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ABSTRACT: Density functional theory (DFT) is usually used self-consistently to predict ég’.’
chemical properties, but the use of the Hartree—Fock (HF) density improves energetics in 2" (5uiromr o %
certain, well-characterized cases. Density-corrected (DC) DFT provides the theory behind £ ee" / £
this, but unrestricted Hartree—Fock (UHF) densities yield poor energetics in cases of strong & &/ ‘2
spin contamination. Here we compare with restricted open-shell HF (ROHF) across 13 o S 2
different functionals and two DC-DFT methods. For significant spin contamination, ROHF é — /ﬁ'n 25
densities outperform UHF densities by as much as a factor of 3, depending on the energy = | mromromron ¢
functional, and ROHF-DFT improves over self-consistent DFT for most of the tested Selected Open-Shell Reactions
functionals. We refine the DC(HF)-DFT algorithm to use ROHF densities in cases of severe
spin contamination.
D ensity functional theory (DFT) is a method for sufficient accuracy similar to self-consistent DFT in various
calculating the properties of electronic systems using molecular properties."®
electron density as the basic variable. Given the exact On the other hand, the more nuanced DC(HF)-DFT only
exchange—correlation functional, the exact density is found employs HF densities when density-driven errors are believed
in the Kohn—Sham (KS) equations and exact energies and to be large. This more nuanced approach is vital in several
associated properties can be extracted. In practical calculations, important ways: (a) in finding significant improvements due to
the exact energy functional is unknown and DFT is performed HF densities in large data sets, where the vast majority of the
with approximate density functionals. The self-consistent data does not have significant density-driven errors;2 (b) in
solutions of the KS equations therefore yield approximate isolating improved parameters in empirical functional con-
densities. In most practical DFT calculations, the error in the structlig)n by fitting only to functional errors, not density-driven
approximate density is negligible and can be safely ignored. ones; = and (c) in improving the coefficients in empirical
Density-corrected DFT (DC-DFT)" provides a theoretical corrections to dispersion corrections, which can be corrupted
framework with which to analyze the origin of errors in any when density-driven errors are large.”
DFT calculation.”” DC-DFT unambiguously separates the However, in many cases with significant density-driven
energy error into the error due to the functional and the error errors, HF solutions break the spin symmetry. In some cases,
due to the density. In most DFT calculations, the density- the spin symmetry-breaking is irrelevant, but in others,
driven error is negligible, but in certain well-characterized significant spin-contamination of the unrestricted HF (UHF)

wave function results. In those cases, the present DC-DFT

procedure is to revert to the self-consistent density, as the

UHF density is unlikely to be accurate for spin-contaminated
2,20 . . .

cases.””" Many chemically interesting systems are open-shell

cases, the density-driven error dominates. Use of a more
accurate density then greatly reduces the overall error. In many
cases of typical large density-driven errors, the HF density
suffices, as has been explicitly demonstrated for stretched NaCl

and HO-CI™ radicals.* and subject to UHF spin contamination.”’ For example,

The method HE-DFT uses HF densities instead of self- conjugated radicals such as biradicals,”” phenolic antioxidants
consistent ones in every DFT calculation and has emerged as includeg zin plant foods such as anthocyanins found in
an extremely useful practical procedure.’ The cases where HF- berries,””" or reactive radical species involved in atmospheric

. . 25 .
DFT showed remarkable success include pure water and chemistry such as acetylperoxy radical™ We examine that for

aqueous systems,””® electron and hole polaron defects,” crystal

polymer conformational energies,'’ making and breaking of Received: July 20, 2023
internal hydrogen bonds,'' torsional barriers,'> electron Accepted: October 2, 2023
affinity,"” dissociation energy curves of heteronuclear mole- Published: October 9, 2023

cules,”"* radical ions in aqueous solution,"* spin gaps of Fe(II)
16 S .

complexes, ° halogen and chalcogen binding energies, ’ etc.

HE-DFT not only works for the energetics but also provides
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v ACS Publications 9230 J. Phys. Chem. Lett. 2023, 14, 9230~9237


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hayoung+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suhwan+Song"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seungsoo+Nam"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kieron+Burke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eunji+Sim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.3c02017&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02017?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02017?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02017?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02017?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c02017?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/14/41?ref=pdf
https://pubs.acs.org/toc/jpclcd/14/41?ref=pdf
https://pubs.acs.org/toc/jpclcd/14/41?ref=pdf
https://pubs.acs.org/toc/jpclcd/14/41?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c02017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

many functionals (not all), when spin contamination is
significant, there is a dramatic improvement in DC-DFT if
restricted open-shell HF (ROHF) is used instead of UHF,
presumably (but not definitively) because the ROHF wave
function yields more accurate spin densities than UHF, as
measured energetically by DC-DFT. On the other hand, if spin
contamination is small or zero, there is little difference between
using ROHF and UHF densities. Therefore, one can safely use
ROHEF in all DC-DFT calculations, ignoring concerns about
spin contamination. This greatly extends the applicability of
DC-DFT to those many chemically interesting problems
mentioned above.

Background. DC-DFT empbhasizes several important points
to be considered when designing approximate functionals and
analyzing their performance.”'” The total error AE in any self-
consistent DFT calculation can be written as

AE = E[#i] — E[n] = AE; + AE, (1)

where E[] is the exact total energy functional and  is the exact
electron density for the given system, while the tilde indicates
their approximate counterparts. This total error can be split
into two parts: the functional error (AEg) and the density-
driven error (AEp)

AE, = E[n] — E[n]

AE, = AE — AE; = E[#i] — E[n] )
In DC-DFT, correcting the density means reducing the
density-driven error by calculating the DFA energy at a more
accurate density. As the exact density n(r) is not available in
practical calculations, very often the HF density is used in its
place.

In most DFT calculations, the error is dominated by the
functional contribution. But in many well-characterized
situations, the density-driven error can be unusually large
(called “abnormal” calculations), and use of the exact density
significantly reduces the total error. The abnormality of a given
calculation depends on the property, system, and DFA being
used. Moreover, if a calculation is normal, removal of the
density-driven error might even slightly worsen results.

To determine when one should throw out the self-consistent
density, the concept of density sensitivity (S) was introduced,
which is practically quantifiable as'’

§ = |E[»""*] — E[n""]] 3)

where E is the DFA of interest and n"®* and n"F are the
electron densities obtained by LDA and HF, respectively. A
density sensitivity over 2 kcal/mol provides a practical §uide
for when self-consistent densities are likely problematic.”'”*
This generic rule works well for covalent bonds in small
molecules but must be modified for weaker bonds or bigger
molecules. Other metrics to evaluate density sensitivity have
been proposed,”””® and a suitable method for the context
should be chosen.

The energy of a density-sensitive calculation tends to vary a
lot depending on different density inputs, and small density
errors may cause large density-driven errors.' In DC(HF)-
DFT, we replace the self-consistent density with the HF
density onl] in density-sensitive cases, which has proven very
successful.” On the other hand, HF-DFT is the indiscriminate
use of the HF density in all cases, regardless of density
sensitivity, but since density-insensitive cases greatly out-
number density-sensitive cases in large databases, such as

LDA
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GMTKNSS, a small (and unimportant) increase in errors from
using the HF density when inappropriate can easily mask the
large (and significant) improvement due to the HF density in
density-sensitive cases.”"!

Next we turn to spin contamination in UHF calculations,
which means that the wave function is contaminated by higher

spin states, instead of representing a desired single spin state.”

The amount of spin contamination A(§2> can be practically
measured by the deviation of the spin expectation value from
the exact value that should come out from a wave function of a
pure spin state:>’

A2 A2

A(S) =($) = S(s.+ 1) 4)
Spin contamination can appear and be evaluated in many
open-shell quantum chemistry methods, such as in HF, DFT,
second-order Moller—Plesset perturbation theory (MP2),
coupled-cluster singles and doubles (CCSD), etc.””*"** Post-
HF or double-hybrid density functional calculations using a
spin-contaminated UHF wave function can yield very poor
results.”’ Previously, it was demonstrated that replacing UHF
with ROHF in WFT-in-DFT embedding led to improved
accuracy by mitigating spin contamination,” and there has also
been an attempt to suppress spin contamination in hydrogen-
atom transfer reactions using ROCBS-QB3 and ROCCSD.*
In the present work, we investigate whether a similar
enhancement can be achieved within the context of HF-
DFT. However, the unrestricted scheme is the most frequently
used open-shell method in both HF and DFT. Its simple
definition and ease of computation make the unrestricted
scheme highly desirable. Unrestricted Kohn—Sham wave
functions are less likely to be spin-contaminated than their
HF counterparts,zo’35 which has led to less attention to the
problem of spin contamination in DFT.

It is important to distinguish our use of ROHF from those
traditionally used in wave function calculations or in DFT. For
a wave function method starting from an HF calculation, spin
contamination of the starting point can lead to severe
inaccuracies in any wave function built upon it.’* Since a
perfect method would be independent of the starting point but
imperfect methods are not, significant improvement in the
quality of the wave function can be achieved by removing spin
contamination. On the other hand, there are strong arguments
against removing spin contamination in DFT calculations,
especially for materials.’*™** For approximate functionals, a
broken spin-symmetry solution will typically yield the best
energetics, and even broken-symmetry densities can capture
frozen fluctuations of the true ground state. Neither of these
cases applies here, as we are simply asking which HF densities
yield the best energies when approximate density functionals
are applied to them (and none are self-consistent).

Many ROHF schemes or spin-projected UHF schemes have
been suggested to deal with the problem, which perfectly or
partially remove the spin contamination through various
means. A weakness of ROHF is that it is not a uniquely
defined method nor does it provide a single set of orbitals. This
leads to difficulty in analyzing the orbital energies or defining
perturbation methods based on ROHF orbitals.” There exist
studies comparing orbital energies or total energies of different
open-shell HE schemes,”" but there have been no studies
comparing the densities or their effect on HF-DFT energies.
Here we focus on the influence of spin-contaminated UHF
density versus spin-pure ROHF density on HF-DFT

https://doi.org/10.1021/acs.jpclett.3c02017
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calculations and compare the results. We call them UHE-DFT
and ROHEF-DFT, respectively.

ROHF in DC-DFT. We need a uniquely defined ROHF
scheme that differs from UHF mainly in the case of spin
contamination. There exist many combinations of ROHF
coefficients*® or projected UHF schemes.’*'~" We have
chosen the constrained-UHF (CUHF) algorithm, which
employs parameter-free Fock matrices to mathematically
constrain the spin density eigenvalues of UHF. This approach
yields orbital energies that retain their physical significance
similar to UHF, while effectively eliminating spin contami-
nation.”> The scope of CUHF can be extended as a bridge
between ROHF and UHF by widening the active space of the
orbitals, and MP2 utilizing CUHF orbitals (CUMP2) is also
available.** Comparing results by varying the range of active
spaces could provide a more sophisticated study of the effect of
spin contamination, but here, we have implemented the CUHF
algorithm simply as an ROHF scheme. We denote these
methods as ROHF and ROMP2 in what follows. Figure 1

o ¢o @

UHF  CCSD ROHF UHF CCSD  ROHF
12 :
¢ Spin- L 4 Spin-
Contaminated Uncontaminated
= 4

GGA mGGA hybrid DC-DFT GGA mGGA hybrid DC-DFT

OUHF-DFT @ ROHF-DFT ¢ sc-DFT

Figure 1. Mean absolute errors (MAE, kcal/mol) of open-shell
subsets of GMTKNSS database using various self-consistent (sc-
)/UHF-/ROHF-DFT methods. Spin-contaminated cases are on the
left, and spin-uncontaminated cases are on the right. The plotted
functionals are PBE (GGA), *SCAN (mGGA), PBEO (hybrid), HF-
*SCAN-DC4, and BL1p (DC-DFT). Top: Spin density plot
examples for UHF, ROHF, and CCSD of molecules HNN (left)
and HOO (right).

summarizes our results. It shows that for many functionals (not
all), there is little difference between ROHF and UHF if spin
contamination is small or zero (right-hand side). However, in
the presence of spin contamination (left-hand side), there is a
dramatic improvement, with the largest improvement being for
functionals designed with DC-DFT principles, i.e., functionals
whose energetics are trained with density-driven errors
removed.

It is important to note that the ROHF wave function may
have lost some other features in return for the exact spin
eigenvalue, and other errors may be inherent in its density.
However, Figure 1 and further discussion below show that, at
least when spin contamination in UHF is severe, simply
replacing by ROHF can effectively reduce the errors in UHF-
DFT induced by spin contamination. We will define every
open-shell system as spin-uncontaminated or spin-contami-
nated and compare the performance of UHF- and ROHF-DFT

in each. Typically, a UHF wave function with A<§2> over 0.1°°

9232

or 10%" is considered severely spin-contaminated. The former
criterion works well for this study, so we distinguish spin

contamination by A<§2> > 0.1 (see Figure S1).

Before we continue with the results, we must sound a note
of caution. The spin density plots of UHF and ROHF in
Figure 1 are provided simply to convey the concept. In fact, in
most interesting cases, we find it impossible to decide which is
a “better” density by simple inspection of such plots.
“Correcting” the density in DC-DFT means reducing the
density-driven error, but this does not directly translate into a
visually favorable density. Very tiny features in densities can
yield significant differences in energies. Two densities may
appear remarkably similar but have substantially different
exchange—correlation energies with a given functional. On the
other hand, densities that differ significantly in some region
might have almost identical energies. Moreover, which is
dependent on the functional being applied. Thus, within DC-
DEFT, contour plots of densities and density differences, while
useful, can never substitute for the accurate calculation of
density-driven errors.

Here, we study simply the effect of using either HF density
on open-shell cases. Of the 1505 numbers in the GMTKNSS
database, about 30% (430 cases) contain an open-shell species.
Of these, about 10% (46 cases) are spin-contaminated. Table 1
gives results for 13 different functional approximations,
comparing errors when self-consistent UHF and ROHF
densities are used. Four functionals indicated by footnote “b”
are the best-performing functional in each rung (GGA/
mGGA/hybrid/double-hybrid) among the ones assessed in ref
46, and their self-consistent results are given for comparison.

We compare the performance by the weighted total mean
absolute deviation (WTMAD-2), proposed together with the
GMTKNSS database,” instead of the conventionally used
mean absolute errors (MAEs). WTMAD-2 compares errors in
different subsets by giving weights depending on their
reference energies (see the Supporting Information for the
definition). Using this weighted scheme, small relative energies
such as weak noncovalent interactions have more influence on
the performance.

For spin-contaminated reactions, use of the ROHF density
yields better energetics than the UHF density for every
functional listed. The errors are reduced by at least 30% and
sometimes up to 70%. There are a few cases where ROHF
density worsens the energetics. For instance, ROHF-r*SCAN-
DC4 worsens the energetics of 6 out of 46 spin-contaminated
cases by more than 2 kcal/mol compared to their UHF
counterparts (see the Supporting Information). We speculate
that such cases might involve multireference character.

Comparing self-consistent versus ROHF densities on spin-
contaminated cases, ROHF densities reduce the errors for
most of the functionals but not for BLYP and M06-2X. For
BLYP, the difference is about 1 kcal/mol of WIMAD-2, and
for M06-2X, it is about 4.5 kcal/mol. The behavior of HF
densities on Minnesota functionals and hybrids is not expected
to be consistent because they are empirically fitted to reduce
the total error without separating the density-driven errors
from functional errors. The ROHEF-DFT method even
outperforms the four functionals, chosen in ref 46 as the
best-performing functional on the GMTKNSS database in each
rung.

The last two lines of Table 1 are designed to test ROHF for
two DC functionals, i.e., functionals designed to be used on

https://doi.org/10.1021/acs.jpclett.3c02017
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Table 1. Weighted Total Mean Absolute Deviations (WTMAD-2, kcal/mol) Are Calculated for the Spin-Contaminated (SC)
and Spin-Uncontaminated (SU) Reactions Using Various Self-Consistent (sc-)/UHF-/ROHF-DFT Methods”

SC (46) SU (384)
sc- UHE- ROHE- sc- UHF- ROHE-

GGA BLYP 7.60 19.36 8.69 7.72 5.98 6.85
PBE 16.65 16.65 7.23 9.89 5.20 6.13
PW91 16.74 15.96 7.13 10.17 5.24 6.13
PRBE 13.83 18.44 6.70 8.23 5.28 5.98
RevPBE-D3(BJ)” 14.44 8.14

MGGA MO6-L 13.72 14.47 8.09 6.63 5.12 5.54
TPSS 14.67 15.04 6.54 8.22 5.54 571
SCAN 14.00 7.32 4.78 6.97 4.54 4.09
*SCAN 12.40 8.84 4.49 6.70 442 423
SCAN-D3(B])” 14.18 7.01

Hybrid B3LYP 9.96 16.66 5.77 6.53 4.96 5.09
TPSSh 11.48 13.75 5.08 6.97 5.34 5.25
MO06 7.50 17.18 6.92 424 3.97 425
PBEO 8.48 13.07 5.24 5.52 343 371
M06-2X 2.67 23.44 7.12 3.34 3.14 3.53
wB97X-V? 5.82 1.51
DSD-BLYP-D3(BJ)"” 497 3.51

DC-DFT

HF-r’SCAN-DC4 12.60° 8.97 4.69 6.71° 431 413
BLIp 25.42 5.40 3.39 3.55

“Number of reactions included in SC/SU are given in parentheses. bBest—performing functional in each rung among the accessed functionals in ref
46 are shown for comparison. “r*SCAN-D4 is calculated with Grimme’s original set of parameters (see Table S1 for the D4/DC4 parameters).

HF densities; HF-r*SCAN-DC4® and BL1p."” We denote the
methods as UHF-/ROHF-r’SCAN-DC4 and UBL1p/
ROBLI1p utilizing either UHF or ROHF densities. For the
parametrization of two methods (DC4 in the former and « in
the latter), the same values are used for both densities (see the
Supporting Information for details). The main difference is
that unlike HF-r*SCAN-DC4, BLIp includes MP2 energies
based on the HF method used to calculate the input density. In
both cases, ROHF yields much improved results for the spin-
contaminated set. ROHF slightly worsens the spin-uncon-
taminated cases for BL1p, but the effect is so small that its
overall performance is still improved relative to that of UHF.
Interestingly, ROHF-r’SCAN performs slightly better than
ROHF-r*SCAN-DC4, for spin-contaminated cases. This could
be an error cancellation due to the lack of dispersion, or
because the spin-contaminated cases were not heavily
considered when fitting the DC4 parameters. Either explan-
ation would be interesting to study further. Still, ROHEF-
?SCAN-DC4 works better than r’SCAN-D4, which was not
fitted based on DC-DFT.

How sure are we that the improvement for spin-
contaminated cases is not accidental? For a more in-depth
analysis, the WTMAD-2 of the original UHF-based and
ROHF-based methods is compared in Figure 2, as a function
of the level of spin contamination. The two HF-r*SCAN-DC4
schemes exhibit similar performance for spin-uncontaminated

cases (A<§2> < 0.1). The WITMAD-2 using the UHF density

jumps tremendously when A(§2) > 0.3, becoming much larger
than that of ROHF. UBLlp and ROBLIlp exhibit trends
similar to those of HF-r’SCAN-DC4 but display a larger
difference in the spin-contaminated region. This discrepancy
can be attributed to the inclusion of MP2 in BL1p, which is
even more susceptible to contamination in the wave function.

9233

(a) (b)

-A- UBL1p
-o- ROBL1p

-~ r’SCAN-D4
—A— UHF-r’SCAN-DC4
—O— ROHF-r’SCAN-DC4
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Figure 2. The weighted total mean absolute deviations (WTMAD-2,

kcal/mol) for varying values of A(ﬁz) in open-shell cases in
GMTKNSS. In panel a, *SCAN-D4, UHF- and ROHF-r’'SCAN-
DC4 are plotted in gray, black and red, respectively. In panel b,
UBLI1p and ROBLI1p are plotted in black and red, respectively. Gray

bars represent the number of reactions included in the range of A(S 2).
The vertical dashed line at A(§2) = 0.1 divides the data into two
categories: spin-uncontaminated (left) and spin-contaminated (right).

Note that the ranges were arbitrarily chosen to achieve a similar
number of reactions within each range.

Now, we focus on some specific dramatic and chemically
interesting examples. Table 2 shows the cases in RSE43, a
subset of GMTKNSS consisting of radical stabilization
energies. In the four highly spin-contaminated cases, UBL1p
yields high errors by calculating the MP2 energy based on a
highly spin-contaminated UHF wave function. Especially when

A(§2) > 0.5, the UHF error is ~20 kcal/mol, but only 1 kcal/
mol in ROHF. On the other hand, the spin-uncontaminated
cases show very small differences between UHF and ROHF. A
similar trend occurs for HE-r’'SCAN-DC4, but the failure in
spin-contaminated reactions is larger in UBL1p than in UHF-

https://doi.org/10.1021/acs.jpclett.3c02017
J. Phys. Chem. Lett. 2023, 14, 9230-9237
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Table 2. Errors for the Extreme Reactions in RSE43“
BL1p r’'SCAN-DC4
reaction A(SZ) Ref. UHF ROHF UHF ROHF
C,H,N + CH,* — CH, + C,H,N* 0.63 2.0 21.26 1.04 7.03 -121
C/Hg + CHy* — CH, + CH,* 0.58 -15.3 18.11 1.01 8.66 2.04
C,H' + CHy* — CH, + C;H,* 021 —13.1 7.91 1.84 0.66 0.45
C,H, + CHy* — CH, + CyH.* 0.20 -17.7 531 0.05 —0.02 —0.40
CH,O + CH,* - CH, + CH,0* 0.01 -43 0.92 0.90 —0.52 —048
CHP" + CH,* — CH, + CH,P* 0.01 0.6 126 123 0.19 0.18
C,H,F, + CH,* — CH, + CH,F,* 0.01 14 1.07 1.00 —0.19 —021
CH,F + CH,* — CH, + CH,F* 0.01 -38 1.09 L1s —0.16 —0.12

“Highest (top 4) and lowest (bottom 4) spin contamination (A(Sz) is given). The Ref. column shows the reference reaction energies from ref 46.
The four columns on the right show the errors of each method calculated by reaction energies minus reference energies in kcal/mol. Results using

BLI1p are also shown in the graphical abstract.

r*SCAN-DC4. Menon and Radom showed that double-hybrid
functionals are less likely to be affected by spin contamination,
compared to pure UHF and UMP.** BL1p is evaluated on the
HF density and includes the UMP2 energy, so the errors
induced by spin contamination are larger.

Severe spin contamination in UHF might also indicate a
multireference character of the system, where ROHF might
not help. Here we have proposed and tested the well-known
ROHEF scheme as a cheap and simple solution, but there could
be other alternatives that treat spin better than either UHF or
ROHF. In any case, one should avoid using a highly spin-
contaminated UHF wave function.

DC(HF)-DFT Avoiding Spin Contamination. Now we
combine the above discussion with the DC(HF)-DET
protocol. Previously the protocol was to check the density
sensitivity and decide whether to use the HF density or not. In
the cases of UHF strong spin contamination, one simply
reverted to the self-consistent DFT density instead.

Our ROHF results dictate an alternative. Before density
sensitivity is calculated, check the UHF spin contamination. If
the value is over the 0.1 criterion, UHF should be replaced by
ROHF. We define S as Sy or Spp from eq 3 using UHF and
ROHEF densities, respectively.

Spo, if spin-contaminated (A(§2> > 0.1)

%1}
Il

Sy, otherwise (A<.§2> <0.1) (s)

Figure 3 shows the S criterion scan results using three different
functionals: PBE, r’SCAN, and PBEO. Red dashed lines show
the DC(HF)-DFT scheme suggested above. For DC(HF)-
DFT without dispersion correction (red solid lines), local
minima appear near the conventional density sensitivity
criterion of 2 kcal/mol. This means that using HF densities
only for density-sensitive cases (and self-consistent densities
for all others) give the best results. However, addition of DC4
eliminates this minimum; that is, errors are least when HF
densities are used consistently. However, as the differences are
very slight, we keep the density-sensitivity criteria suggested
earlier.

Finally, after the appropriate density has been chosen, a
dispersion correction should be added for the functional error
correction. Dispersion corrections are vital to correctly
describe noncovalent interactions or long-range interactions,
and parameters should be optimized based on DC-DFT
principles, so as not to spoil the dispersion correction by the
density-driven error."” For example, DC4 can be used, which is
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Figure 3. Density sensitivity S criterion scanned from 0 to 10 on
GMTKNSS. For a given criterion, the density is chosen between HF
and self-consistent depending on whether its S value exceeds the
criterion. The self-consistent (sc-)/UHF-DFT (black lines) uses UHF
densities without considering spin contamination. In DC(HF)-DFT
(red lines), ROHF density is used when UHF is spin-contaminated.
Results are shown for GGA(PBE), mGGA(r*SCAN), and Hybrid-
(PBEO). The vertical line represents S > 2 kcal/mol criterion. Gray
bars show the percentage of HF densities chosen for each criterion.

a variation of Grimme’s D4 dispersion correction'” para-
metrized by Song et al.® to create HF-r*SCAN-DC4.

Figure 4 shows the WTMAD-2 values of r*SCAN calculated
on self-consistent and HF densities, categorized by closed/
open-shell, spin-contaminated/uncontaminated, and density-
insensitive/sensitive. (Other functionals are shown in Figure
S3.) Yellow stars indicate the densities chosen by the
recommended DC(HF)-DFT scheme, and in most cases, the
yellow stars follow the lowest energies. For spin-uncontami-
nated density-insensitive cases, HF and self-consistent densities
show similar performances, as expected. The improvements of
the HF density over the self-consistent density for spin-
uncontaminated density-sensitive cases also match the previous
studies of DC-DFT. ROHF densities clearly reduce the error
for the spin-contaminated cases, which shows that the UHF-
DFT error in the region is due to the spin-contamination of
the UHF wave function.

We stress this does not mean that (a) ROHF gives better
energetics than UHF, (b) breaking of symmetries in self-
consistent DFT calculations is good or bad, or (c) ROHF spin-
densities are somehow “better” than those of UHF. All it
means is that ROHF densities yield better energetics than
UHF densities when several approximate functions are
evaluated on those spin densities for spin-contaminated
systems.

https://doi.org/10.1021/acs.jpclett.3c02017
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Figure 4. The weighted total mean absolute deviations (WTMAD-2,
kcal/mol) of r*SCAN for reactions in GMTKNSS grouped by open/
closed-shell, spin-contaminated/uncontaminated (SC/SU), and den-
sity-insensitive/sensitive (DI/DS). The number of reactions included
in each group is also shown. Gray/blue/black/red bars indicate self-
consistent (sc-)/RHE-/UHE-/ ROHEF-*SCAN, and filled/ empty bars
are with/without dispersion correction, D4 for self-consistent DFT
and DC4 for HF-DFT. Yellow stars denote DC(HF)-DFT-DC4
chosen for each group according to the suggested recipe (seeFigure
S3 for other functionals).

In general, it has been recommended to use the HF density
only when reactions are density-sensitive, but when dispersion
corrections (fit correctly following the scope of DC-DFT) are
included, using the HF densities always yields the best
performance. Among these particular examples shown in
Figures 3 and 4, 'SCAN-DC4 with ROHF density was shown
to be the best in all six categories. Therefore, one could always
use ROHF density for this case, but with a caveat. For spin-
contaminated and density-insensitive cases, the WTMAD-2
error reduction is noticeable when using ROHF densities, but
this is due to the inclusion of many reactions with relatively
small reference energies and, therefore, large weights in the
WTMAD-2 scheme, such as the radical stabilization energy
subset (RSE43). The MAE difference between self-consistent
and UHF/ROHF densities is smaller than 1.4 kcal/mol.
Further study may yet yield better densities, but the ROHF
density is a practical remedy for spin contamination at present.

In summary, our study highlights the importance of
considering spin contamination in open-shell HF-DFT
calculations. HF-DFT has received a lot of attention recently
due to its cost-effective nature and significant energetic
improvements in DFT calculations. The method involves
calculating DFT energies on HF densities instead of their self-
consistent ones. Based on this success, HF-r’SCAN-DC4 has
been developed and has shown remarkable performance in
challenging systems like water. However, previous performance
studies of HF-DFT have avoided the issue of spin
contamination. For example, it was briefly discussed in the
context of DC(HF)-DFT that HF-DFT should only be applied
where density sensitivity is high and spin contamination is
low.”

We have provided performance studies of two different
open-shell HF densities by using various density functional
approximations. For spin-contaminated cases, ROHF densities
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reduced WIMAD-2 errors relative to self-consistent densities
for all three types of functionals, including GGA, mGGA, and
hybrid, while giving an only slightly higher WTMAD-2 in
uncontaminated cases. The double-hybrid HF-DFT functional
BL1p suffered most severely from spin contamination in UHF.
While the two HF densities showed similar performance in
open-shell spin-uncontaminated cases, treating the spin
contamination by using ROHF densities showed clear
improvements in spin-contaminated cases, with WTMAD-2
values varying from 25 kcal/mol for UBL1p to S kcal/mol for
ROBLIp. Even for the less pronounced HE-r’SCAN-DC4,
ROHF densities reduced the spin-contaminated WTMAD-2
by about a factor of 2 relative to UHF densities. These results
highlight the importance of considering spin contamination in
open-shell HE-DFT calculations.

Furthermore, in conjunction with the DC(HF)-DFT
concept, we emphasize the need for caution when applying
DC-DFT in systems with spin contamination. We also offer
guidance on handling open-shell systems, as discussed in
Figure 4. We have elucidated the criteria governing the process
conditions (i.e., density-sensitive if S > 2 kcal/mol and spin-

contaminated if A(§2> > 0.1), parametrized the DC4
correction, and evaluated the performance of two additional
popular functionals, PBE and PBEO, which exhibited trends
similar to the functionals discussed in the main text (refer to
the Supporting Information). Our goal of this work is to
expand the applicability of DC-DFT to a broader spectrum of
systems while providing valuable insights into open-shell
computations.

B COMPUTATIONAL DETAILS

The GMTKNSS database includes 5 subsets, and the details
are presented in Table S2. All reference energies, geometries of
systems, and self-consistent DFT results except for self-
consistent r’SCAN are from ref 48.

Reactions that contain one or more open-shell systems are
marked as open-shell or otherwise closed-shell. For open-shell
reactions, all of the constituent components are calculated with
the same HF method. That is, we do not mix UHF and ROHF

A2
densities in one reaction. We define A{S") of a case (reaction

or energy difference) by the highest A<§2> value among all
constituent components and density sensitivity S by eq 4
where E is the corresponding energy difference. In closed-shell
systems, all HF calculations are carried out using the restricted
form (RHF), which has no bearing on the open-shell HF
comparison.

Each case is classified as density-sensitive/insensitive and
spin-contaminated/uncontaminated. We label a reaction as

spin-contaminated if its A(SZ) > 0.1, and spin-uncontami-
nated otherwise. For density sensitivity, we follow the criteria
of Sim et al. to label a reaction as density sensitive if S > 2 keal/
mol, otherwise density insensitive.”” Density sensitivity values
depend on functionals, so the number of reactions included in
density-sensitive or -insensitive groups is different.

All HF and DFT calculations are performed via the Python-
based Simulations of Chemistry Framework,>® utilizing
customized Python codes for CUHF. The Ahlrichs def2-
QZVPPD basis set’*” was used for all calculations. The
methods analyzed are the self-consistent-/UHF-/ROHF-DFT
with 4 generalized gradient approximations (GGAs)
(BLYP,>™° RPBE,”° PW91,"” and PBE’®), 4 meta-GGAs

https://doi.org/10.1021/acs.jpclett.3c02017
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(TPSS,”” MO6L,”° SCAN,”’ and r’SCAN®), S hybrids
(B3LYP,"*** TPSSh,*> PBEO0,°*®” M06,°® and M06-2X°*),
and two fully HE-DFT methods HF-r*SCAN-DC4° and
BL1p."”
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