty for each species based on a 2 σ (ω s ) = 1 . 4 % for each of its modes. 
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o, we account for contributions of off-diagonal terms to � j that 

re otherwise neglected when solving the HO for a single torsional 

rofile. The expression for the scaling factor, s V , that is applied to 

ach torsional profile is shown in Eq. (3) . 

 V = 

( ∏ N v 
i =1 ω i (∏ N v −N t 

i =1 
ω̄ i 

)(∏ N t 
j=1 

� j 

))
2 

N t (3) 

Here, N v is the number of vibrational modes, N t is the number 

f torsions, ω i is the i th B2PLYP-D3/cc-pVTZ harmonic vibrational 

requency, ω̄ i is the i th projected B2PLYP-D3/cc-pVTZ harmonic vi- 

rational frequency, and � j is the jth harmonic frequency corre- 

ponding to the jth ωB97X-D/cc-pVTZ torsional profile, and the ex- 

ression is squared due to the quadratic scaling of a potential with 

espect to its harmonic oscillator frequency. 

It is challenging to obtain accurate values of density functional 

ased harmonic frequencies for extremely low-frequency motions 

ue to issues with the accuracy of grid based integrations. Further- 

ore, for such low-frequency modes, B2PLYP-D3/cc-pVTZ itself is 

ot necessarily particularly accurate. The net result is that such 

odes lead to unreliable scaling factor predictions. Furthermore, 

or such low frequency modes, the torsional barriers tend to be 
5 
uite low, and the partition functions are then not very sensitive 

o the torsional profile. As a result, modes with frequency less than 

0 cm 

−1 are identified and excluded in the process of determining 

 scale factor. The corresponding modes do not undergo any scal- 

ng. In Section 3.5 we discuss problems that arise with Eq. (3) with 

mbrella motions. 

.6. Hysteresis in torsional profiles 

During the torsional scan routine, AutoMech or QTC update a 

orsional angle by the given step size (15 ◦ and 30 ◦, respectively) 

nd perform the ωB97X-D/cc-pVTZ geometry optimization. The re- 

ulting geometry is used as the starting geometry for the next step. 

ecause the optimizations are local, building from the optimal ge- 

metry for the previous scanning dihedral angle, the routine can 

ecome trapped in configurations that are not the lowest energy 

or that frozen dihedral angle. When present, this hysteresis is of- 

en most apparent between the initial and final geometry along a 

can. As a result, the hysteresis produces a non-harmonic profile 

round the minimum. QTC relies on EStokTP, and larger step sizes, 

o avoid hysteresis. AutoMech identifies potential points of hystere- 

is by subtracting an Akima spline fit [68,69] from a periodic spline 

t. If they vary at any point by a threshold, the code will then 

un a backward scan until it resolves that hysteresis. Away from 

he end point minima this procedure is not always effective, but 

way from the minima such hystereses are less problematic for the 

resent analysis. 

The scans also occasionally suffer from negative potentials. They 

ccur for two reasons. First, the ωB97X-D/cc-pVTZ scans are per- 

ormed about a reference conformer that was the minimum on 

he ωB97X-D/6-31G 

∗ PES. If the global minimum structure on the 

B97X-D/cc-pVTZ PES differs from that on the ωB97x-D/6-31G 

∗

ES, and is captured during the ωB97X-D/cc-pVTZ scan, the profile 

ill have a relative negative energy. QTC resolves this by restart- 

ng the STAR-1D workflow with the ωB97x-D/cc-pVTZ minimum 

s the selected conformer. AutoMech, simply replaces the nega- 

ive potential value with zero (although one can also choose to 

eoptimize the geometry as with QTC). We find a similar issue 

or 31 Q̇OOH species, because we choose to start with the low- 

st energy non-hydrogen bonded (nHB) structure rather than the 

lobal minimum. The scan may walk into lower energy hydro- 

en bonded (HB) configurations. AutoMech again replaces the neg- 

tive potential with zero. QTC can only perform auxiliary com- 
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Table 1 

The difference ( δ) in energy (in kcal mol −1 ) between the reference conformer and the lowest energy conformer. a . 

Species SMILES δE elec δZPVE δH 

L1 b L2 c L3 d L4 e L2 L5 f 

CH 3 CH(CH(CH 3 )CH 3 )CH 3 CC(C(C)C)C 0.20 0.00 −0.10 −0.10 −0.03 −0.14 

CH 3 CH 2 CH 2 ̇
 C H 2 CCC[CH2] 0.00 −0.18 −0.23 −0.22 −0.09 −0.32 

CH 3 CH 2 ̇
 C HCH 2 CH 3 CC[CH]CC −0.13 −0.34 −0.34 −0.34 −0.23 −0.57 

CH 3 CH 2 CH 2 CH 2 ̇
 C H 2 CCCC[CH2] 0.23 −0.13 −0.19 −0.18 −0.09 −0.28 

CH 3 ̇
 C HCH 2 CH 2 CH 3 C[CH]CCC 0.07 −0.12 −0.20 −0.20 −0.13 −0.32 

CH 3 CH 2 ̇
 C HCH 2 CH 2 CH 3 CC[CH]CCC 0.13 −0.08 −0.18 −0.17 −0.14 −0.31 

CH 3 CH 2 OOH CCOO 0.39 −0.05 −0.22 −0.22 −0.06 −0.28 

( CH 3 ) 2 CHOOH OOC(C)C 0.19 0.01 −0.11 −0.11 −0.03 −0.13 

CH 3 CH 2 CH 2 OOH CCCOO 0.10 −0.15 −0.27 −0.27 −0.01 −0.27 

( CH 3 ) 2 CHCH 2 OOH OOCC(C)C 0.10 −0.16 −0.30 −0.29 −0.02 −0.31 

CH 3 CH 2 CH 2 CH 2 OOH CCCCOO 0.12 −0.15 −0.29 −0.28 0.00 −0.28 

( CH 3 ) 2 ̇ C CH 2 OOH OOC[C](C)C 0.13 −0.11 −0.30 −0.29 0.08 −0.21 

CH 3 CH ( OOH ) CH 3 ̇
 C H 2 CC(OO)C[CH2] 0.43 −0.35 −0.61 −0.58 −0.23 −0.82 

CH 3 CH ( OOH ) ̇ C HCH 3 CC(OO)[CH]C 0.13 −0.32 −0.22 −0.18 −0.11 −0.29 

CH 3 CH ( ̇ C H 2 ) CH 2 OOH OOCC([CH2])C 0.40 −0.55 −0.89 −0.85 −0.31 −1.16 

CH 3 CH ( OOH ) CH 2 ̇
 C H 2 [CH2]C(OO)CC 0.21 −0.11 −0.13 −0.13 0.02 −0.11 

˙ C H 2 CH 2 CH 2 CH 3 OOH [CH2]CCCOO 0.83 −0.07 −0.28 −0.23 −0.35 −0.58 

CH 3 CH 2 ̇
 C HCH 2 OOH CC[CH]COO 1.05 0.32 −0.15 −0.12 −0.42 −0.54 

CH 3 ̇
 C HCH 2 CH 2 OOH C[CH]CCOO 0.32 0.01 −0.01 0.00 −0.33 −0.33 

a For any conformers found during the AutoMech conformer analysis that had a δH(L5) < −0 . 10 kcal mol −1 . 
b L1: ωB97X-D/6-31G ∗ . 
c L2: B2PLYP-D3/cc-pVTZ. 
d L3: CCSD(T)-F12b/cc-pVDZ-F12//B2PLYP-D3/cc-pVTZ. 
e L4: CCSD(T)-F12b/cc-pVTZ-F12//B2PLYP-D3/cc-pVTZ. 
f δH(L5) = δE elec (L4)+ δE ZPVE (L2). 
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Fig. 3. The percentage of cases where a full STAR-1D analysis found conformers 

lower in energy than the reference conformer. The translucent and opaque bars rep- 

resent the energy differences that are greater than 0.1 and 0.33 kcal mol −1 , respec- 

tively. Those that failed due to Assumption 1 (that the number of sampling points 

is sufficient) are in dotted purple, Assumption 2 (that the conformer ordering is 

evaluated at a sufficiently high level of theory) are in horizontally-striped red, As- 

sumption 3 (that the ZPVE does not reorder the conformers) are in vertically-striped 

blue, and any failures in diagonally-striped black. These are broken down into the 

percent failures for 14 alkane ( RH ), 24 alkyl radical ( ̇R ), 8 hydroperoxy ( RO 2 H ), 8 

peroxy radical ( R ̇O 2 ), and 13 hydroperoxyalkyl radical ( ̇QOOH ) molecules, as well as 

the combined set of 67 species. 
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d  
utations on the minimum conformer and so avoids this pitfall, 

ut by the same token cannot employ nHB structures as reference 

onformers. 

. Results and discussion 

.1. Conformer selection 

In this work we carefully consider the conformer energy order- 

ng. We have carried out a conformer analysis in AutoMech on the 

ubset of species with seven or fewer heavy atoms. This species 

ubset is comprised of 14 alkanes ( RH ), 24 alkyl radicals ( ̇R ), 8

lkyl hydroperoxide species ( RO 2 H ), 8 alkylperoxy radicals ( R ̇O 2 ),

nd 13 hydroperoxy-alkyl radicals ( ̇QOOH ) molecules for a total of 

7 molecules and 461 conformers. The AutoMech conformer anal- 

sis begins by fully repeating the STAR-1D ωB97X-D/6-31G 

∗ ran- 

om conformer sampling. Next, it carries out the B2PLYP-D3/cc- 

VTZ geometry optimization on all symmetrically unique rotamers 

hat are within 5 kcal mol −1 of the global minimum electronic 

nergy structure on the ωB97X-D/6-31G 

∗ surface. For each of the 

esulting rotamer B2PLYP-D3/cc-pVTZ geometries, AutoMech then 

erforms a B2PLYP-D3/cc-pVTZ harmonic analysis and CCSD(T)- 

12b/cc-pVXZ-F12 single point energy computations, [X = D,T]. The 

ntent of the analysis is to evaluate the four conformer related as- 

umptions made in the STAR-1D protocol, as listed in Section 2.3 , 

nd to provide additional data for machine learning and/or GA 

nalyses. 

For each species, the STAR-1D reference conformer is defined 

s the lowest ωB97X-D/6-31G 

∗ electronic energy found by QTC. To 

valuate Assumptions 1, 2, and 3 we have compiled Table S2.2, 

hich shows, for each species, the energies of each rotamer rel- 

tive to those of the reference conformer ( δE elec ) for the following 

evels of theory: 

L1: ωB97X-D/6-31G 

∗, 

L2: B2PLYP-D3/cc-pVTZ, 

L3: F12b-CCSD(T)/cc-pVDZ-F12//B2PLYP-D3/cc-pVTZ, and 

L4: F12b-CCSD(T)/cc-pVTZ-F12//B2PLYP-D3/cc-pVTZ. 
6 
The seventh column shows the relative L2 zero-point vibra- 

ional energy, δE ZPVE (L2), and the final column shows the relative 

H(L5) = δE elec (L4) + δE ZPVE (L2). Table 1 displays this informa- 

ion for the lowest δH(L5) conformer for any species with δH(L5) 

 −0 . 1 kcal mol −1 conformers. Depicted with the black bars in 

ig. 3 , this suggests our combined assumptions lead to reference 

onformers that are no longer the lowest energy conformer with 

he higher-level considerations for 1 out of the 14 alkanes, 5 out 

f the 24 alkyl radicals, 5 out of the 8 hydroperoxides, and 8 out 

f 13 hyroperoxy-alkyl radicals. If we only consider cases where 

he conformer differed by more than 0.33 kcal mol −1 , the center 

f our uncertainty range for �H f (0 K), our failures diminish to 1 

lkyl radical and 5 hydroperoxyalkyl radical species, which is 9% of 

he species considered in this analysis. 

.1.1. Assumption 1: number of points 

The number of starting geometries that the STAR-1D proce- 

ure samples is the minimum of 100 and 6 + 2(3 n ) where n is
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he number of non-methyl torsional coordinates. Higher n -alkanes 

ave more conformers than would be expected by a 3 n approach 

ased on trans and gauche positions of torsions, and a pr ior i enu-

eration requires a precise set of sequencing rules [70–73] . More- 

ver, an excess of samples is a safeguard for the duplication of con- 

ormers that occurs with random sampling. Taking a closer look at 

he cases in Table 1 , we find that Assumption 1 fails for only one

pecies, CH 3 CH 2 ̇
 C HCH 2 CH 3 . Here, the independent Monte Carlo 

ampling in AutoMech found a lower energy L1 conformer than 

he one performed in QTC, but this rotamer is only 0.13 kcal mol −1 

ower. Reversedly, in looking at all of Table S2.2, the sampling in 

utoMech did not find the lowest energy conformer that QTC had 

ound in just one additional case. From this, we conclude that our 

riginal QTC conformer sampling has a sufficient number of points. 

.1.2. Assumption 2: method sensitivity 

In contrast, 79% of the lower energy conformers listed in 

able 1 are elucidated as lower energy than the reference con- 

ormer during the L2 geometry optimization, and remain so for L3 

nd L4. This weakens Assumption 2, that the L1 PES is representa- 

ive of the L2 surface. In fact, 25% of the 67 species set had lower

2, L3, or L4 energy conformers. This can be seen as the red bar 

n Fig. 3 . Assuming an uncertainty of 0.33 kcal mol −1 , this percent

s reduced to 4%. Even so, we consider Assumption 2 as our great- 

st source of error, and provide a future recommendation that any 

1 conformers within 0.33 kcal mol −1 of the electronic minimum 

hould be included in higher-level geometry optimization. 

One promising finding from Table S2.2 is that in all but four 

ases the lowest electronic energy L2 conformer is the lowest 

lectronic energy L4 conformer. For each of these exceptions, the 

2 energy difference between the conformer that had the low- 

st L4 energy and the lowest energy L2 conformer is within 

.04 kcal mol −1 . This indicates that the L2 surface is an excel- 

ent representation of the coupled-cluster PES. The success of dis- 

ersion corrected, double-hybrid functionals for conformer order- 

ng has also been reported by Gruzman et al. and Montgomery 

nd coworkers [73,74] . The ωB97X-D/6-31G 

∗ conformer order- 

ng performs similarly to the M06/cc-pVTZ method for n -butane, 

 −pentane, and n -hexane [73] . Higher order effects, such as those 

rom Diagonal Born Oppenheimer Corrections and scalar-relatistic 

ontributions, have been shown to have negligible effects on rela- 

ive conformer energies for n -pentane [75] . A higher-order correla- 

ion contribution, �T(Q), did not upset the conformer ordering of 

 -pentane. 

.1.3. Assumption 3: ZPVE contribution 

Table S2.2 also gives insight into Assumption 3, that the ZPVE 

ill not significantly alter the conformer ordering. This assumption 

reaks down in only two cases, omitting species that have a lower 

nergy conformer than the reference already at the B2PLYP-D3/cc- 

VTZ level. For CH 3 CH 2 ̇
 C HCH 2 OOH (SMILES: CC[CH]COO), rotamer 

o. 2 has the lowest L4 electronic energy. The electronic energy for 

otamer no. 13 is 0.14 kcal mol −1 higher, but its 0.45 kcal mol −1 

ower ZPVE makes it the lowest H(L5) rotamer. The second case is 

imilar. For CH 3 ̇
 C HCH 2 CH 2 OOH (SMILES: C[CH]CCO), rotamer no. 4 

as an L4 electronic energy that is lower by 0.10 kcal mol −1 than 

hat of rotamer no. 7, but has a 0.23 kcal mol −1 higher ZPVE. Note

hat none of these rotamers are the reference conformer that the 

nergies in Table 1 are calculated relative to. For both of these 

pecies, the lowest electronic energy rotamer has an interaction 

etween the terminal methyl group and the central oxygen of the 

eroxy group. Compared to this configuration, the ZPVE is much 

ower in the rotamers with a fully trans carbon backbone, where 

he vibrational motions are not sterically constrained. Visualiza- 

ions for the rotamers discussed in this section are provided in 
7 
igures S2.2(a-d). Note that Assumption 3 did exacerbate already 

resent misordering in several instances. 

.1.4. Assumption 4: temperature dependence 

The failure cases for Assumptions 1–3 are largely made up of 
˙ OOH radicals. In fact, apart from the Q̇OOH subset, the conformer 

nalysis only found conformers with δH (L5) < −0.33 kcal mol −1 

or 1 of 54 species. The four Q̇OOH radicals that have δH (L5) 

 −0.4 kcal mol −1 , in Table 1 , share a commonality – there is a

ydrogen bond (HB) between the carbon radical and the hydrogen 

f the hydroperoxy group. The 6-31G 

∗ basis set is known to over- 

stimate the stabilization energy of hydrogen bonds [76] , similar 

o other small basis sets [77] . Already causing large discrepancies 

t 0 K, these HBs will increasingly shift the conformer ordering at 

ombustion temperatures. The rigidity of a HB increases the fre- 

uencies, which aside, is why the E ZPVE (L2) significantly reorders 

he conformers for a couple of the Q̇OOH radicals. The increased 

requencies, moreover, lower the partition function and the en- 

ropy of a radical. The diminished entropy will increase the Gibbs 

nergy, lowering the weight of the conformer’s contribution. For 

his reason, the Q̇OOH radicals are the most likely to fail Assump- 

ion 4, which is that the minimum energy conformer at 0 K will 

e the dominant conformer at combustion temperatures. 

The relative weight, w i for the contribution of a conformer, i , to 

he overall partition function of the species with N conformers in 

 fully separable RRHO framework is 

 i ( T ) = 

exp 

(−δH i 
R T 

)
Q i ( T ) ∑ N 

j exp 

(
−δH j 

R T 

)
Q j ( T ) 

(4) 

here δH i = �H i (0 K) − �H 1 (0 K) , where �H i is the STAR-1D

eat of formation of rotamer no. i and �H 1 is for the refer- 

nce configuration. Figure 4 shows this weighting for an example 

 ̇O 2 radical (SMILES, CC(O[O])CC) on the left, and Q̇OOH radical 

SMILES, OOC([CH 2 ])C ) in the middle. The weight of the reference 

onfiguration partition function is dominant for both species at low 

emperatures. For CC(O[O])CC, even with δH 7 = 0 . 55 kcal mol −1 , 

y 10 0 0 K rotamer no. 7 has an equal weight to the reference con-

ormer. A similar effect is seen in the OOC([CH 2 ])C Q̇OOH radical, 

hich does not form a HB. Partition functions with similar weights 

ill be of similar actual value. For these species, then, the i > 1

otamers will not have a large impact on a Boltzmann weighted 

artition function. 

The effect is completely different for those species from 

able 1 that have a HB reference configuration. For these, the 

eights of the reference conformer are no longer competitive even 

t room temperature. Figure 4 (right) shows the partition function 

eighting for OOCC([CH 2 ])C , which has one more CH 2 group than 

he Q̇OOH in the center panel making it large enough to fold into 

 HB structure. Even at 298 K, the reference conformer hardly con- 

ributes. Instead, a reasonable replacement for the reference con- 

ormer is the L1 lowest energy nHB conformer, shown as the black 

ashed line. We note that while in all cases, the lowest energy nHB 

onformer is a significant improvement over the HB conformer for 

he large Q̇OOH species, in many cases it is not consistently the 

ighest weighted. While the RRHO model partition functions are 

ighly sensitive to conformer choice, the 1DHR model is less sensi- 

ive because other minima are sampled during the torsional scans. 

ecause of this, we consider it sufficient to have chosen a nHB ref- 

rence conformer that is amongst the top half of RRHO contribu- 

ors. 

.2. Hydrogen bonding in larger species 

For Q̇OOH species we find through the conformer analysis that 

ssumptions 1–4 are often invalid. This is because the ground state 
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Fig. 4. Percent contribution for each conformer of (left) CC(O[O])CC, (middle) OOC([CH 2 ])C , and (right) OOCC ([ CH 2 ])C for RRHO partition functions. Weights are calculated 

according to Eq. (4) , where the partition function Q is computed with B2PLYP-D3/cc-pVTZ geometries and frequencies and δH i is the total energy difference between rotamer 

no. i and the reference conformer at CCSD(T)-F12b/cc-pVTZ-F12 with a scaled ZPVE. The black solid line represents the weight of the reference conformer, the lowest ωB97X- 

D/6-31G ∗ electronic energy conformer. The black dashed line represents the lowest ωB97X-D/6-31G ∗ energy non-hydrogen bonded conformer. 
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tructure frequently has a hydrogen bond between the radical and 

he hydrogen atom on the peroxy group. The added rigidity of the 

tructure due to the hydrogen bond increases the frequencies, and 

hereby diminishes the entropy of the molecule. At combustion 

emperatures, the Gibbs energy is often affected so significantly 

hat the hydrogen-bonded conformer is not the dominant struc- 

ure. Such sensitivity was also noted by Green and co-workers, 

ho refer to the hydrogen bonded (HB) structures as ring and the 

on-hydrogen bonded (nHB) as open structures [50] . This moti- 

ated us to add the optional criteria to AutoMech to update the 

eference configuration to a nHB structure in nHB- STAR-1D . 

Accordingly, we performed an additional geometry analysis of 

ll 195 species to identify strong hydrogen bonds to the radical car- 

on or oxygen or to an oxygen lone pair. Using a structural defini- 

ion, we assume a significant orbital overlap for any species with a 

–H ···O, C–H ···Ċ, or O–H ···Ċ distance of 2.43 Å or less and angles of

10 ◦ or more. For the 31 species that are thereby categorized as HB 

tructures, which are all Q̇OOH radicals, we carry out a nHB- STAR- 

D analysis , which differs from the original only by constraining 

he evaluation to the lowest energy nHB conformer. 

Figure 5 demonstrates the difference in thermochemical prop- 

rties between the lowest energy HB and nHB conformer for 
˙ 
 H 2 CH 2 CH 2 CH 2 CH 2 OOH . The HB in this species is relatively strong, 

ith a Ċ ···H length of 2.27 Å and ∠ ̇C ···H–O = 156 ◦. At low tempera-

ures, the entropy of the nHB conformer is 15 cal mol −1 K 

−1 higher 

han the HB. At high temperatures, the entropies converge, but the 

nthalpy of the nHB conformer is more than 10 kcal mol −1 lower. 

his behavior results in a Gibbs energy that is consistently lower 

or the nHB structure. 

Table 2 shows the difference between Gibbs energies for the 

omplete set of nHB and HB structures. The average nHB structure 

roduces a �G(10 0 0 K) that is 4.4 kcal mol −1 lower than its HB

ounterpart. Moreover, these HB conformers are all Q̇OOH species. 

 constant shift in the R ̇O 2 � Q̇OOH equilibrium constant of this 

agnitude dramatically increases fuel reactivity. All final thermo- 

hemistry reported in this work, therefore, corresponds to the nHB 

onfigurations. 

.3. QM method for torsional profiles 

A one-dimensional, hindered rotor (1DHR) treatment of a parti- 

ion function necessitates that a V(θ ) be built from a torsional scan 

or each hindered rotor (See Eqs. (1) and (2) ). Within the STAR- 

D protocol we constrain only the torsional angle in these scans. 

or the purposes of testing, we here evaluate torsional profiles 

omputed with M1: ωB97X-D/cc-pVTZ M2: B2PLYP-D3/cc-pVTZ, 
8

nd M3: CCSD(T)-F12/cc-pVTZ-F12//B2PLYP-D3/cc-pVTZ methods 

or propane oxidation through the n -propyl radical. This includes 

ropane, n -propyl radical, n -propyl peroxy radical, n -propyl hy- 

roperoxide, and n -propyl hydroperoxyalkyl radical. Respectively, 

hese species have 2, 2, 3, 4, and 4 torsions (see Figure S3.3). The 

lectronic energy at each scan point is relative to the energy of 

he reference configuration, allowing for tremendous error cancel- 

ation. The M1 torsional scans are employed in the STAR-1D V(θ ) 

valuations. 

The n -propyl hydroperoxy radical showed the greatest sensitiv- 

ty to electronic structure method. For it, the shifts in the torsional 

rofiles, �V (θ ) , from M3 are shown on the top panel of Fig. 6 .

he V (θ ) for each method are largely the same shape, but have 

aximum shift V (θ ) M1 −M3 of 0.15, 0.50, 0.47, and 0.69 kcal mol −1 , 

hich are 22, 15, 8, and 11% of each M3 profile height, V M3 , max ,

espectively. The largest maximum shift is in the fourth torsion, 

hich is the ∠ C–O–O–H, and the greatest relative shift is the 

rst, which is ∠ H–Ċ–C–C. Differences in thermochemical proper- 

ies, shown in the bottom panel of Fig. 6 , elucidate the impact of 

V (θ ) . In the combustion relevant 60 0–150 0 K temperature range, 

ighlighted in teal on the figure, the M1 heat capacities and en- 

ropies vary by a maximum of 0.26 and 0.12 cal mol −1 K 

−1 , 

espectively, from those of the M3 method. Interestingly, 

C M1 −M3 (800 K) = C p , M1 − C p , M3 (800 K) = − 0 . 07 cal mol −1 K 

−1 

nd �C M2 −M3 (800 K) = −0 . 05 cal mol −1 K 

−1 , are close, even

hough max M2 �V (θ ) = 0.08, 0.26, 0.19, and 0.19 kcal mol −1 ,

ave nearly half the discrepancy than does M1 from M3 for all 

our torsions. 

The �C M1 −M3 for all five species are plotted in Fig. 7 . Fig- 

res S3.4–7 provide the information of Fig. 6 for the remain- 

ng propane oxidation species. The max absolute �V (θ ) averaged 

cross the 15 torsions is 0.26 kcal mol −1 . Focusing on the methyl 

nd ethyl torsions, by neglecting the C–C–O–O and C–O–O–H tor- 

ions, the max absolute �V (θ ) diminishes to 0.13 kcal mol −1 on 

verage. We see from propane and the n -propyl radical, shown 

n Figures S3.4 and S3.5, that such shifts on methyl and ethyl 

rofiles result in heat capacity and entropy shifts of less than 

.01 cal mol −1 K 

−1 per torsion at temperatures over 500 K. This 

istinction is important, because only the number of ethyl and 

ethyl torsions scale with system size in this species set. The 

ear negligible sensitivity of C p and S to M1 methyl and ethyl 

orsional profiles when compared to M3, suggests that C p and S 

ncertainty from using the more affordable electronic structure 

ethod on the scans, will not scale significantly with molecu- 

ar size. Steric hindrance should not amplify methyl sensitivity in 

arger species because the medium to high temperature range fa- 
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Fig. 5. The enthalpy (top-left, purple), entropy (top-right, green), heat capacity (bottom-left, red), and Gibbs energy (bottom-right, blue) of n -pentyl hydroperoxy radical 

(SMILES, [CH 2 ]CCCCOO ), for the lowest energy hydrogen bonded (HB) and non-hydrogen bonded (nonHB) rotamer. For each property, the absolute thermochemistry for the 

HB and nHB conformers are provided in the top panel and the difference of the properties (HB - nHB) are in the bottom panel. 
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ors open configurations. For hydrocarbon species, the uncertainty 

hould remain below 0.10 cal mol −1 K 

−1 for both properties above 

00 K. For RO 2 H, R ̇O 2 , and Q̇OOH species this uncertainty may in-

rease to 0.3 and 0.5 cal mol −1 K 

−1 , for S and C p , respectively. The

00 K Gibbs energy uncertainty due to the choice of electronic 

tructure method used for V( θ ), then, is below 0.3 kcal mol −1 . 

e explore further uncertainties from the 1DHR framework in 

ections 3.4.3 and 3.6 . 

.4. Validation for alkane thermodynamics 

.4.1. Experimental dataset 

Both the frequency-dependent scaling factors and the torsional 

rofile scaling factors that are used in the STAR-1D method are di- 

ectly determined from theoretical calculations and are motivated 

o better represent higher order theoretical descriptions of the par- 
9

ition functions. They are, as such, not directly tailored to im- 

rove thermodynamic properties. Nevertheless, when the param- 

ters that build the partition function are more correct, the ther- 

odynamic properties that are derivatives of it should be as well. 

o understand the extent of the improvement to thermodynamic 

roperties, and their sensitivity to STAR-1D routines, we have col- 

ated experimental data for alkane species. 

The experimental dataset is comprised of C 1 –C 7 linear and 

 4 –C 6 branched alkane species. From the CRC Handbook [78] we 

btain entropies ( S ) for ethane and propane in the temperature 

ange 30 0–150 0 K. From Sinke and coworkers [79] we compile en- 

ropies for n -butane, n -hexane, and n -heptane at 30 0, 50 0, 70 0,

nd 10 0 0 K. From NIST [80] we find heat capacities ( C p ) for

thane, propane, n -butane, n -pentane, and n -hexane in the tem- 

erature range 300 to 1500 K. For all of these species, along 

ith i -butane, neo-pentane, 2-methylbutane, 2,3-dimethylbutane, 
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Table 2 

The difference in Gibbs energy ( δ�G = �G nHB − �G HB ) in kcal mol −1 . 

SMILES reference δ�G a 

r HB 
b ∠ HB 

c 300 500 10 0 0 20 0 0 

C[CH]CCCOO 2.06 148.40 −3.49 −4.86 −6.29 −6.31 

OOC(CC([CH 2 ])(C)C)(C)C 2.07 145.75 −0.59 −1.24 −2.63 −4.16 

[CH 2 ]CC(COO)(C)C 2.08 143.84 −2.83 −4.19 −6.03 −7.58 

OOCCC(C)(C)[CH 2 ] 2.08 144.83 −3.89 −6.10 −9.45 −12.22 

CC(OO)CC[CH 2 ] 2.10 142.67 −2.15 −3.12 −4.68 −6.06 

OOCCC([CH 2 ])C 2.11 144.16 −3.22 −4.20 −5.30 −5.61 

OOCC(C[C](C)C)C 2.19 143.30 −2.47 −4.10 −6.18 −7.32 

OOC(C([CH 2 ])(C)C)C 2.25 119.85 −1.84 −2.53 −3.26 −3.85 

[CH 2 ]CCCCOO 2.27 155.87 −3.03 −5.31 −8.42 −10.31 

OOCC([C](C)C)C 2.27 125.69 −2.52 −3.62 −4.80 −5.52 

OOC(C([CH 2 ])C)C(C)C 2.30 120.31 −0.85 −2.22 −4.56 −6.71 

C[CH]C(COO)(C)C 2.31 121.55 −2.11 −3.58 −5.42 −7.19 

OOC(C(C)(C)C)C(C)[CH 2 ] 2.31 119.38 −1.30 −2.07 −3.23 −4.56 

OOC(CC([CH 2 ])C)(C)C 2.31 136.12 −0.31 −1.52 −3.44 −5.06 

OOCC(C([CH 2 ])C)C 2.32 136.88 −1.50 −2.53 −3.97 −4.91 

OOCC(CC([CH 2 ])(C)C)C 2.32 155.88 −0.80 −2.22 −4.43 −4.81 

CC[CH]CCOO 2.32 121.13 −1.68 −2.20 −2.67 −2.81 

CC([CH]C)COO 2.34 120.91 −1.16 −1.69 −2.39 −3.01 

CCC(COO)([CH 2 ])C 2.34 118.72 −2.15 −3.29 −4.68 −5.83 

OOCC([CH]C(C)C)(C)C 2.35 119.86 −1.95 −3.54 −5.66 −7.47 

CC(OO)C[CH 2 ] 2.36 117.09 −0.36 −0.44 −0.59 −0.91 

CC(C[CH 2 ])COO 2.37 134.53 −1.53 −2.34 −3.43 −4.22 

OOCC([CH 2 ])(C)C 2.37 116.98 −1.98 −2.74 −3.27 −3.49 

OOCC([CH]C(C)C)C 2.37 120.22 −2.77 −4.02 −6.28 −9.07 

[CH 2 ]CCCOO 2.39 134.76 −1.45 −1.85 −2.20 −2.49 

OOCC(CC(C)C)([CH 2 ])C 2.40 116.58 −3.07 −4.28 −6.29 −8.45 

OOC(CC(C)C)([CH 2 ])C 2.40 117.57 −0.59 −1.31 −2.90 −4.90 

OOC(CC(C)C)(C)C 2.41 116.87 −0.66 −1.58 −2.84 −3.60 

OOC(CC(C)(C)C)([CH 2 ])C 2.42 114.99 −1.18 −2.26 −4.39 −7.20 

OOC(C([CH 2 ])(C)C)C(C)C 2.42 118.05 −0.68 −1.82 −3.93 −6.15 

OOCC([CH 2 ])C 2.43 114.54 −1.86 −2.49 −3.08 −3.48 

a Temperatures are in Kelvin. 
b The HB bond length ( ̊A) of the shortest HB in the STAR-1D reference conformer. 
c The angle (in degrees) between atoms in the HB of the reference conformer. 

Fig. 6. Comparison of methods M1, M2, and M3, which are identical apart from their torsional profiles, which are computed with M1 = ωB97X-D/cc-pVTZ, M2 = B2PLYP- 

D3/cc-pVTZ, and M3 = CCSD(T)-F12/cc-pVTZ-F12//B2PLYP-D3/cc-pVTZ. 

Top: relative torsional profiles �V = V M1 (θ )-V M3 (θ ) , in red, and V M2 (θ )-V M3 (θ ) , in blue, for rotors D1, D2, D3, and D4 of n -propyl hydroperoxy radical, which are defined in 

Figure S3.3(e). The maximum potential, at M3, is given as V M3 , Max . 

Bottom-left: relative partition functions Q M1 /Q M2 and Q M2 /Q M3 . 

Bottom-center: relative heat capacities �C = C p, M1 − C p, M3 and �C = C p, M2 − C p, M3 . 

Bottom-right: relative entropies �S = S M1 − S M3 and S M2 − S M3 . Teal areas highlight sensitive regions for combustion modeling. 

10 
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Fig. 7. Relative heat capacities ( �C = C p, M1 − C p, M3 ) for propane oxidation, where 

M1 is ωB97X-D/cc-pVTZ and M3 is CCSD(T)-F12/cc-pVTZ-F12//B2PLYP-D3/cc-pVTZ. 

2

t

t

d

m

w

f

3

w

r

l

t

m

h

p

e

p  

s

2

i  

c

i

n

t  

p

t

F

l

m

c

1

1

i

t

t

b

r

r

t

o

p

3

i

w

c

p

t

t

d

c

l

t

s

t

f

l

s

8

i

f

i

s

h

1

a

t

s

3

f

d

a

m

t

t

b

i

i

a

c

0

w

d

f

a

t

b

e

t

i

r

i

w

i

q

i

t  

0

0  

c

s

u

,2-dimethylbutane, and n -heptane, the API tables [81] provide ex- 

rapolation data for both S and C p in the temprature range 300 

o 1500 K. This latter source has inconsistencies with the other 

atasets, especially at high temperatures. Comparisons are only 

ade here to Refs. [78–80] , with the exception of methane, for 

hich we use API data [81] . The supporting information carries out 

urther comparisons to the API tables [81] in Section S4.2. 

.4.2. Frequency scaling 

The RRHO + 1DHR partition function has several limitations 

hen applied to combustion systems. At the high temperatures 

elevant to combustion chemistry neglecting anharmonicities can 

ead to significant error. Anharmonic partition function evalua- 

ions [58,82] , while feasible for small systems, are costly for large 

olecules. In Section 2.4 we developed a procedure to scale the 

armonic frequencies that successively build up the vibrational 

artition function. In doing so, we determined that 2 σ= 1.4% for 

ach of our scaled frequencies, which for our largest species would 

ropagate to 2 σ (Q ) = 11% for the product of the frequencies of a

pecies. An 11% uncertainty in a partition function translates to 

 σ (G ) = k B T ln (1 . 11) uncertainty in the Gibbs free energy, which 

s 0.2 kcal mol −1 at 800 K and 0.3 kcal mol −1 at 1500 K. We here

ompare to experimental values for C 1 –C 6 linear alkanes to empir- 

cally explore how the frequency scaling translates into thermody- 

amic properties. 

For the example of propane, we see errors in both the en- 

ropies and heat capacities of up to 1 cal mol −1 K 

−1 at high tem-

eratures when we use the original RRHO + 1DHR partition func- 

ion, which is the gray dash-dotted line and the gray x markers in 

ig. 8 . When we apply our frequency scale factor, the dotted red 

ine, the error for both properties is severely mitigated, with the 

aximum discrepancies reduced to 0.25 cal mol −1 K 

−1 . This trend 

ontinues over the C 1 –C 6 linear alkanes, shown in Figures S4.8–

9. For these molecules, and over the temperature ranges 1200–

500 K, the mean absolute deviation (MAD) for the heat capacities 

s 0.40 cal mol −1 K 

−1 for the scaled frequency RRHO + 1DHR parti- 

ion function. The entropy MAD is 0.15 cal mol −1 K 

−1 , although the 

ests for high temperature are somewhat limited since CRC Hand- 

ook [78] and Stull et al. [79] only have data in the temperature 

ange 120 0–150 0 K for methane, ethane, and propane. These er- 

ors are consistent with the simple propagation of the 1.4% uncer- 

ainties in the scaled frequencies. We here note that this method 

f characterizing anharmonicity through scaled frequencies is ex- 

ected to break down at high temperatures (e.g., > 1500 K) [65] . 
11 
.4.3. Torsional profile scaling 

A second limitation of the unscaled RRHO + 1DHR approach 

s that the harmonic portion of the torsional profiles produced 

ith single-rotor constrained optimized geometries do not map 

orrectly to the harmonic frequencies. This is a consequence of, in 

art, treating the torsions as fully separable, and, in part, the fact 

hat the 30 degree step sizes about the torsional minima obfuscate 

he shape of the well. By introducing the potential scaling factor 

iscussed in Section 2.5 , we enforce that the set of profiles maps 

onsistently into the harmonic frequencies. 

At high temperatures the effect of the hindering potential is 

argely negligible. Instead, it is when the torsional barrier is on 

he order of magnitude of k B T , where k B is the Boltzmann’s con- 

tant, that the partition function is most sensitive to hindered ro- 

or treatment. The comparison to experimental thermochemistry 

or propane, in Fig. 8 , demonstrates this. We see the blue dashed 

ines on the left and the blue triangles on the right, are most 

ensitive to the potential scaling factor in the temperature range 

0 0–90 0 K. The scaling, for propane, lowers both the heat capac- 

ty and the entropy because, in order to map into the harmonic 

requencies correctly, the potentials were uniformly elevated. Sim- 

larly to the frequency scaling, the entropy shift from the torsional 

caling is within 1 cal mol −1 K 

−1 . At 800 K, the C 1 –C 6 alkane 

eat capacity RMSD is 1.42 cal mol −1 K 

−1 when unscaled and 

.11 cal mol −1 K 

−1 with the torsional profile scaling. We provide 

 final estimate of the uncertainty attributed to the hindered ro- 

or model, however, after more rigorously considering multidimen- 

ional effects in Section 3.6 . 

.4.4. Dual scaling 

The frequency scaling factor and the torsional potential scaling 

actor are both physically motivated, and importantly, are indepen- 

ent of one another. This is because the potential scaling factor 

cts on the energies of a torsional profile, and is based on har- 

onic frequencies. The frequency scale factor aims to approximate 

he anharmonic character only when building the vibrational par- 

ition function for non torsional modes. This allows us to apply 

oth scaling factors simultaneously to the partition function. This 

s seen as the solid, purple, dual scaling entropy and heat capac- 

ties in Fig. 8 . The dual scaling for propane removes any temper- 

ture dependence of the error, and brings the error for both heat 

apacity and entropy to within 0.07 cal mol −1 K 

−1 for the entire 

–1500 K temperature range. Notably, the underlying scale factors 

ere determined without any recourse to this set of experimental 

ata for the entropy and heat capacity. 

Analogous comparisons can be made with experimental data 

or the linear C 1 –C 6 (see Figures S4.8–S4.19). By extending the 

nalysis to the larger alkanes we see that the size of the correc- 

ion from the torsional scaling directly increases with number of 

oth methyl and, to a greater extent, ethyl rotors. As expected, the 

ffect of frequency scaling is also more pronounced as the size of 

he molecule increases. 

Figure 9 compiles the errors from experiment for heat capac- 

ties computed with no scaling in gray, with frequency scaling in 

ed, with torsional potential scaling in blue, and with dual scal- 

ng in purple for the six alkane molecules reported in NIST [80] , 

hich are the C 1 –C 6 linear alkanes. This figure shows clearly the 

mprovement on high temperature heat capacity from the fre- 

uency scaling and on low temperature data from potential scal- 

ng. For the six species, the dual scaling computed heat capaci- 

ies have MAD at 300 K, 1000 K, and 1500 K of 0.14, 0.23, and

.36 cal mol −1 K 

−1 , respectively and RMSD of 0.19, 0.34, and 

.52 cal mol −1 K 

−1 , respectively. For the full list of 12 species, in-

luding data from Scott [81] (see Figure S.4.20–21), the 500 K un- 

caled heat capacities have MAD = 1.05 and RMSD = 1.13 (see Fig- 

re S4.20). Dual scaling diminishes this discrepancy to MAD = 0.16, 
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Fig. 8. The entropies, S, (top) and heat capacities, C p , (bottom) computed for propane plotted alongside experimental data from Scott et al. [81] , the CRC Handbook [78] and 

NIST [80] . The right plots show the difference between the computed and the CRC Handbook S values and the NIST C p values. Computed values use the STAR-1D method, 

altered by the indicated scaling procedures used. The dash-dotted gray line and cross symbols represent data produced with no scaling, the blue dashed line and triangles 

applies the torsional scale factor, s V , the red dotted line and circles applies the frequency-dependent frequency scale factor, s (ω) , while the purple line and boxes uses dual 

scaling to include both s V , and s (ω) , which is the approach in STAR-1D . 
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( eff  
MSD = 0.20 cal mol −1 K 

−1 . The Scott high temperature data is 

rom extrapolations and is less suited for comparison. 

The entropies can be analyzed in a similar manner. Figure 10 

ompiles the errors from the CRC Handbook [78] or from the Sinke 

nd coworker [79] experimental entropies for each method. Note 

hat only methane, ethane and propane data is present for the 

oxes at 40 0, 60 0, 80 0, 90 0, and > 10 0 0 K. Even so, the data

resent shows a dramatic improvement in the temperature depen- 

ence of the error and the size of the interquartile range when 

sing the dual scaling. With it, the MAD from the CRC Handbook 

nd Sinke data is within 0.5 cal mol −1 K 

−1 across the 30 0–150 0 K

emperature range and the median is lower. However, even with 

he large improvement in the theoretical results from the scaling, 

here still remains a small negative bias on the heat capacities and 

 positive bias on the entropies. 

.5. Umbrella motions, torsional profiles, and symmetry 

The torsional profile scaling routine relies on the fundamen- 

al assumption that a profile will have harmonic behavior about 

he torsional minimum energy structure. This assumption breaks 

own if the harmonic region cannot be captured within the cho- 

en step size (i.e., 30 degrees). The 30 degree grid is sufficient for 

ost species, but in the presence of umbrella motions we find that 

he torsional scan often only partially samples the umbrella inver- 

ion near the minimum. As a result of the umbrella motion cou- 

ling, the symmetry for the torsional scan is thrown off and the 

cale factor becomes non-physical. Reducing the step size to 15 or 

 degrees can correct this issue, but not predictably. Instead, we 

onsider a general approach to predict a scale factor for a radical 

pecies. 

If the torsional potential scaling routine is to capture the multi- 

imensional effects on each torsion, we should see a consistent in- 
12 
rease in the overall scale factor with each additional rotor. This 

ssertion is visible in Fig. 11 . For the RH species, Fig. 11 (a) the

er-torsion scaling factor, however, only increases with number of 

orsions once it surpasses three torsions. It is intuitive that multi- 

imensional effects are more substantial when the molecule has 

nough torsions to wrap back on itself. 

We see by contrasting Fig. 11 (a) and (b) that RH and RO 2 H 

pecies have somewhat disparate behavior. Even within the RO 2 H 

pecies there is a spread on each rotor, as different branching pat- 

erns and hydroperoxy sites influence the scaling. 

The R ̇O 2 species in Fig. 11 (c) visibly have a similar trend to the

O 2 H species and physically have the same connectivities with one 

ewer torsion, i.e., ∠ C–O–O–H. Because they are the only radical 

pecies in our set that do not have potential umbrella motions, 

hey present a unique opportunity to consider what the relation- 

hip between a radical and parent molecule scaling factors should 

e. Figure 12 displays the per-rotor scaling factor for each R ̇O 2 

pecies against the scaling factor for its RO 2 H parent. In this con- 

ext, the scale factor for species with same connectivities are di- 

ectly related to one another. Somewhat non-intuitively, the pres- 

nce of a radical produces a greater per-rotor scale factor than the 

resence of the extra ∠ C–O–O–H torsion. Quantitatively, the radi- 

al species has a per-rotor scale factor that is (1 . 124 − 0 . 012 N rotor )

the parent species scale factor. R ̇O 2 scale factors predicted by 

his fit have a MAD of 0.06 from the predetermined R ̇O 2 scale 

actor, an uncertainty to V( θ ) on the same order as the choice 

f electronic structure method (see Section 3.3 , where the aver- 

ge of MAX( 
V max , M3 

V max , M1 
, 

V max , M1 

V max , M3 
) is 1.05 across 15 torsional profiles). To 

void the umbrella motion related ambiguities for the Ṙ and Q̇OOH 

pecies, we use this per-rotor scale factor expression in place of 

q. (3) for the present STAR-1D evaluations. 

Here, we also note that the effective symmetry of the molecule 

 σ in Eq. (1) ) must be increased by a factor of two if an um-
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Fig. 9. A box and whisker plot of the difference between computed and experimental heat capacities for C 1 –C 6 linear alkanes. Experimental data for methane is from Scott 

[81] , and the remaining alkanes data is from NIST [80] . Each box represents the heat capacity errors, �C, for all molecules at a given temperature. Within each box, a 

horizontal dark line denotes the median error value, and a dark x denotes the mean error value. Each box spreads from the 25th to the 75th percentile of the errors. The 

whiskers extend out to, and are capped at, the 1.5 × interquartile range. Translucent dots give the error for each species at each temperature. 
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rella inversion is captured in the torsional scan routine. This gen- 

rally occurs when the four atoms that define the umbrella are be- 

ween 5 and 17 ◦ off planar. The umbrella less predictably inverts 

hen the center is a terminal Ċ H 2 group. For such species in the 

 / ̇QOOH set we manually look at the torsional scans for symmetry 

n the profile that corresponds to umbrella inversion and update 

he symmetry number accordingly. For future data production we 

urrently are developing a procedure in AutoMech to read from the 

eometry at each scan point to quantitatively identify inversion of 

he umbrella. 

.6. Multi-dimensional effects 

Multi-dimensional effects on thermodynamics are well recog- 

ized but rarely treated in combustion systems due to the com- 

utational cost of building the multi-dimensional hindered rotor 

MDHR) partition function [83] . Torsional coupling is especially rel- 

vant in Q̇OOH radicals, which have the flexibility to form hydro- 

en bonds during torsional rotation about backbone atoms. Multi- 

onformational [84–86] methods aim to capture multi-dimensional 

ffects with RRHO partition functions and corrections to ther- 

odynamic properties based on Boltzmann probability distribu- 

ions for the conformers. Similarly, the multi-structural method 

ith torsional anharmonicity (MS-T) [87] builds conformational- 

ovibrational partition functions which requires geometries and 

essians at 3 t configurations, where t is the number of torsions. 

he Hessians facilitate prediction of torsional barrier heights and 
13 
orsional anharmonicity factors. Requiring a complete enumeration 

f the conformational minima, these methods are computation- 

lly expensive for molecules with more than a handful of torsional 

odes. 

Several recent works focus on a two dimensional treatment 

2DHR), suggesting it is sufficient to capture partial coupling of ro- 

ors [88–91] . Applying this to MS-T, Wu et al. treat sets of torsion 

airs (MS-2DT) to significantly reduce the dimensionality of MS- 

 [92] . In doing so they miss conformations that are largely the 

igh-energy structures. MS-T results, however, are most sensitive 

o computation of the low-energy conformers, and more affordable 

ethods can be used on the high-energy structures [93] . The lost 

ontribution to the partition function from the missed conformers, 

hen using MS-2DT in place of MS-T, increases with species size. 

or n -octane, this contribution is 18–33% from 20 0–20 0 0 K [92] . 

Green and coworkers, in a study of alkylperoxy and hydroper- 

xyalkylperoxy radicals note 1DHR sensitivity to scanning about 

B or nHB conformers [50] . They develop a method to sub-divide 

he dihedral angle phase-space into regions near the HB struc- 

ures and into a region corresponding to nHB structures. They 

hen solve the HB region with a non-separable rotor, semi-classical, 

artition function, where methyl rotors are treated separable. All 

otors in the nHB region, however, are treated as fully separa- 

le. For HOOCH 2 CH ( CH 3 ) O ̇

 O , this hybrid approach slightly over- 

orrects the 1DHR enthalpy (which was originally 2 kcal mol −1 

igher) to 0.5 kcal mol −1 lower than the enthalpy from a MDHR 

artition function (where their MDHR partition function also sep- 
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Fig. 10. The difference between computed and experimental entropies for C 1 –C 6 linear alkanes. Experimental data for ethane and propane are from Ref. [78] , methane is 

from Ref. [81] , and the remaining alkane data is from Ref. [79] . Each box represents the entropy errors, �S , for all molecules at a given temperature. Within each box, a 

horizontal dark line denotes the median error value, and a dark x denotes the mean error value. Each box spreads from the 25th to the 75th percentile of the errors. The 

whiskers extend out to, and are capped at, the 1.5 × interquartile range. Translucent dots give each error individual value. 

Fig. 11. The torsional profile scaling factor, per torsion, plotted against the number of torsions for (a) RH , (b) RO 2 H , and (c) R ̇O 2 species. 
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rates methyl torsions). When using 1DHR and the hybrid ap- 

roach, their 298 K entropy difference from a full MDHR result are 

.5 cal mol −1 K 

−1 and −3 . 3 cal mol −1 K 

−1 , respectively. The corre-

ponding errors in the 298 K heat capacity are −17 . 4 cal mol −1 K 

−1 

nd −6 . 6 cal mol −1 K 

−1 , respectively. 

These approximations to a full multi-dimensional partition 

unction incompletely and somewhat unpredictably capture multi- 

imensional effects. Moreover, they remain costly for more than a 

ew rotors. The STAR-1D scaling procedure recovers coupling be- 

ween torsional motions by correlating the 1D torsional frequency 

o the coupled vibrational frequencies. In doing so it adds virtually 

o extra computational costs to the widely used 1DHR approach. 
14 
We here evaluated the extent of remaining multi-dimensional 

ffects when using the scaled-1DHR approach by computing MDHR 

roperties for butane ( C 4 H 10 ), the butyl ( C 4 H 9 ) radical, propyl

eroxy ( C 3 H 5 O 2 ) radical, ethyl hydroperoxy ( C 2 H 4 O 2 H ) radical, 

nd ethyl hydroperoxide ( C 2 H 5 O 2 H ) with fully multidimensional 

B97X-D/cc-pVTZ scans and contrasting them to the 1DHR parti- 

ion function computed with scaled one-dimensional ωB97X-D/cc- 

VTZ scans. All of these computations were automated with the 

utoMech software suite. The five species have a 0.18 kcal mol −1 

AD in their 298 K enthalpies between the scaled-1DHR and the 

DHR. Their 298 K entropy MAD is 0.20 cal mol −1 K 

−1 and the 

98 K heat capacity MAD is 0.57 cal mol −1 K 

−1 . 
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Fig. 12. The ratio between torsional profile per-rotor scaling factors for 26 R ̇O 2 and 

26 RO 2 H species plotted against the number of torsions. The predicted ratio, the 

solid black line, is 1.124–0.012 N rotor and has a 2 σ= 0.1, demonstrated by the shaded 

area. 

Fig. 13. The influence of multidimensional effects on rates, shown through the 

Boltzmann factor of the Gibbs energy difference, �G , between scaled-1DHR and 

MDHR partition functions produced with ωB97X-D/cc-pVTZ hindered rotor scans 

plotted against temperature, T . 
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Table 3 

Heats of formation ( �H f ) and entropies ( S ) of alkyl radicals collected from experi- 

ment alongside bolded STAR-1D results of this work. 

�H f (298 K) S(298 K) 

kcal mol −1 cal mol −1 K −1 

C 2 H 5 

28 . 92 ± 0 . 36 a 61 . 19 ± 1 . 67 a 

28 . 85 ± 0 . 24 e —

28.90 d 59.05 d 

28.68 59.17 

n - C 3 H 7 

24 . 09 ± 0 . 50 b 67 . 88 ± 1 . 20 b 

24 . 21 ± 0 . 24 e —

24.02 d 69.17 d 

23.98 67.91 

i - C 3 H 7 

21 . 51 ± 0 . 41 a 69 . 79 ± 1 . 20 a 

20 . 70 ± 0 . 48 b 67 . 16 ± 1 . 20 b 

21 . 15 ± 0 . 24 e —

21.51 d 69.14 d 

20.82 69.10 

n - C 4 H 9 

19 . 34 ± 0 . 53 b 78 . 63 ± 1 . 20 a 

19.24 d 79.26 d 

19.31 78.82 

s - C 4 H 9 

16 . 13 ± 0 . 53 a , c 81 . 98 ± 2 . 15 a 

15 . 94 ± 0 . 50 b 78 . 87 ± 1 . 20 b 

16.14 80.42 

i - C 4 H 9 

17 . 38 ± 0 . 53 b 75 . 53 ± 1 . 20 b 

17.38 d 76.35 d 

17.55 76.06 

t - C 4 H 9 

12 . 26 ± 0 . 43 a 74 . 81 ± 1 . 20 a 

12 . 38 ± 0 . 31 b 75 . 29 ± 0 . 96 b 

12.26 d 75.79 d 

12.42 76.23 

a Seakins et al. 2 nd - and 3 rd -law determination from R+HBr PI-MS [7] . 
b Seetula et al. 2 nd -law determination from R+HBr PI-MS [8] . 
c Seetula et al. 2 nd - and 3 rd -law determination from R+HI PI-MS [6] . 
d Baulch et al. recommended thermochemical data from compilation of experi- 

mental, ab initio, and group additivity methods [95] . 
e Bodi et al. RCH 2 NH 2 TPEPICO dissocation energies with CBS-APNO [94] . 
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More interestingly, we predict the influence of the thermo- 

hemistry on rates and equilibrium constants by considering the 

ifferences in the scaled-1DHR and MDHR Gibbs energy in a Boltz- 

ann factor, exp 

�G 
k T 

, in Fig. 13 . At combustion temperatures the 

emaining multi-dimensional effects cause less than a 25% im- 

act on the rates. The low temperature properties are more sen- 

itive to multi-dimensional effects, as expected, but still remain 

ithin a factor of 2. The MAD of the Gibbs energy at 800 K 

s 0.23 kcal mol −1 , where C 2 H 4 O 2 H has the max deviation of 

.44 kcal mol −1 . Note that this 800 K deviation is the largest de-

iation across all temperatures, owing to the sensitivity of thermo- 

ynamic properties to hindered rotors in this temperature region. 

As species grow larger and generate more low-frequency mo- 

ions, their rotor coupling will increase. While the alkane oxida- 

ion species have up to 9 torsional modes, the maximum num- 

er of non-methyl torsions in the present dataset is 5. Noting that 

ethyl groups rarely experience strong coupling, we double the 

ax deviation from our species with 3 torsion to estimate a max 

f 0.8 kcal mol −1 uncertainty in Gibbs energies due to multidimen- 

ional effects in the largest molecules. 

.7. Uncertainty 

This section considers the cumulative effect of the various as- 

umptions made in the STAR-1D protocol. Several are associated 

ith uncertainties in electronic structure parameters. From the 

BH-ANL �H f (0 K), for example, we have a 0.2–0.5 kcal mol −1 

ncertainty that directly applies to the Gibbs energy. We have 

lso considered the translation of deviations in our scaled frequen- 
15 
ies from anharmonic frequencies into uncertainties in thermody- 

amic properties to establish an uncertainty within 0.4 kcal mol −1 

n the �G(800 K). The 1D ωB97X-D/cc-pVTZ torsional scans pro- 

uced uncertainties in the �G(800 K) of 0.3 kcal mol −1 when 

ompared to thermochemistry from scans at higher levels of the- 

ry. Finally, we consider uncertainties due to the thermodynamic 

odel– more specifically, we examine the multi-dimensional ef- 

ects. The STAR-1D scaling procedure was able to recover some ro- 

or coupling to leave a remaining uncertainty in �G(800 K) due to 

ulti-dimensional effects of 0.8 kcal mol −1 . The presence of um- 

rella modes would increase this uncertainty to 1.0 kcal mol −1 . 

ue to the complexity of the functional dependence of the Gibbs 

nergy on each of these uncertainty sources, and our generous as- 

ignments for each of them, we simply propagate the error with an 

ssumption that the component errors are uncorrelated to obtain 

 final 800 K uncertainty of 1.2 kcal mol −1 . 

For the large and less branched Q̇OOH species there remains 

ore ambiguity in our uncertainty estimates. For the Q̇OOH 

pecies we use the lowest electronic energy, non-hydrogen bonded 

onformer as suitable across the entire temperature range. At any 

pecific higher temperature, a different conformer might be a more 

ppropriate reference conformer. 

For smaller molecules, and for closed shell species, the uncer- 

ainties are much smaller, perhaps 0.6 kcal mol −1 . Indeed, for the 

ix linear alkane species discussed in Section 3.4.2 we are very well 

ithin even such a reduced uncertainty in comparison to experi- 

ental measurements. 
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Table 4 

STAR-1D heat of formation ( �H f ) in kcal mol −1 and entropy ( S ) and heat capacities ( C p ) in cal mol −1 K −1 for alkane and alkyl radicals. Temperatures are in Kelvin. 

SMILES �H f S C p 

298 298 300 400 500 600 800 10 0 0 1500 20 0 0 2500 30 0 0 

RH 

C −15.91 44.46 8.52 9.65 11.04 12.44 15.00 17.13 20.66 22.55 23.60 24.22 

CC −20.23 54.67 12.53 15.58 18.57 21.27 25.77 29.27 34.86 37.75 39.35 40.30 

CCC −25.27 64.62 17.64 22.41 26.85 30.71 36.95 41.71 49.19 53.04 55.16 56.42 

CC(C)C −32.22 70.52 23.30 29.80 35.69 40.69 48.60 54.51 63.73 68.45 71.04 72.59 

CCCC −30.13 74.46 23.28 29.41 35.12 40.08 48.07 54.10 63.52 68.30 70.97 72.47 

CC(C)(C)C −40.19 73.46 29.19 37.48 44.88 51.09 60.69 67.71 78.53 84.03 87.05 88.84 

CCC(C)C −36.60 82.47 28.83 36.68 43.82 49.92 59.60 66.82 78.02 83.72 86.84 88.73 

CCCCC −34.96 84.24 28.90 36.42 43.46 49.54 59.27 66.57 77.90 83.65 86.89 88.67 

CC(C(C)C)C −41.94 88.04 34.43 43.74 52.14 59.30 70.64 79.12 92.28 98.97 102.66 104.77 

CCC(C)(C)C −44.02 85.84 34.34 44.09 52.84 60.21 71.66 79.98 92.85 99.32 102.87 104.94 

CCCCCC −39.81 93.92 34.51 43.55 52.01 59.28 70.76 79.31 92.45 99.10 102.72 104.91 

CC(CC(C)C)C −48.24 93.40 41.77 53.89 63.95 72.10 84.52 93.69 107.83 114.99 118.97 121.22 

CCC(C(C)C)C −46.47 96.97 40.84 52.62 62.72 71.01 83.70 93.03 107.52 114.85 118.87 121.20 

CCCCCCC −44.67 103.46 40.22 50.77 60.67 69.15 82.44 92.20 107.15 114.56 118.67 121.12 

CC(C(C)C)C(C)C −51.95 100.29 46.49 59.87 71.55 81.26 96.06 106.70 122.77 130.78 135.16 137.74 

CC(CC(C)(C)C)C −53.51 100.51 44.95 58.08 70.00 80.04 95.42 106.43 122.83 130.87 135.26 137.75 

Ṙ 

[CH 3 ] 35.03 46.51 9.41 10.15 10.89 11.59 12.92 14.11 16.31 17.56 18.28 18.72 

C[CH 2 ] 28.68 59.17 12.26 14.79 17.21 19.37 22.95 25.75 30.28 32.65 33.97 34.75 

CC[CH 2 ] 23.98 67.91 17.41 21.59 25.42 28.72 34.05 38.12 44.57 47.91 49.75 50.85 

C[CH]C 20.82 69.10 16.28 20.22 24.09 27.55 33.26 37.55 44.32 47.78 49.67 50.80 

CC(C)[CH 2 ] 12.42 76.23 21.72 26.70 31.74 36.30 43.82 49.55 58.45 62.95 65.44 66.80 

CC([CH 2 ])C 17.55 76.06 23.08 28.98 34.23 38.66 45.63 50.85 59.02 63.25 65.68 67.00 

CCC[CH 2 ] 19.31 78.82 22.86 28.62 33.84 38.30 45.37 50.68 58.99 63.25 65.60 67.02 

C[CH]CC 16.14 80.42 21.80 27.22 32.40 36.93 44.34 49.91 58.61 63.03 65.46 66.96 

C[C](C)C 12.14 85.08 28.73 36.18 42.85 48.48 57.23 63.70 73.69 78.77 81.57 83.23 

CC(C)(C)[CH 2 ] 10.11 78.46 28.86 36.56 43.33 48.97 57.68 64.00 73.82 78.84 81.60 83.25 

CC(C)([CH 2 ])C 8.21 87.02 26.85 33.47 39.93 45.65 54.91 61.88 72.70 78.17 81.17 82.94 

CC([CH 2 ])(C)C 11.92 88.90 26.84 34.00 40.63 46.32 55.46 62.31 72.85 78.27 81.32 82.84 

CCC([CH 2 ])C 12.92 87.18 28.25 35.76 42.46 48.09 56.89 63.40 73.46 78.62 81.48 83.10 

CCCC[CH 2 ] 14.37 86.81 28.71 35.91 42.43 47.98 56.74 63.26 73.44 78.62 81.47 83.22 

C[CH]C(C)C 9.96 86.97 27.71 34.78 41.34 46.99 55.93 62.67 73.09 78.40 81.31 83.05 

C[CH]CCC 11.30 89.41 27.16 34.38 41.05 46.79 55.89 62.68 73.15 78.46 81.40 83.08 

[CH 2 ]CC(C)(C)C 4.57 88.65 33.98 43.32 51.62 58.57 69.21 76.87 88.54 94.41 97.55 99.55 

CC[CH]CCC 6.50 99.31 32.53 41.44 49.49 56.40 67.24 75.26 87.61 93.80 97.17 99.33 

CCC([CH 2 ])(C)C 6.00 89.68 34.69 43.71 51.74 58.48 68.93 76.57 88.30 94.27 97.49 99.45 

C[C](C(C)C)C 2.22 93.63 32.58 40.83 48.59 55.39 66.21 74.41 87.11 93.39 96.83 99.05 

C[CH]C(C)(C)C 2.75 90.65 33.19 42.16 50.30 57.20 67.92 75.78 87.94 93.92 97.27 99.22 

C[CH]CCCC 6.31 98.53 33.07 41.78 49.78 56.62 67.40 75.39 87.71 93.88 97.23 99.30 

CC(C(C)C)[CH 2 ] 7.26 93.67 34.49 43.29 51.11 57.75 68.09 75.81 87.81 93.93 97.29 99.38 

CCCCC[CH 2 ] 9.52 97.66 34.39 43.03 50.94 57.66 68.19 75.97 87.94 94.02 97.38 99.32 

[CH 2 ]CC(C(C)C)C 2.34 100.72 41.19 51.71 60.93 68.64 80.56 89.33 102.86 109.70 113.43 115.58 

CC([CH]C(C)C)C −0.98 101.86 39.14 49.60 58.99 66.87 79.17 88.24 102.11 109.14 112.99 115.38 

CC[CH]CCCC 2.26 109.53 39.35 49.53 58.86 66.75 79.07 88.20 102.22 109.26 113.06 115.37 

CCC(C(C)C)[CH 2 ] 2.41 101.14 40.12 50.81 60.38 68.37 80.62 89.50 103.04 109.85 113.58 115.74 

CCC[CH]CCC 2.03 108.99 38.39 48.88 58.48 66.65 79.22 88.32 102.42 109.43 113.23 115.49 

C[C](CC(C)C)C −4.15 100.45 38.25 48.61 58.10 66.17 78.77 88.00 102.12 109.20 113.08 115.44 

C[CH]C(C(C)C)C −0.44 101.57 39.83 49.84 59.07 66.95 79.32 88.43 102.39 109.48 113.20 115.58 

C[CH]CCCCC 1.91 109.07 38.73 48.90 58.34 66.36 78.97 88.15 102.21 109.37 113.16 115.44 

CC(CC(C)C)[CH 2 ] 1.58 100.87 41.84 52.44 61.54 69.06 80.78 89.45 102.80 109.67 113.37 115.61 

CC[C](C(C)C)C −1.98 103.99 38.30 48.26 57.54 65.55 78.09 87.39 101.66 108.94 112.87 115.23 

CCC([C](C)C)C −2.87 101.28 38.71 48.67 57.99 66.04 78.70 88.01 102.20 109.25 113.17 115.42 

CCC(C(C)[CH 2 ])C 2.64 99.66 41.36 52.57 61.97 69.57 81.17 89.70 103.02 109.78 113.50 115.69 

CCCCCC[CH 2 ] 4.66 107.29 40.07 50.19 59.55 67.44 79.78 88.80 102.62 109.56 113.28 115.53 

[CH 2 ]C(C(C)C)C(C)C −3.83 100.94 45.87 59.64 71.83 81.66 95.73 105.26 119.33 126.37 130.14 132.52 

C[C](C(C)C)C(C)C −8.23 104.95 43.91 56.47 67.87 77.40 91.79 102.04 117.30 125.06 129.27 131.76 

C[C](CC(C)(C)C)C −11.56 104.36 43.47 55.69 66.99 76.61 91.44 102.01 117.67 125.38 129.56 131.92 

CC([C](C)C)C(C)C −8.79 106.76 44.39 55.96 66.76 76.04 90.57 101.17 117.17 125.03 129.32 131.87 

CC([CH]C(C)(C)C)C −8.36 104.36 45.65 58.18 69.39 78.72 92.78 102.77 117.72 125.30 129.50 131.87 

CC(C([CH 2 ])C)C(C)C −3.05 103.24 46.96 60.50 72.01 81.18 94.52 103.92 118.32 125.70 129.78 132.16 

CC(CC([CH 2 ])(C)C)C −4.30 102.88 47.98 60.41 71.28 80.32 94.10 103.94 118.71 126.05 129.97 132.28 

CC(CC(C)(C)C)[CH 2 ] −4.47 104.37 46.18 58.58 69.61 78.84 92.93 103.13 118.17 125.69 129.77 132.17 
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.8. Validation for radical species 

Validating against experimentally determined reaction thermo- 

hemistry is key to evaluating the reliability of the STAR-1D 

ethod. In Section 3.4 we demonstrated the success of STAR-1D in 

redicting entropy and heat capacity for six linear alkane species. 

e here evaluate our consistency with experimental findings for 
16
emaining species types in the alkane oxidation system. The set, 

or instance, contains several branching and radical substitution 

atterns for alkyl radicals that exist in literature. Seakins et al. 

7] and Seetula et al. [6,8] estimated heats of formation and en- 

ropies, using second- and third-law methods, from Ṙ + HX �
H + X . These studies were performed in heatable tubular reac- 

ors coupled to photoionization mass spectrometry (PI-MS) [6–8] . 
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Table 5 

STAR-1D heat of formation ( �H f ) in kcal mol −1 and entropy ( S ) and heat capacities ( C p ) in cal mol −1 K −1 for hydroperoxide species and peroxy radicals. Temperatures are 

in Kelvin. 

SMILES �H f S C p 

298 298 300 400 500 600 800 10 0 0 1500 20 0 0 2500 30 0 0 

RO 2 H 

COO −30.39 66.32 14.62 17.06 19.34 21.31 24.44 26.78 30.48 32.41 33.49 34.10 

CCOO −38.32 75.90 20.04 24.20 27.91 31.02 35.87 39.44 44.98 47.82 49.38 50.31 

CCCOO −42.93 85.09 26.58 32.10 36.94 41.01 47.38 52.11 59.46 63.21 65.27 66.51 

OOC(C)C −47.19 82.60 26.25 31.88 36.84 41.00 47.43 52.15 59.45 63.19 65.24 66.46 

CCCCOO −47.73 94.98 32.09 39.05 45.24 50.45 58.60 64.60 73.86 78.56 81.08 82.64 

CC(OO)CC −51.76 93.43 32.37 39.21 45.32 50.50 58.58 64.54 73.75 78.45 81.03 82.56 

OOC(C)(C)C −56.56 86.36 32.34 39.74 46.08 51.30 59.27 65.08 74.03 78.62 81.14 82.64 

OOCC(C)C −49.72 91.00 33.66 40.51 46.35 51.24 58.97 64.77 73.86 78.48 81.09 82.64 

CC(CC)COO −54.02 102.04 39.20 47.49 54.63 60.65 70.15 77.23 88.25 93.86 96.87 98.72 

CCCCCOO −52.62 104.74 37.60 46.13 53.76 60.16 70.09 77.36 88.44 93.99 97.00 98.86 

CC(OO)CCC −56.40 101.72 38.63 47.30 54.81 61.07 70.71 77.77 88.61 94.10 97.10 98.91 

CCC(OO)(C)C −60.70 96.68 39.30 48.05 55.54 61.69 71.06 77.89 88.50 93.95 96.97 98.80 

CCC(OO)CC −56.17 100.40 40.00 47.80 54.83 60.84 70.31 77.34 88.26 93.86 96.92 98.78 

OOC(C(C)C)C −57.49 98.41 39.79 48.35 55.48 61.37 70.58 77.45 88.28 93.89 96.89 98.72 

OOCC(C)(C)C −57.47 96.23 37.20 45.85 53.61 60.13 70.16 77.44 88.50 94.09 97.09 98.87 

OOCCC(C)C −54.18 101.57 37.82 46.41 54.05 60.43 70.26 77.43 88.41 93.96 97.07 98.85 

CCC(COO)(C)C −61.15 105.80 44.76 54.46 63.25 70.70 82.24 90.61 103.31 109.68 113.13 115.17 

OOC(C(C)(C)C)C −64.53 102.11 44.36 54.61 63.48 70.89 82.32 90.66 103.35 109.71 113.16 115.22 

OOC(C(C)C)(C)C −66.03 101.75 45.11 55.91 64.93 72.22 83.15 91.03 103.20 109.49 112.94 114.97 

OOCC(C(C)C)C −59.58 107.89 44.93 55.17 63.83 70.95 82.01 90.10 102.80 109.23 112.74 114.87 

OOCCC(C)(C)C −61.03 101.85 44.83 54.95 64.11 71.84 83.68 92.09 104.51 110.60 113.85 115.62 

R ̇O 2 

CO[O] 2.96 64.48 12.03 14.13 16.21 18.04 20.95 23.09 26.36 27.98 28.91 29.45 

CCO[O] −5.56 74.08 17.70 21.45 24.89 27.81 32.35 35.67 40.76 43.36 44.74 45.57 

[O]OC(C)C −14.73 81.05 24.07 29.27 33.85 37.71 43.73 48.19 55.06 58.60 60.49 61.67 

CCCO[O] −10.23 83.57 23.34 28.69 33.55 37.64 43.90 48.43 55.30 58.75 60.64 61.78 

CCCCO[O] −15.04 93.17 29.30 35.98 42.10 47.26 55.20 60.97 69.71 74.07 76.46 77.97 

[O]OC(C)(C)C −24.51 84.70 30.55 37.46 43.32 48.15 55.60 61.09 69.63 74.00 76.37 77.83 

[O]OCC(C)C −16.96 89.97 29.67 36.33 42.44 47.57 55.44 61.13 69.77 74.08 76.47 77.92 

CC(O[O])CC −19.42 91.60 29.74 36.48 42.46 47.47 55.21 60.88 69.61 73.99 76.38 77.91 

CC(CC)CO[O] −21.18 100.87 35.71 43.54 50.80 56.98 66.58 73.56 84.19 89.45 92.34 94.04 

CCCCCO[O] −19.89 102.75 35.11 43.20 50.70 57.03 66.76 73.75 84.32 89.58 92.42 94.03 

[O]OC(C(C)C)C −25.12 97.39 36.67 44.58 51.65 57.56 66.84 73.64 84.11 89.39 92.29 94.02 

[O]OCC(C)(C)C −24.80 93.66 34.14 43.15 51.09 57.63 67.44 74.37 84.67 89.77 92.56 94.17 

[O]OCCC(C)C −21.50 99.62 35.37 43.61 51.02 57.25 66.85 73.73 84.27 89.47 92.38 94.01 

CC(O[O])CCC −24.27 101.42 35.67 43.68 50.83 56.86 66.27 73.19 83.84 89.23 92.15 93.97 

CCC(O[O])(C)C −28.62 95.14 37.05 45.39 52.49 58.35 67.37 73.99 84.22 89.44 92.28 94.02 

CCC(O[O])CC −24.08 98.29 35.99 44.49 51.94 58.09 67.43 74.16 84.45 89.63 92.30 94.17 

[O]OC(C(C)(C)C)C −32.49 100.55 41.13 51.34 60.27 67.69 78.99 87.10 99.25 105.20 108.53 110.41 

[O]OC(C(C)C)(C)C −34.13 99.91 43.48 53.64 62.07 68.95 79.47 87.16 98.99 105.00 108.33 110.31 

[O]OCC(C(C)C)C −26.78 106.32 42.27 51.91 60.41 67.49 78.42 86.41 98.66 104.91 108.15 110.14 

[O]OCCC(C)(C)C −28.22 103.04 40.81 50.75 59.76 67.32 78.83 87.02 99.22 105.22 108.55 110.38 

CCC(CO[O])(C)C −28.33 102.79 41.72 51.78 60.76 68.29 79.72 87.82 99.74 105.55 108.85 110.46 

[O]OC(C(C)C)C(C)C −36.18 106.91 48.76 61.92 72.41 80.52 92.37 100.95 114.10 120.78 124.50 126.63 

[O]OC(CC(C)C)(C)C −39.24 107.15 49.67 61.51 71.72 80.10 92.65 101.53 114.75 121.37 124.72 126.98 
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able 3 displays properties, corrected to 298 K with heat capac- 

ty functions, for C 2 H 5 , n - C 3 H 7 , i - C 3 H 7 , n - C 4 H 9 , s - C 4 H 9 , i - C 4 H 9 , t -

 4 H 9 . Bodi et al. [94] obtain dissociation energies with threshold 

hotoelectron photoion coincidence (TPEPICO) spectroscopy. They 

erive 298 K heats of formation for C 1 –C 3 alkyl radicals with the 

PEPICO onsets and heats of formation from CBS-APNO calcula- 

ions and B3LYP/6-311+G(d,p) internal rotation curves on top of 

sodesmic schemes. Table 3 compiles their properties and provides 

he Baulch et al. recommended values based on experimental val- 

es, when available, and ab initio and group additivity methods 

95] . 

Our STAR-1D procedure has computed heats of formation for 

ach radical, bolded in Table 3 , within all experimental uncertain- 

ies with the exception of i - C 3 H 7 . For i - C 3 H 7 , the STAR-1D heat

f formation is well within the uncertainty from Seetula et al. 

8] and is within the combination of its own and experimental un- 

ertainty from Bodi et al. [94] Baulch et al., however, recommended 

he central value of Seakins et al. [7] , which is a 0.69 kcal mol −1 

igher value. Our success across the remaining alkyl radicals, and 

ur uncertainty analysis, suggests that the 21.51 kcal mol −1 value 
17 
or i - C 3 H 7 is an over-estimate. The same species also experiences 

he greatest entropy difference, where the STAR-1D entropy is 

.7 cal mol −1 K 

−1 outside of the experimental uncertainty from 

eetula et al. [8] . It is, however, within the Seakins et al. [7] report.

he STAR-1D entropies in this comparison are otherwise all within 

he combination of experimental uncertainty and the uncertainty 

ssigned to the computational approach. 

Equilibrium constants, K eq , provide a more direct comparison to 

xperimental measurement. We calculate K eq Ṙ + O 2 � R ̇O 2 from 

he Gibbs energies of alkyl and alkylperoxy radicals, or their parti- 

ion functions, which are both available from the STAR-1D analy- 

is. Slagle and co-workers studied this equilibrium for several alkyl 

adicals through photolysis of RX, monitoring relaxation in the 

resence of O 2 with PI-MS [9–11] . Figure 14 displays the STAR-1D 

quilibrium constant, K eq , in contrast to the K p,old from these works 

nd a re-formulated K p,new 

, from Knyazev and Slagle [12] , which 

ccounts for further reaction of the R ̇O 2 adduct. For the largest of 

he species, t - C 4 H 9 , the STAR-1D computed K eq is within reported 

xperimental uncertainties for the entire temperature range. While 

he i - C 3 H 7 K eq is also within experimental uncertainties at low 
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Table 6 

STAR-1D heat of formation ( �H f ) in kcal mol −1 and entropy ( S ) and heat capacities ( C p ) in cal mol −1 K −1 for hydroperoxyalkyl radicals. Temperatures are in Kelvin. 

SMILES �H f S C p 

298 298 300 400 500 600 800 10 0 0 1500 20 0 0 2500 30 0 0 

Q̇OOH 

[CH 2 ]COO 12.62 78.69 20.67 23.89 26.80 29.25 33.06 35.88 40.33 42.66 43.95 44.73 

[CH 2 ]CCOO 6.32 86.32 27.84 33.02 37.20 40.53 45.57 49.29 55.18 58.26 60.00 60.99 

OOC([CH 2 ])C 3.61 86.67 27.19 31.84 35.96 39.41 44.73 48.66 54.82 58.02 59.81 60.83 

C[CH]COO 4.22 89.73 25.17 29.89 34.18 37.91 43.65 47.93 54.51 57.77 59.75 60.82 

[CH 2 ]CCCOO 1.26 97.06 32.16 38.68 44.55 49.48 56.50 61.73 69.64 73.67 75.88 77.18 

[CH 2 ]C(OO)CC −0.95 95.09 34.00 40.05 45.30 49.68 56.45 61.47 69.34 73.42 75.62 76.96 

C[CH]CCOO −1.20 97.11 32.70 38.76 44.19 48.78 55.92 61.18 69.31 73.46 75.79 77.08 

CC[CH]COO 0.26 97.44 32.51 38.37 43.72 48.27 55.42 60.75 68.96 73.23 75.48 77.01 

OOC([CH 2 ])(C)C −5.52 90.78 34.02 40.27 45.63 50.03 56.75 61.68 69.42 73.45 75.70 77.04 

CC(OO)[CH]C −4.45 95.83 32.34 38.21 43.54 48.08 55.21 60.52 68.81 73.06 75.46 76.84 

CC(OO)C[CH 2 ] −2.14 95.21 32.94 39.38 45.03 49.74 56.57 61.67 69.50 73.54 75.78 77.09 

OOC[C](C)C −5.24 95.19 29.07 35.58 41.45 46.43 54.17 59.85 68.52 72.97 75.39 76.79 

OOCC([CH2])C 0.00 96.48 31.50 37.90 43.65 48.55 55.82 61.20 69.37 73.50 75.77 77.10 

[CH 2 ]C(CC)COO −4.58 105.05 38.99 46.69 53.36 58.94 67.56 73.94 83.87 88.89 91.60 93.26 

[CH 2 ]C(OO)CCC −5.83 103.77 40.13 47.75 54.34 59.82 68.27 74.47 84.10 89.02 91.71 93.32 

[CH 2 ]CC(OO)(C)C −11.80 98.78 40.45 48.34 55.00 60.43 68.70 74.73 84.14 89.01 91.74 93.30 

[CH 2 ]CCCCOO −3.54 106.86 38.21 45.86 52.82 58.78 67.54 74.10 84.05 89.06 91.79 93.38 

C[C](CC)COO −8.98 108.13 36.24 43.58 50.50 56.41 65.64 72.49 83.02 88.40 91.30 92.87 

C[CH]CCCOO −6.45 108.99 36.36 44.00 51.14 57.33 66.45 73.29 83.59 88.76 91.57 93.21 

CC([CH]C)COO −7.50 105.15 38.65 45.73 52.18 57.79 66.44 72.99 83.17 88.40 91.28 92.99 

CC(C[CH 2 ])COO −5.41 105.88 39.27 46.57 52.97 58.46 66.98 73.39 83.40 88.54 91.38 93.05 

CC[CH]CCOO −6.31 108.68 36.24 43.81 51.00 57.27 66.43 73.27 83.55 88.73 91.55 93.20 

CCC[CH]COO −5.15 105.03 42.72 49.86 55.83 60.84 68.75 74.72 84.14 88.95 91.68 93.17 

OOC[CH]C(C)C −6.03 104.84 38.78 45.90 52.45 58.03 66.79 73.27 83.33 88.67 91.31 93.16 

C[CH]C(OO)(C)C −13.64 101.21 39.10 46.52 53.12 58.68 67.29 73.66 83.53 88.55 91.38 93.02 

C[CH]C(OO)CC −9.36 105.03 38.30 45.58 52.22 57.87 66.71 73.20 83.35 88.49 91.44 93.06 

CC(OO)[CH]CC −9.53 104.79 37.53 45.20 52.01 57.77 66.73 73.30 83.52 88.83 91.48 93.25 

CC(OO)C[CH]C −9.94 103.27 38.42 46.41 53.34 59.05 67.74 74.07 83.85 88.85 91.64 93.21 

CC(OO)CC[CH 2 ] −7.04 105.88 39.00 46.39 52.92 58.52 67.18 73.62 83.58 88.67 91.47 93.12 

CCC(OO)([CH 2 ])C −10.12 99.65 40.50 48.68 55.49 60.96 69.07 74.95 84.05 88.96 91.61 93.25 

CCC(OO)C[CH 2 ] −7.15 103.27 40.92 48.66 54.99 60.17 68.25 74.32 83.94 88.90 91.65 93.24 

OOC([C](C)C)C −13.78 102.74 37.25 44.85 51.75 57.45 66.48 73.01 83.22 88.46 91.27 93.09 

OOC(C([CH 2 ])C)C −8.20 101.15 39.21 47.36 54.24 59.85 68.28 74.42 83.97 88.94 91.72 93.24 

OOC(C(C)C)[CH 2 ] −7.32 100.47 40.42 48.11 54.61 59.97 68.27 74.42 83.99 88.94 91.66 93.30 

OOCC([CH 2 ])(C)C −7.19 101.83 36.86 44.85 52.06 58.20 67.23 73.87 83.88 88.93 91.69 93.30 

OOCC[C](C)C −9.85 103.85 38.90 45.63 51.94 57.45 66.30 72.98 83.29 88.52 91.39 93.14 

OOCCC([CH 2 ])C −4.86 103.78 38.68 46.56 53.46 59.26 67.85 74.22 83.97 88.94 91.67 93.27 

[CH 2 ]CC(COO)(C)C −12.39 108.80 44.19 53.48 61.90 69.11 79.69 87.41 98.94 104.71 107.84 109.66 

C[CH]C(COO)(C)C -14.42 112.49 42.66 51.49 59.87 67.22 78.12 86.16 98.19 104.20 107.48 109.39 

CCC(COO)([CH 2 ])C −11.20 112.02 43.93 53.09 61.31 68.33 78.74 86.44 98.17 104.14 107.41 109.34 

OOC([C](C)C)(C)C −21.80 106.52 43.39 52.54 60.75 67.66 78.32 86.06 97.90 103.94 107.30 109.20 

OOC(C([CH 2 ])(C)C)C −14.26 108.52 44.02 53.43 61.68 68.66 79.08 86.76 98.44 104.34 107.57 109.45 

OOC(C(C)(C)C)[CH 2 ] −14.86 104.10 45.16 54.91 63.19 69.96 80.26 87.71 99.06 104.72 107.87 109.70 

OOC(C(C)[CH 2 ])(C)C −17.14 105.36 45.24 55.70 64.33 71.13 81.07 88.11 98.93 104.52 107.67 109.50 

OOC(C(C)C)([CH 2 ])C −15.87 105.20 46.39 56.41 64.65 71.19 80.90 87.86 98.76 104.41 107.59 109.47 

OOC[C](C(C)C)C −14.82 113.85 42.70 51.67 59.87 66.87 77.57 85.47 97.58 103.70 107.15 109.32 

OOC[CH]C(C)(C)C −13.81 106.44 45.13 54.23 62.30 69.29 79.88 87.52 98.95 104.68 107.87 109.73 

OOCC([C](C)C)C −15.78 114.85 40.79 49.47 57.81 65.17 76.20 84.49 97.06 103.43 106.92 108.97 

OOCC(C([CH 2 ])C)C −10.69 110.48 45.76 55.12 63.07 69.65 79.36 86.73 98.21 104.14 107.40 109.33 

OOCC(C(C)C)[CH 2 ] −10.83 109.25 45.06 54.59 62.76 69.53 79.43 86.86 98.33 104.22 107.47 109.38 

OOCCC(C)(C)[CH 2 ] −11.55 110.96 43.20 52.77 61.28 68.47 78.95 86.66 98.33 104.25 107.49 109.39 

OOC([C](C)C)C(C)C −25.44 112.40 50.16 61.09 70.96 79.26 91.84 100.81 113.95 120.41 123.91 126.01 

Fig. 14. Equilibrium constants, K, for Ṙ + O 2 � R ̇O 2 where Ṙ = CH 3 , C 2 H 5 , i - C 3 H 7 , and t - C 4 H 9 . K eq is computed with STAR-1D and shown as a solid line. K p,old , the translucent 

circles, is from experiment, and K p,new , the opaque circles, is reformulated equilibrium constants from experiment. 

18 
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Table 7 

STAR-1D heat of formation ( �H f ) in kcal mol −1 and entropy ( S ) and heat capacities( C p )in cal mol −1 K −1 for large species, which use CCSD(T)-F12/cc-pVDZ-F12 based CBH- 

ANL energies. Temperatures are in Kelvin. 

SMILES �H f S C p 

298 298 300 400 500 600 800 10 0 0 1500 20 0 0 2500 30 0 0 

RH 

CC(CC(C)(C)C)(C)C −57.83 101.00 50.36 65.22 78.78 90.34 108.12 120.68 138.78 147.39 151.95 154.56 

RO 2 H 

OOC(C(C)C)C(C)C −67.25 109.29 50.45 63.85 74.64 83.07 95.55 104.58 118.46 125.48 129.27 131.59 

OOC(CC(C)C)(C)C −70.39 113.07 50.04 61.49 71.99 80.96 93.88 103.36 117.61 124.83 128.79 131.12 

OOCC(CC(C)C)C −65.84 114.80 51.22 63.70 74.09 82.51 95.18 104.41 118.28 125.31 129.18 131.55 

OOC(C(C)(C)C)C(C)C −72.11 118.22 56.10 68.57 79.93 89.76 104.63 115.62 132.20 140.44 144.90 147.48 

OOC(CC(C)(C)C)(C)C −75.74 113.51 55.77 70.04 82.58 92.86 108.03 118.47 133.73 141.29 145.45 147.87 

OOCC(CC(C)(C)C)C −72.73 113.82 55.35 70.98 84.54 95.37 110.72 120.92 135.49 142.48 146.31 148.59 

OOCC(CC(C)C)(C)C −71.15 118.83 56.08 69.84 81.87 91.84 106.97 117.76 133.81 141.57 145.66 148.16 

R ̇O 2 

[O]OCC(CC(C)C)C −33.06 112.92 48.63 60.59 70.80 79.13 91.71 100.68 114.14 121.01 124.57 126.78 

[O]OC(C(C)(C)C)C(C)C −40.45 116.14 52.08 65.62 77.47 87.23 101.93 112.41 128.07 135.93 140.29 142.69 

[O]OC(CC(C)(C)C)(C)C −44.04 111.32 53.59 67.31 79.53 89.64 104.65 114.94 129.84 137.09 140.97 143.22 

[O]OCC(CC(C)(C)C)C −39.12 116.77 53.78 67.24 79.16 89.02 103.78 114.15 129.35 136.68 140.91 143.28 

[O]OCC(CC(C)C)(C)C −38.06 116.98 53.08 66.50 78.60 88.67 103.77 114.30 129.69 137.05 141.00 143.44 

Q̇OOH 

OOC([CH]C(C)C)(C)C −24.55 116.78 51.58 62.86 72.34 80.01 91.52 99.88 112.84 119.56 123.21 125.37 

OOC(C([CH 2 ])C)C(C)C −17.76 114.83 53.42 64.26 73.20 80.54 91.72 100.05 113.03 119.70 123.39 125.56 

OOC(C[C](C)C)(C)C −27.73 113.57 50.97 61.55 70.75 78.44 90.36 99.12 112.61 119.54 123.18 125.57 

OOC(CC([CH 2 ])C)(C)C −21.07 117.70 50.28 61.31 71.03 79.20 91.07 99.79 113.01 119.72 123.41 125.58 

OOC(CC(C)C)([CH 2 ])C −19.87 117.00 53.81 63.97 72.81 80.29 91.63 99.99 112.96 119.64 123.33 125.51 

OOC[C](CC(C)C)C −21.05 120.01 49.63 60.34 69.93 77.93 90.19 99.12 112.60 119.55 123.29 125.41 

OOCC([CH]C(C)C)C −19.20 124.13 49.63 59.84 69.00 76.88 88.88 97.91 111.85 118.98 122.90 125.21 

OOCC(C[C](C)C)C −22.07 122.73 47.71 58.18 67.78 76.08 88.54 97.81 111.91 119.05 122.96 125.25 

OOCC(CC([CH 2 ])C)C −16.44 118.69 51.62 63.04 72.50 80.15 91.82 100.33 113.41 120.06 123.67 125.89 

OOCC(CC(C)C)[CH 2 ] −16.25 118.54 51.18 62.66 72.38 80.27 92.17 100.68 113.64 120.18 123.85 125.92 

OOC([CH]C(C)(C)C)(C)C −29.52 118.60 57.63 70.58 81.40 90.16 103.39 112.91 127.49 135.02 139.11 141.71 

OOC(C([CH 2 ])(C)C)C(C)C −22.17 123.52 57.70 69.62 79.94 88.67 101.98 111.86 127.09 134.85 139.11 141.62 

OOC(C(C)(C)C)[C](C)C −32.31 117.81 53.53 66.91 79.00 89.08 104.08 114.36 129.00 136.12 139.87 142.27 

OOC(C(C)(C)C)C(C)[CH 2 ] −22.64 121.83 54.47 67.26 78.62 88.20 102.15 112.38 127.68 135.33 139.49 141.90 

OOC(CC([CH 2 ])(C)C)(C)C −26.22 117.83 59.39 72.14 82.79 91.60 104.81 114.27 128.63 135.84 139.80 142.11 

OOC(CC(C)(C)C)([CH 2 ])C −25.60 121.17 55.68 69.00 80.67 90.40 104.33 114.18 128.67 135.87 139.82 142.11 

OOC[C](CC(C)(C)C)C −28.35 121.68 54.81 67.76 79.34 88.94 103.34 113.40 128.31 135.71 139.74 142.13 

OOCC([CH]C(C)(C)C)C −26.54 121.22 56.80 70.55 82.27 91.66 105.44 114.99 129.14 136.16 139.96 142.35 

OOCC([CH]C(C)C)(C)C −25.28 124.90 55.62 67.60 78.99 88.91 103.27 113.52 128.46 135.82 139.81 142.13 

OOCC(C[C](C)C)(C)C −29.40 122.47 55.76 67.96 78.83 88.12 102.63 113.10 128.61 136.16 140.10 142.44 

OOCC(CC([CH 2 ])(C)C)C −22.33 123.58 57.54 70.59 81.64 90.68 103.65 113.21 127.80 135.26 139.38 141.80 

OOCC(CC([CH 2 ])C)(C)C −22.34 120.98 58.41 71.41 82.44 91.49 105.19 114.97 129.56 136.77 140.52 142.69 

OOCC(CC(C)(C)C)[CH 2 ] −23.28 119.22 56.19 70.59 82.68 92.24 106.04 115.58 129.67 136.65 140.43 142.72 

OOCC(CC(C)C)([CH 2 ])C −21.19 126.79 56.68 68.50 79.34 88.66 102.37 112.46 127.62 135.25 139.41 141.84 
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emperatures, it has the highest discrepancy from K p,new 

at high 

emperatures. At 675 K, for example, K p,new 

− K eq = exp (0 . 98) = 

 . 7 which corresponds to a �G = 3 . 6 kcal mol −1 . The degree of 

greement otherwise on these plots demonstrates the success of 

he STAR-1D for computing not just enthalpies, entropies, and heat 

apacities, but also for equilibrium constants. 

.9. Presentation of data 

The final thermodynamic properties produced with the STAR- 

D method establish a substantial and systematically-derived 

ataset. Heats of formation at 298 K, entropies at 298 K, and heat 

apacities at selected temperatures in the range 30 0–30 0 0 K are 

resented for RH and Ṙ species in Table 4 , for RO 2 H and R ̇O 2 

pecies in Table 5 , and for Q̇OOH radicals in Table 6 . Table 7 con-

ains the same properties for large species, for which the CBH- 

NL 0 K heat of formation are based on CCSD(T)-F12/cc-pVDZ- 

12 calculations. Gibbs energies for selected temperatures in the 

ange 300 and 3000 K are provided in Tables S4.6–9. The MESS in- 

ut files, in Section S6.1–2, present B2PLYP-D3/cc-pVTZ geometries, 

caled B2PLYP-D3/cc-pVTZ frequencies, where rotational, transla- 

ional, and torsional modes are projected from the Hessian, and 1D 

B97X-D/cc-pVTZ torsional profiles. Section S5.4 provides unscaled 

2PLYP-D3/cc-pVTZ harmonic frequencies and geometries for all 

eference conformers, as well as the 461 conformers for species 
19 
ith seven heavy atoms or fewer. NASA polynomials, given in Sec- 

ion S7.1–3, will facilitate direct application of the data produced 

ith the STAR-1D method in future simulations. 

. Conclusions 

Novel to STAR-1D are two physically based scale factors. The 

rst scales a torsional profile to approximate that obtained us- 

ng a higher-level of theory while capturing effects from torsional 

oupling. By comparing properties based on scaled ωB97X-D/cc- 

VTZ 1D torsional profiles to those calculated with full multi- 

imensional partition functions for five species, we evaluate that 

G(800 K) has no more than 0.8 kcal mol −1 uncertainty due 

o remaining multi-dimensional effects. Within the 1DHR model, 

e find low sensitivity of thermochemical properties to electronic 

tructure method used during the torsional scans, even with- 

ut the scale factor. Specifically, we predict the ωB97X-D/cc-pVTZ 

ethod produces no more than 0.3 cal mol −1 K 

−1 difference in en- 

ropies than those from high-level methods for the most sensitive 

pecies. This torsional scaling reduced the interquartile range of er- 

or in heat capacities for C 3 –C 7 n -alkanes by nearly a factor of two 

hen compared to experimental values at 60 0–10 0 0 K. 

The second scaling factor introduced in this work is a 

requency-dependent harmonic frequency scale factor to approx- 

mate B2PLYP-D3/cc-pVTZ anharmonic frequencies and optimized 
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[

or contribution to partition functions and resulting in a 2 σ of 1.4% 

or each mode. This easily applied frequency scale factor reduced 

ean error from experimental heat capacities by more than a fac- 

or of two in the temperature range 30 0–150 0 K. 

The RRHO + 1DHR partition functions additionally introduce 

ignificant sensitivity to conformer selection. The sensitivity is 

eightened in the presence of hydrogen bonding. This work carries 

ut a detailed conformer analysis on 461 conformers for alkane 

xidation species with fewer than eight heavy atoms to evaluate 

he applicability of four assumptions that the STAR-1D procedure 

akes in its conformer selection. The analysis concludes that a 

ufficient number of geometries are considered for each species, 

y optimizing a number of geometries equal to the lesser of 100 

nd 6 + 2(3 n ) where n is the number of non-methyl torsional co-

rdinates. For 2% of non- ̇QOOH species, the electronic minimum 

nergy conformer on the ωB97X-D/6-31G 

∗ PES differed from that 

n the B2PLYP-D3/cc-pVTZ PES by more than 0.33 kcal mol −1 . We 

ecommend that, in future work, any rotamers within this energy 

hreshold are re-optimized at B2PLYP-D3/cc-pVTZ and to select 

he resulting minimum energy conformer on the B2PLYP-D3/cc- 

VTZ PES. Common to Q̇OOH species, we find that, in the pres- 

nce of hydrogen bonds, the ZPVE can alter which conformer is 

he 0 K minimum energy structure. Moreover, the rigidity that 

ydrogen bonding adds to a structure reduces the entropy, caus- 

ng hydrogen bonded structures to have a higher Gibbs energy at 

emperatures > 0 K. Because of this, we re-evaluate the thermo- 

hemistry of 31 species to select non-hydrogen bonded structures, 

hich on average results in Gibbs energies that are 4 kcal mol −1 

ower than those from the original hydrogen bonded conformers at 

0 0 0 K. 

The upper limit to the 2 σ uncertainties in the STAR-1D protocol 

or these species is estimated at 0.6–1.2 kcal mol −1 for �G(800 K). 

he uncertainties are expected to increase in order RH < RO 2 H < 

 ̇O 2 < Ṙ < Q̇OOH . If trying to do uncertainty weighted optimiza-

ion of a final kinetic model, like von Lehm [3] , it would be appro-

riate to apply this uncertainty spectrum to the species. We report 

hermochemical parameters for the reference conformers of 195 

pecies, for 16 species that are used for the CBH-ANL energies, and 

or an additional lowest-energy non-hydrogen bonded conformer 

or 31 species. We additionally compute STAR-1D �H f (0 K) for 461 

onformers for the alkane oxidation species with seven or fewer 

eavy atoms. This dataset will facilitate isolation of very specific 

roup contributions for development of group additivity values and 

achine learning descriptors. The data will also find utility in di- 

ect insertion into low-temperature oxidation mechanisms. 
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