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Abstract

The High accuracy extrapolated ab initio thermochemistry (HEAT) protocol has been applied to a variety
of commonly studied chemical species in order to obtain the thermodynamic energy values of their relevant
states – primarily ground states but not necessarily. The work aims to extend the growing list of molecules
already treated by the protocol, computed purely from theoretical standpoint without appeal to empiricism,
for the purpose of complementing the experimental thermochemical values and predicting thermodynamics
where measurement becomes difficult. Among the predictions are that methylene ground state is triplet,
lower in energy than the singlet state by 37.6533 kJ/mol; the trans-conformer of formic acid is 16.917 kJ/mol
lower in energy than the cis-conformer; and that the true ground state of Si3 is singlet, 1.0008 kJ/mol lower
in energy than the triplet state.

1 Introduction

In 2004, John Stanton, Jurgen Gauss, and others proposed a detailed protocol for computing the thermody-
namic properties of reasonably applicable chemical species as accurately as current computing capabilities allow:
High accuracy extrapolated ab initio thermochemistry, which we now abbreviate and refer to subsequently as
HEAT. In this original paper1, and in two subsequent expansions2,3, specific choices for the levels of theory
and basis sets for the different components of aforementioned computation are given and explained, and the
protocol has been applied to various simple species; in a more recent paper4, the authors managed to apply the
protocol for benzene, which no doubt presented a significant challenge to current computational capabilities,
probably made feasible only by the highly symmetric molecular geometry.

The primary aim of the endeavor is this: we seek to “present a new theoretical model chemistry ... that is
essentially the best that can be done ... and to assess the level of accuracy achieved1.” Provided that the
molecule is stable under typical laboratory conditions, we already possess the means to measure its energy to
remarkable accuracy and precision, but it is an ongoing challenge as well as an intellectual holy grail to have a
table of energies, all computed from currently accepted physical theories without any appeal to empiricism, to
compare the experimental values with. This approach is especially tantalizing for transition states and other
unstable configurations that do not lend themselves to calorimetry or any other relevant laboratory techniques.
Moreover, for those molecules whose ground state energies are assigned accepted experimental values, the re-
sults of applying the HEAT protocol shall provide a test for all the physical theories which we widely believe
chemistry to obey.
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2 Methods

I shall first note that I have used the CFOUR software developed by the Stanton group and collaborators for
all the computations described herein. Hartree-Fock5 and coupled clusters6 methods are the two theoretical
techniques used, and most of the basis sets used are the correlation-consistent Dunning basis7, except for the
Atomic Natural Orbital basis sets8 used for the ZPE. For Hartree-Fock, I used RHF (R for restricted) for
closed-shell molecules and UHF (U for unrestricted) for open-shell molecules, and I note that the closed-shell
molecules take significantly less computational time. Within CFOUR, I used ECC for most computations,
VCC for CCSDT calculations of open-shell molecules, and MRCC for CCSDT(Q) and beyond. Also, unless
otherwise noted, core electrons are fully treated and not frozen.

In summary, the protocol divides the formidable task of computing the molecular energy into eight components1:

EHEAT = E∞

HF +∆E∞

CCSD(T ) +∆ECCSDT +∆ECCSDTQ +∆EREL +∆EZPE +∆EDBOC +∆ESO. (1)

I will note that I was advised by Prof. Stanton to ignore the last term, the spin-orbit coupling term; from the
original paper1 it certainly seems to be one of the lesser contributions in the overall result, and it is tabulated
as zero, in fact, for many species.

Except for monatomic species, the first step is to optimize the geometry, and I have done so with the internal
coordinates in ZMAT at CCSD(T) level of theory with cc-pVQZ1, core electrons not frozen, to be used for most
subsequent calculations, but also at the same level of theory with ANO1, frozen core electron approximation,
at Prof. Stanton’s bidding to be used exclusively for ZPE (the anharmonic ZPE calculations quickly become
unfeasible with cc-pVQZ). For larger molecules, it saves computational time to first optimize initially at SCF
level with a small basis like cc-pVDZ, before proceeding with what is described above.

Then with the cc-pVQZ optimized geometry, I first calculated the first term in equation 1, the extrapolated
SCF energies. I did so with three basis sets (aug-cc-pCVXZ, X=T, Q, 5), then extrapolated the result by an
exponential fit9

EX
HF = E∞

HF + a ∗ exp(−bX), (2)

with appropriate fitting parameters a and b. Similarly I computed the second term in equation 1 by computing
the CCSD(T) with two basis sets (aug-cc-pCVXZ, X = Q, 5), then extrapolated by a rational function fit10

∆EX
CCSD(T ) = ∆E∞

CCSD(T ) +
a

X3
, (3)

again with appropriate fitting parameters a and b. I will remark here that the basis sets here define a specific
HEAT protocol known as HEAT-345. Where applicable and desired, one can replace the basis sets by X = Q, 5, 6
for SCF and X = 5, 6 for CCSD(T) in an upgraded protocol known as HEAT-456, though it is seldom practiced.

The third and fourth terms of equation 1 are the higher level correlation corrections. For these alone, the core
electrons are treated in a frozen approximation. The CCSDT and CCSD(T) calculations are both performed
with basis sets cc-pVTZ and cc-pVQZ, respectively, where the parenthesis denotes a perturbative treatment.
For CCSDT and CCSD(T), respectively, equation 3 is used to obtain the extrapolation terms, then the third
term of equation 1 is obtained by their difference1
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∆ECCSDT = E
TQ
CCSDT (fc)− E

TQ

CCSD(T )(fc). (4)

As for the fourth term, there are actually three choices. Using cc-pVDZ, one computes the CCSDT and one
of the following: CCSDT(Q), CCSDTQ, CCSDTQP. If, for instance, one chooses to work with CCSDT(Q),
one simply substracts the CCSDT result from the CCSDT(Q) energy to obtain the fourth term of equation
1. This defines the two protocols HEAT-345(Q) and HEAT-456(Q). Likewise, we also have HEAT-345Q and
HEAT-456Q, and HEAT-345QP and HEAT-456QP, making 6 possible protocols we work with. Unless other-
wise noted, HEAT-345(Q) is the default choice, since it is by far the least computationally expensive, and often
the only feasible, reasonable method, but where other protocols are doable, they provide valuable insight into
the accuracy of the general procedure described here.

The fifth term denotes the scalar relativistic correction11; it is computed at CCSD(T) level of theory with
aug-cc-pCVTZ, computing the mass-velocity term and both single and double electron Darwin terms. The
seventh term is the diagonal Born-Oppenheimer correction, the expectation value of nuclear kinetic energy
operator with electronic wavefunction1. The default1 is to compute it at SCF level with aug-cc-pVTZ. I have
also attempted to compute this term at CCSD level, but it was far too computationally expensive without
providing significant apparent benefit in improved accuracy, so I omit the results in this paper.

Finally the vibrational zero-point energy is computed, this time with the (frozen-core electron) geometry op-
timized using ANO1, not cc-pVQZ, and this is where the procedure deviates significantly with the original
article1. With the keyword “ANHARM=VPT2” in the Z-matrix, first the harmonic correction, then the an-
harmonic correction are computed at frozen-core CCSD(T) with ANO1. Multiple parallel computations are
run at several different perturbed geometries.
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3 Results

It appears best to present the results in an exhaustive table:

Table 1: List of chemical species treated by the HEAT protocol. All values are in hartrees.
Species Protocol E

∞

HF ∆E
∞

CCSD(T ) ∆ECCSDT ∆ECCSDTQ ∆EREL ∆EZPE ∆EDBOC EHEAT

Methylene (singlet) 345(Q) -38.8961530 -0.2374303 -0.0007664 -0.0001530 -0.0161546 0.0164000 0.0023677 -39.1318895
345Q -38.8961530 -0.2374303 -0.0007664 -0.0001823 -0.0161546 0.0164000 0.0023677 -39.1319188
345QP -38.8961530 -0.2374303 -0.0007664 -0.0001883 -0.0161546 0.0164000 0.0023677 -39.1319248
456(Q) -38.8960811 -0.2370891 -0.0007664 -0.0001530 -0.0161546 0.0164000 0.0023677 -39.1314764
456Q -38.8960811 -0.2370891 -0.0007664 -0.0001823 -0.0161546 0.0164000 0.0023677 -39.1315058
456QP -38.8960811 -0.2370891 -0.0007664 -0.0001883 -0.0161546 0.0164000 0.0023677 -39.1315117

Methylene (triplet) 345(Q) -38.9410510 -0.2078418 -0.0004579 -0.0000711 -0.0160515 0.0170307 0.0021540 -39.1462887
345Q -38.9410510 -0.2078418 -0.0004579 -0.0000809 -0.0160515 0.0170307 0.0021540 -39.1462984
345QP -38.9410510 -0.2078418 -0.0004579 -0.0000837 -0.0160515 0.0170307 0.0021540 -39.1463012
456(Q) -38.9409699 -0.2074747 -0.0004579 -0.0000711 -0.0160515 0.0170307 0.0021540 -39.1458405
456Q -38.9409699 -0.2074747 -0.0004579 -0.0000809 -0.0160515 0.0170307 0.0021540 -39.1458503
456QP -38.9409699 -0.2074747 -0.0004579 -0.0000837 -0.0160515 0.0170307 0.0021540 -39.1458531

Acetylene (singlet) 345(Q) -76.8556836 -0.4804118 0.0002233 -0.0010195 -0.0321422 0.0262111 0.0036738 -77.3391489
345Q -76.8556836 -0.4804118 0.0002233 -0.0009111 -0.0321422 0.0262111 0.0036738 -77.3390404
345QP -76.8556836 -0.4804118 0.0002233 -0.0010347 -0.0321422 0.0262111 0.0036738 -77.3391640
456(Q) -76.8555849 -0.4796080 0.0002233 -0.0010195 -0.0321422 0.0262111 0.0036738 -77.3382464
456Q -76.8555849 -0.4796080 0.0002233 -0.0009111 -0.0321422 0.0262111 0.0036738 -77.3381380
456QP -76.8555849 -0.4796080 0.0002233 -0.0010347 -0.0321422 0.0262111 0.0036738 -77.3382615

Vinylidene (singlet) 345(Q) -76.8002688 -0.4627272 -0.0005703 -0.0006356 -0.0322685 0.0231134 0.0037679 -77.2695891
345Q -76.8002688 -0.4627272 -0.0005703 -0.0006200 -0.0322685 0.0231134 0.0037679 -77.2695734
345QP -76.8002688 -0.4627272 -0.0005703 -0.0006649 -0.0322685 0.0231134 0.0037679 -77.2696184
456(Q) -76.8001751 -0.4620007 -0.0005703 -0.0006356 -0.0322685 0.0231134 0.0037679 -77.2687689
456Q -76.8001751 -0.4620007 -0.0005703 -0.0006200 -0.0322685 0.0231134 0.0037679 -77.2687532
456QP -76.8001751 -0.4620007 -0.0005703 -0.0006649 -0.0322685 0.0231134 0.0037679 -77.2687982

Acetaldehyde (singlet) 345(Q) -152.9897460 -0.8483389 0.0000215 -0.0012746 -0.0873475 0.0547606 0.0065831 -153.8653419
CH3OO radical (doublet) 345(Q) -189.2969530 -0.9240176 -0.0004617 -0.0016399 -0.1267707 0.0424936 0.0070851 -190.3002643
CH3CO radical (doublet) 345(Q) -152.3710159 -0.8146490 -0.0001952 -0.0013542 -0.0874351 0.0423100 0.0063430 -153.2259964
Formic acid (cis, singlet) 345(Q) -188.8536056 -0.9202355 0.0003043 -0.0016437 -0.1265453 0.0331503 0.0067449 -189.8618308

Formic acid (trans, singlet) 345(Q) -188.8611031 -0.9195173 0.0003366 -0.0016577 -0.1265474 0.0334826 0.0067320 -189.8682741
Cyanoethylene (singlet) 345(Q) -169.8396073 -1.0004179 0.0006611 -0.0023553 -0.0794183 0.0497396 0.0075632 -170.8638348
Hydroxycarbene (singlet) 345(Q) -113.8475799 -0.5789464 -0.0002797 -0.0008430 -0.0713649 0.0263473 0.0045155 -114.4681512

Dihydroxycarbene (singlet) 345(Q) -188.8000014 -0.9145040 0.0001011 -0.0014844 -0.1265819 0.0332520 0.0066849 -189.8025338
345Q -188.8000014 -0.9145040 0.0001011 -0.0013357 -0.1265819 0.0332520 0.0066849 -189.8023851

Dioxirane (singlet) 345(Q) -188.6963153 -0.9373448 0.0007449 -0.0024188 -0.1268466 0.0321066 0.0068235 -189.7232505
345Q -188.6963153 -0.9373448 0.0007449 -0.0020937 -0.1268466 0.0321066 0.0068235 -189.7229255
456(Q) -188.6958267 -0.9358971 0.0007449 -0.0024188 -0.1268466 0.0321066 0.0068235 -189.7213142
456Q -188.6958267 -0.9358971 0.0007449 -0.0020937 -0.1268466 0.0321066 0.0068235 -189.7209892

Formaldehyde (singlet) 345(Q) -113.9236935 -0.5861008 0.0000684 -0.0010324 -0.0713583 0.0263148 0.0045294 -114.5512723
Formamide (singlet) 345(Q) -169.0195387 -0.8882965 0.0002034 -0.0014775 -0.1023090 0.0459206 0.0065864 -169.9589113

cformic-dihydroxycarbene TS 345(Q) -188.7108926 -0.9423221 0.0004128 -0.0021980 -0.1266615 0.0269414 0.0067154 -189.7480046
(singlet) 345Q -188.7108926 -0.9423221 0.0004128 -0.0018872 -0.1266615 0.0269414 0.0067154 -189.7476938

Si3 (singlet) 345(Q) -866.7048232 -1.6741878 0.0001307 -0.0029372 -1.8692016 0.0028780 0.0143539 -870.2337873
345Q -866.7048232 -1.6741878 0.0001307 -0.0026678 -1.8692016 0.0028780 0.0143539 -870.2335179
345QP -866.7048232 -1.6741878 0.0001307 -0.0029590 -1.8692016 0.0028780 0.0143539 -870.2338091

Si3 (triplet) 345(Q) -866.7219283 -1.6565963 -0.0006153 -0.0022578 -1.8691384 0.0026673 0.0144780 -870.2333908
345Q -866.7219283 -1.6565963 -0.0006153 -0.0020589 -1.8691384 0.0026673 0.0144780 -870.2331919
345QP -866.7219283 -1.6565963 -0.0006153 -0.0022948 -1.8691384 0.0026673 0.0144780 -870.2334279

The results for acetylene and vinylidene contributed to a paper regarding their potential energy surface12, and
the methyl-O-O radical’s value was part of an investigation into the decay mechanism of criegee interaction13.

There are several things to note about the results above. First, the coupled cluster method is notoriously expen-
sive and slow to converge, so sometimes the convergence criterion has to be lowered in something of a trade-off:
for acetylene HEAT-456, the CCSD(T), aug-cc-pCV6Z required the use keywords CC EXPORDER=15 and
CC CONV=6. Also, sometimes the electronic occupation state must be manually provided in the compu-
tations to ensure the correct SCF calculation for the desired species and quantum state. Vinylidene, for
instance, required the use of the keyword OCCUPATION=5-1-1-0 at all times, as otherwise the Hartree-Fock
method kept reverting to an undesired wrong state when left to its device. For the methyl-O-O radical, the
CCSDT and CCSDT(Q) calculations with cc-pVDZ hit a wrong occupation state and had to be specified
OCCUPATION=10-3/10-2. For the formamide, I accidentally computed the vibrational ZPE with cc-pVQZ,
core not frozen, instead of the ANO1 method described before, but the result is presented nonetheless.

For the silicon compounds, the protocol had to be modified as instructed by Prof. Stanton because the silicon
atom is significantly heavier than the atoms making up the typical organic compounds, such as the majority of
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the table above. The geometry was optimized with aug-cc-pwCVTZ only, and the ZPE, DBOC, and REL were
computed with aug-cc-pwCVTZ, core not frozen. The basis sets aug-cc-pwCVXZ (X = T, Q, 5) were used for
the first two terms of equation 1. The third and fourth terms of equation 1 were treated the same as described
before.

4 Discussion and Conclusion

The utility of the results is obvious; not only does the table add to the growing database of molecular energies
for thermochemical studies, they allow predictions of chemical properties that require methodical accuracy
far too stringent to be properly addressed before the introduction of the HEAT protocol. For methylene, the
triplet is seen to be more stable than singlet and thus the true ground state: HEAT-456QP, the presumably
most accurate and rigorous method, says the triplet is 0.0143414 hartree, or 37.6533 kJ/mol, lower in energy.
HEAT-456QP says acetylene is 0.0694633 hartree, or 182.376 kJ/mol, lower in energy than vinylidene. By
HEAT-345(Q), we conclude that the trans-conformer of formic acid is 0.0064433 hartree, or 16.917 kJ/mol,
lower in energy than the cis-conformer. In the same token, we predict that, by HEAT-345QP, the singlet state
of Si3 is 0.0003812 hartree, or 1.0008 kJ/mol, lower in energy than the triplet state: hence, the ground state of
Si3 must be singlet. Notice the incredibly fine splitting between the two states of Si3, highlighting the worth of
high accuracy standard of the HEAT protocol.

With further work, the main features of the potential energy surface of various structural conformers may be
elucidated. For instance, dihydroxycarbene and formic acid are structural conformers, and a transition state
between the cis-conformer of formic acid and dihydroxycarbene was treated above; the main difficulty in treat-
ing states above the ground state, such as a transition state, lies in properly optimizing to the desired molecular
geometry, for instance by putting in the keyword METHOD=TS.

However, the HEAT protocol is a serious, taxing challenge for the currently available computational capabil-
ities, both in terms of time and memory size. Attempts were made to treat more complex systems such as
iso-propyl radical and C4O4 but repeatedly failed. A possible continuation of the work presented would be to
attempt to simplify the protocol by, for instance, usage of smaller basis sets such as cc-pCVXZ rather than
aug-cc-pCVXZ.
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