Downloaded via 75.102.131.141 on October 1, 2025 at 14:32:56 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

l‘ I ‘ Journal of Chemical Theory and Computation
This article is licensed under CC-BY 4.0 @ @

pubs.acs.org/JCTC

Revisiting Artifacts of Kohn—Sham Density Functionals for
Biosimulation

Samuel A. Slattery, Jaden C. Yon, and Edward F. Valeev*

Cite This: J. Chem. Theory Comput. 2024, 20, 6652—-6660 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information
@ Semi-local
Em meta-GGA
1000 __ = Hybrid .
B Range:separated unphysical charges

800

erratic SCF convergence
vanishing gaps

600

# of non-Aufbau pairs

400

<

200

<« & W » 2 T & O W & w N
§ 5§ E8f 353588 5¢ 28
& 3 F 8 g8 ¢ § §F ¢%
E ; i
(%)

ABSTRACT: We revisit the problem of unphysical charge density delocalization/fractionalization induced by the self-interaction
error of common approximate Kohn—Sham (KS) density functional theory functionals on simulation of small to medium-sized
proteins in a vacuum. Aside from producing unphysical electron densities and total energies, the vanishing of the HOMO—LUMO
gap associated with the unphysical charge delocalization leads to an unphysical low-energy spectrum and catastrophic failure of most
popular solvers for the KS self-consistent field (SCF) problem. We apply a robust quasi-Newton SCF solver [Phys. Chem. Chem.
Phys. 2024, 26, 6557] to obtain solutions for some of these difficult cases. The anatomy of the charge delocalization is revealed by
the natural deformation orbitals obtained from the density matrix difference between the Hartree—Fock and KS solutions; the charge
delocalization not only can occur between charged fragments (such as in zwitterionic polypeptides) but also involves neutral
fragments. The vanishing-gap phenomenon and troublesome SCF convergence are both attributed to the unphysical KS Fock
operator eigenspectra of molecular fragments (e.g., amino acids or their side chains). Analysis of amino acid pairs suggests that the
unphysical charge delocalization can be partially ameliorated by the use of some range-separated hybrid functionals but not by
semilocal or standard hybrid functionals. Last, we demonstrate that solutions without the unphysical charge delocalization can be
located even for semilocal KS functionals highly prone to such defects, but such solutions have non-Aufbau character and are
unstable with respect to mixing of the non-overlapping “frontier” orbitals. Caution should be exercised when unexpectedly small (or
vanishing) HOMO—LUMO gaps and atypical SCF convergence patterns (e.g., oscillatory) are observed in KS DFT simulations in
any context (bio or otherwise).

1. INTRODUCTION e overbinding of opposite-charged moieties,'® and charge
The unphysical behavior of all Kohn—Sham (KS) density transfer complexes.'’ ™’

functional approximations (DFAs) causes a number of
artifacts, such as

e unrealistically small HOMO-LUMO gaps"” and
excitation energies,” especially for states with charge
transfer’ and/or Rydberg5 character (although some
dispute these notions®);

While these failures are well-recognized by the community,
some artifactual behaviors of KS DFT in the context of
biosimulations are less understood and invite more con-
troversy. For example, it was discovered that SCF convergence
problems appeared for some biomolecules when using

o charge fractionalization/delocalization, such as partial Received: June 3, 2024 JCTC e
detachment of an electron in anions as the basis o '
approaches completeness;””® Revised: = July 15, 2024
PP p j . Accepted: July 17, 2024

e predicted reaction barriers that are too low;” ™" Published: July 31, 2024

. . .. . 14
e incorrect dissociation curves for both cations * and some
15
neutrals;
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semilocal DFAs in vacuum.”””>® Subsequent work concluded

that no fundamental problem exists for semilocal DFAs when
applied to such systems and that the problem was rather with
the way the system was “prepared”.””** Ultimately this came
down to two major factors: the missing solvent effects and
geometry relaxation. Thus, commonly proposed solutions for
the problem include (1) use of a solvent model (particularly
implicit™ > or even point charges™"), (2) application of
geometry relaxation,”*”* and (3) changing to a range-separated
functional”>*** (e.g,, ®B97). We agree that the problem is in
the functional but note here that even range-separated
functionals do not systematically solve these problems for all
cases.’’ The idea that the fundamental problem is electrostatic
in nature rather than a result of more essential problems with
the approximate functionals has persisted.”®>"

Many researchers have realized that some of these problems
can have striking consequences for the use of KS DFT in
systems containing charged moieties. For example, Jensen’
recognized that the artificially high HOMO energy of the
negatively charged deprotonated carboxylic acid group in a
peptide zwitterion in vacuum could result in fractional charge
transfer. While it has long been known that approximate KS
DFT struggles with anions,”*"**7** the work of Jensen
indicated the possibility of transfer of electron density within
a single molecule. This possibility relates to the idea of
“delocalization error”,*”~*' where the density is too spread out
due to the nonlinearity of the KS DFT total energy with
respect to fractional electron number.”'******* Clearly, this
can result in incorrect electrostatic descriptions,””** but it can
also cause the aforementioned SCF convergence problems.””**
One proposed solution to some of these issues involves
evaluating KS DFT energies using HF densities,>”*%*
although the lack of self-consistency would then be a
substantial concern.

In this work, we revisit the convergence problems of SCF for
local and semilocal DFAs applied to medium-sized biomole-
cules in a vacuum. In section 3.1 we examine solutions for a set
of 17 polypeptides considered in ref 21 using a robust local-
convergence SCF solver (QUOTR™), thus allowing us to
characterize the “true” (energy-minimized) solutions even for
cases where no solutions could be found in ref 21; the SCF
convergence issues are correlated to the unphysically small (or
even vanishing) HOMO—LUMO gap. Although the incorrect
density predicted by approximate functionals has been
investigated for zwitterions,””** the orbital structure (at least
for the semilocal functionals) was not examined in detail.
Section 3.1 includes details of orbital-based analysis of KS —
HF deformation densities revealing in pinpoint detail the
anatomy of unphysical KS fractionalization/delocalization of
charges in such systems. The use of deformation density to
decompose a change in density into orbital contributions has
precedent in the context of fragment to complex interaction,””
but it seems to be unknown for comparing different quantum
chemistry methods. Additionally, we show that by using a local
solver we can obtain SCF solutions with properly localized
charges in some cases, which are actually non-Aufbau (and
non-energy-minimizing). We follow this in section 3.2 by
scanning through several popular functionals for all 20
naturally occurring amino acids to reveal which combinations
of amino acids with which DFAs can cause such issues. In
particular, we note that range separation, while almost always
helpful, does not eliminate the possibility of unphysical charge
delocalization and problematic SCF convergence.
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2. TECHNICAL DETAILS

HF and KS DFT computations on polypeptides in section 3.1
were performed with a developmental version of the Massively
Parallel Quantum Chemistry (MPQC) version 4 program
package*® using the recently developed QUOTR SCF solver.*’
The maximum L-BFGS history size was set to 15 (parameter
m), and the initial guess was the unperturbed version of the
extended-Hiickel-like guess used previously, except for 1RVS,
which used the perturbed guess. The regularizer threshold (t,)
was lowered to 0.15, and the history was also reset whenever
the RMS gradient crossed 1 X 107 (either crossing below or
coming back up again). However, the calculations on the
glycine systems in section 3.2.1 used the same parameters as in
ref 46. One final difference in the solver is that the history data
were trimmed whenever the lowest eigenvalue of the matrix
VTV was below —1 X 107" until that condition was no longer
true. The KS DFT implementation in MPQC employs
GauXC" (which calls LibXC’®) for calculation of the
exchange—correlation potentials and energies. The integration
grid for evaluation of these quantities for the PDB systems was
the “superfine” grid (250 radial Mura—Knowles>' points and
974 angular Lebedev—Laikov points™ for all atoms except
hydrogen, which has 175 radial J)oints.). Density functionals
used include LDA (SVWNS5),*>** BLYP,” PBE,*® B3LYP,*’
and PBE0***° for the PDB systems and, additionally,
revPBE,”® MN15,°" TPSS,** SCAN,” revSCAN,”* CAM-
B3LYP,” wB97,°® @PBE®*® for the peptide pair screening in
section 3.2.2. To match the calculations performed in ref 21,
we used the 6-31G** basis.””"* Density fitting was performed
with the def2-universal-] basis.”* Geometries for all systems
(except the individual amino acids used in section 3.2) were
obtained from the Protein Data Bank (PDB).”

The electron densities of the converged KS DFT solutions
were analyzed by comparing them with the corresponding HF
electron densities. This was done by finding the eigenvalues
and eigenvectors of the difference of the density matrices (in
an orthonormal basis):

diff

y KS

(1)
These eigenvectors were then transformed back to the AO
basis; these are the HF—KS natural deformation orbitals
(NDOs). The eigenvalues associated with each NDO are
termed natural deformation charges q,4. Plotting NDOs with
negative ¢,4 identifies the regions where KS has gained density
relative to HF, and vice versa. Although the use of a post-HF
reference density would be preferred to include correlation
effects (e.g, MP2), for the cases of qualitative failure of KS
DFT the HF—KS and MP2—KS natural deformation orbitals
should be qualitatively similar.

Amino acid calculations in section 3.2.2 used Psi4’® for both
geometry optimization (B3LYP/6-31G**~7%) and single-
point KS DFT energy evaluation (along with eigenspectrum)
using default parameters, including density fitting. The side
chains of the amino acids were uncharged in all cases, except
for arginine, which had a +1 charge.

=7~y

3. RESULTS

3.1. Small Polypeptides. Our analysis starts with the set
of 17 small polypeptides used by Rudberg to illustrate SCF
convergence failures.”’ For 12 of these systems, the standard
diagonalization-based Roothaan—Hall (RH) SCF solver could
not locate a solution for at least one functional; the chemical

https://doi.org/10.1021/acs.jctc.4c00712
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Table 1. HOMO—-LUMO Gaps (eV) for 17 Small Polypeptides from Reference 21

HF PBEO B3LYP BLYP PBE LDA
PDB ID RH QUOTR RH QUOTR RH QUOTR RH QUOTR RH QUOTR RH QUOTR
2P7R 12.03 12.04 4.65 4.67 4.16 4.18 2.12 2.14 2.10 2.11 2.12 2.14
1BFZ 11.96 11.96 6.18 6.18 5.77 5.77 3.97 3.98 3.93 3.93 379 3.79
21GZ 11.81 11.81 5.70 5.70 527 527 327 328 323 3.24 3.12 3.13
IDIE 10.14 10.12 3.96 3.96 3.47 3.47 1.56 1.57 1.58 1.59 1.54 1.55
1SP7 9.13 9.11 1.65 1.64 0.87 0.87 - <0.01 - <0.01 - <0.01
IN9U 9.12 9.12 1.12 1.14 0.57 0.59 - <0.01 - <0.01 - < 0.01
IMZI 8.77 8.74 1.29 1.29 0.54 0.54 - <0.01 - <0.01 - <0.01
1XT7 8.51 8.48 3.32 3.29 2.65 2.63 1.02 1.00 1.24 123 1.30 1.34
IPLW 7.25 7.24 0.36 0.36 0.29 0.28 - <0.01 - <0.01 - 0.01
1FUL 6.95 6.93 0.20 0.20 0.16 0.16 - —0.01 - —0.01 - -0.01
1EDW 6.89 6.90 0.26 0.26 021 021 - <0.01 - <0.01 - <0.01
1EVC 5.82 5.84 0.30 0.30 0.24 0.24 - <0.01 - <0.01 - <0.01
IRVS 5.60 5.59 - 0.10 - 0.08 - <0.01 - <0.01 - <0.01
2FR9 5.48 5.50 0.26 0.26 021 021 - <0.01 - <0.01 - <0.01
2JSI 5.26 527 0.24 0.24 0.19 0.19 - <0.01 - <0.01 - <0.01
1LVZ 5.05 5.03 0.31 0.31 0.25 025 - <0.01 - <001 - <0.01
1FDF 3.64 3.62 0.13 0.14 0.11 0.11 - <0.01 - <0.01 - <0.01

“The standard (RH) SCF solver values are from ref 21, whereas the quasi-Newton (QUOTR) SCF solver*® values are from this work. For all cases
where the standard solver failed to converge to a solution, the quasi-Newton solver located a solution with a vanishing HOMO—-LUMO gap.

structures for these 12 “difficult” systems are presented in the
Supporting Information. Using our QUOTR solver, we
managed to obtain converged SCF solutions for all system/
DFA combinations considered by Rudberg (the BHandHLYP
functional was excluded since it posed no convergence issues).
The HOMO—-LUMO gaps of all fully converged solutions are
reported in Table 1. For all RH-converged SCF solutions in ref
21, QUOTR confirmed the HOMO—-LUMO gaps to within
0.04 eV (the largest deviation was observed for the 1XT7
system with the LDA functional). For the cases where the RH
solver could not locate a solution, the QUOTR solver located
solutions with vanishing HOMO—LUMO gap. These vanish-
ing-gap QUOTR solutions were then analyzed by the HF—KS
deformation density analysis (DDA) described in section 2.
3.1.1. HF—LDA Deformation Density Analysis Summary.
Although Hartree—Fock is known to artificially localize
charges,” it provides qualitatively correct electron distribu-
tions for all these systems; specifically, the HF charges agree
with the expected integral values of formal charges on charged
functional groups like —CO,". In all cases, HF predicts large
positive HOMO—-LUMO gaps. In contrast, KS DFT can
“delocalize” charges across large distances, or alternatively, it
can lead to fractional charges on a charged functional group;
such states have a vanishing HOMO—-LUMO gap. The HF—
KS DDA reveals where the fractional charges are located in the
KS solution. The summary of HF—LDA DDA performed for
the 12 systems with vanishing LDA gap (Table 2) reports
which and how many functional groups donate (N;) and
accept (N,) electron density in LDA relative to HF. Usually,
but not always, the donor and acceptor sites correspond to the
location of the Hartree—Fock HOMO and LUMO or other
states near the Fermi level. See the Supporting Information for
images comparing the Hartree—Fock HOMO and LUMO for
each system with the natural deformation orbitals used in our
analysis. In all cases shown in Table 2, the electron donors are
formally negatively charged moieties (mostly —CO,”). The
electron acceptors are often positively charged (mostly
—NH;*); however, a few cases involve neutral functional
groups as acceptors, most notably 2FR9, 1IEDW, 1EVC, and
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Table 2. HF—LDA Natural Deformation Density Analysis®
for the 12 Systems with SCF Convergence Difficulties from
Reference 21, Indicating Donor Group Types and Acceptor
Group Typesb

donor
PDBID  lg4 Ny types N, acceptor types backbone?
1SP7 0.211 1 -CO,” 1 —-NH;* minimal
IN9U 0282 2 -CO,~ 1 —NHC(NH,)," yes
1IMZI1 0.284 2 —-CO,” 1 —-NH; minimal
1PLW 0.379 1 —-CO,” 1 —NH;* some
1FUL 0411 2 —-CO,” 2 —NHj, some; S,
—NHC(NH,),"
1IEDW 0414 2 -CO,” 1 phenyl near — some
NH,"
1EVC 0447 1 —-CO~ 1 phenyl yes
1RVS 0.439 1 —-CO,” 1 —NH;" and phenyl  minimal
2FR9 0.566 2 -CO7, 2 phenyl, amide yes; S,
—NH"~
2JSI 0.468 1 —-NH" 1 phenol yes
1LVZ 0687 3 —CO,” 2 —NH;* some
—NHC(NH,),"
1FDF 0.564 2 —-CO7, 3 —-NH;, yes
—PRO™ —NHC(NH,),’,
amide

“Njy is the “number of donors”, and N, is the “number of acceptors”
(see the text for further details). *~NHC(NH,)," is protonated
guanidine; —PRO is proline.

2JSI. Sometimes the natural deformation orbitals are not so
clear to interpret. The column labeled “backbone?” is used to
indicate when there are some density change contributions
that are hard to classify which involve other parts of the
system. In most cases, these contributions include carbonyl
groups in the peptide bonds.

Table 2 also characterizes the HF—LDA NDOs with non-
negligible g.4; such orbitals are termed frontier NDOs
(FNDOs). For all systems studied, the smallest g,4 was simply
the negative of the largest one, and thus, we only display the
largest Iq, 4l for each system. In many cases, there is a single pair
of FNDOs, which typically corresponds to the case of electrons

https://doi.org/10.1021/acs.jctc.4c00712
J. Chem. Theory Comput. 2024, 20, 6652—6660
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transferred between single functional groups. However, in
some systems there are multiple FNDOs (e.g., 1IFUL); in such
cases we only display the largest Ig,4l. In Table 2 we record
only donor/acceptor groups contributing to the FNDOs with |
qnd = 0.2. Only three systems had multiple Iq,4l over this
threshold: 1FUL, 2FR9, and 1FDF. Images of all natural
deformation orbitals used in the analysis are provided in the
Supporting Information.

We next examine three different cases that provide insight
into the possible scenarios.

3.1.2. Case 1FUL: Two Donors, Two Acceptors. First, we
consider a zwitterion that exemplifies the classic case of charge
separation, where the delocalization error is known to be a
problem.””** In Figure 1 we display the natural deformation

the largest magnitude are displayed for 1EVC. Closer
examination of the structure reveals that electron density is
being donated from a CO™ (not CO,”) group! Clearly this
system has an invalid structure generated to fit the
experimental NMR data. For such unphysical structures, it is
possible to have an extremely unstable anion whose density
will be transferred to a neutral group. However, such
exceptions are rare, since this is one of the few examples of
anion-to-neutral charge transfer in the current test set.

3.1.4. Case 1RVS: Non-Aufbau Solution. Although the
near-zero gap displayed for 1FUL in section 3.1.2 is typical for
zwitterions in vacuum, we have found that for a different
zwitterion our local SCF solver is able to converge to the
“physically correct” charge-separated solution. In Figure 3 we

+0.411 -0.411

Figure 1. HF—LDA NDOs of 1FUL with largest-magnitude
deformation charges. This case illustrates charge delocalization over
multiple donor and acceptor functional groups.

orbitals with the largest deformation charges, g4 = +0.411. In
this case, there are actually at least two regions that appear to
be accepting electrons: the NH;" group and the protonated
guanidine group of arginine. Also, there are two deprotonated
carboxylic acid groups that donate electrons. Although this
case is very similar to the classic zwitterions, the analysis is
made more complicated because there is density transfer
occurring with the peptide backbone and at least one of the
disulfide bridges.

3.1.3. Case 1EVC: Neutral Acceptor. The problems with
zwitterion convergence using semilocal DFAs are relatively
well known. Here we show that it is possible to have the same
problem without an explicitly positive group receiving the
electron density. In Figure 2 the natural deformation orbitals of

+0.447

-0.447

Figure 2. HF—LDA natural deformation orbitals of 1IEVC with the
largest-magnitude deformation charges.
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Figure 3. For the 1RVS zwitterion, it was possible to locate a non-
Aufbau B3LYP SCF soluton that does not suffer from charge
delocalization and qualitatively matches the charge distribution of the
exact ground state. The non-Aufbau HOMO (bottom) and LUMO
(top) are localized on the CO,” and NH;* termini, as expected.

display the HOMO and LUMO for 1RVS when the QUOTR
solver is given the usual extended-Hiickel-like initial guess for
the orbitals, but without perturbation.*® We see that there is no
unphysical mixing of the occupied orbital on the CO,” with
the unoccupied orbital on the NH;". For this solution, the
HOMO has an energy of —0.037 eV while the LUMO has an
energy of —0.130 eV, giving a nonzero negative HOMO—
LUMO gap. Thus, this is a non-Aufbau state! Now, this
solution is not the best solution in a variational sense, because
the total energy could be lowered b_}r mixing the HOMO with
the LUMO (note Janak’s theorem’”). However, it does avoid
the major contribution to the incorrect charge delocalization.
We conclude that we have been able to find a local stationary
point for 1RVS (a zwitterion system) using B3LYP that has
qualitatively the physically correct HOMO and LUMO, but
such a solution is not the lowest-energy state. When the initial
guess is perturbed, QUOTR can converge to the nearly zero-
gap solution. The energy of this solution is 0.012 E, below the
physically reasonable non-Aufbau solution.

3.2. Amino Acids. The simplest analogous situation where
the HOMO could be above the LUMO is in a system
composed of two amino acids (in vacuum) separated by a large
distance so that they are essentially noninteracting. This simple
model is explored in section 3.2.1, where we show that the
non-Aufbau solution is obtainable using the QUOTR SCF
solver. By perturbing the guess orbitals (importantly mixing
orbitals on the separated fragments), we can also obtain the
near-zero-gap solution. The underlying principle thus indicates
that this will occur whenever the HOMO of one fragment is

https://doi.org/10.1021/acs.jctc.4c00712
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above the LUMO of the other fragment. Therefore, in section
3.2.2 we calculate HOMO and LUMO energies for a variety of
popular functionals to see which combinations are possibly
problematic.

3.2.1. Separated Glycine Zwitterion. We demonstrate the
utility of QUOTR by finding a solution for a system that is
impossible for a diagonalization-based solver: a non-Aufbau-
filled system. For this analysis, we use KS-DFT with the local
density approximation (LDA) to the exchange—correlation
functional.

The HOMO and LUMO for glycine in two protonation
states (labled gly™ and gly*; see Figure 4) were calculated

gly* gly”

Figure 4. Glycine in protonated (overall positive charge, gly*) and
deprotonated (overall negative charge, gly™) states.

separately. These could represent the two ends of a peptide
chain in zwitterion form. Then a supersystem was constructed
with these two fragments together, separated by approximately
200 A. Thus, the two fragments should be physically isolated
from each other.

From the data in Table 3 we see that a non-Aufbau solution
is expected: although each charged fragment has a sizable

Table 3. Frontier Orbital Energetics (eV) of LDA/6-31G**
SCF Solutions for Isolated Deprotonated and Protonated
Glycine Molecules and Their Noninteracting Supersystem®

gly-gly"
gly” gly* unperturbed  perturbed
LUMO 5.72 —6.79 —6.72 -3.31
HOMO 0.64 —12.59 0.57 —3.29
HOMO-LUMO gap 5.08 5.80 =7.29 —0.02

“The quasi-Newton solver locates a non-Aufbau supersystem solution
unless the initial (atomic-density-based) guess is perturbed to mix the
orbitals of the monomers. The perturbed guess leads to the solution
with a vanishing HOMO—-LUMO gap and an unphysical charge
delocalization.

positive HOMO—LUMO gap, the HOMO of the anion is
much higher than the LUMO of the cation. When these two
fragments are calculated together, the initial guess for the MOs
is of the utmost importance for any direct minimization solver.
In the column labeled “unperturbed”, the initial guess is our
standard extended-Hiickel-like guess. Due to the large
separation of about 200 A, there is no overlap between the
AOs of the different fragments. Thus, the guess MOs are
disjoint: each orbital is either associated with gly™ or gly". The
gradient for mixing the MOs on different fragments should
therefore be zero. Minimization should then result in nearly
the same orbitals on each fragment as in the isolated
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calculations, implying a solution with the HOMO higher
than the LUMO! In contrast, the column labeled “perturbed”
takes the extended-Hiickel-like guess and applies a small,
random unitary matrix that allows mixing between all orbitals,
regardless of the fragment to which they belong. Thus, there
are likely some orbitals in the initial guess that span both
fragments. This is physically incorrect, but LDA is actually able
to find a lower total energy for the supersystem with some
MOs spanning both fragments. The HOMO is then lowered
and the LUMO raised until the gap is essentially zero.

This striking example is due to the self-interaction error in
the LDA functional, and it demonstrates LDA’s tendency to
prefer fractional-electron systems. In this case, the fractional
electron on one of the fragments is caused by having an MO
with substantial density on the other fragment too.

3.2.2. Screening Natural Amino Acid Pairs. To systemati-
cally investigate when the problem of the vanishing HOMO—
LUMO gap is likely to appear, we do not need to run the same
calculations as in the previous section for each pair of amino
acids. The principle is clear: when an isolated fragment has a
HOMO above the LUMO of a separate fragment, a non-
Autbau-filled solution is possible. The idea that having the
LUMO on one fragment above the HOMO on another other
fragment can cause excessive electron transfer and binding
strength has been examined before in the context of radical—
molecule complexes’® and charge transfer complexes.”” We
performed a series of tests on different functionals for all 20
naturally occurring amino acids in three different protonation
states: neutral, anionic, and cationic (except for arginine, where
the charges are shifted to 0, +1, and +2). Table 4 displays the
numbers of predicted non-Aufbau pairs of amino acids,
grouped by charge state, for a representative set of local
gradient-corrected (GGA), meta-GGA, and hybrid DFAs
(both standard and range-separated).

As expected, including larger fractions of the Hartree—Fock
exchange reduces the number of problematic combinations
(Figure S). The performance of the semilocal functionals is
almost unchanged going from LDA to GGA. The meta-GGAs
provide some improvement but not as much improvement as
hybrid functionals. Finally, the range-separated functionals
perform best of all; however, there are some cases where they
still predict non-Aufbau-filled systems. The most difficult
systems are when the donor is negatively charged and the
acceptor has a +2 charge (arginine), where even ®wB97 fails.

4. SUMMARY

This work reexamined the SCF convergence problems for
polypeptides in the gas phase in conjunction with modern
nonhybrid and hybrid DFAs. While standard SCF solvers
typically fail catastrophically,”"*” using a robust quasi-Newton
SCF solver*® we were able to obtain SCF solutions when the
conventional solvers fail; in such cases, the KS solutions always
had a vanishing HOMO—LUMO gap. Deeper analysis of these
solutions using novel natural deformation orbitals obtained
from the HF—KS density matrix difference reveals which
regions of the system donate and accept electron density in the
unphysical KS DFT solution and are thus the culprits in the
delocalization error. In general, the unphysical charge
delocalization can involve not only charged moieties but also
formally neutral fragments (e.g,, a phenyl ring), demonstrating
that zwitterions are not the only problematic cases for
semilocal DFAs. The origin of the unphysical charge
delocalization is the misalignment of the KS Fock operator
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Table 4. Numbers of Non-Aufbau States Predicted by Various KS Functionals for Noninteracting Pairs of the 20 Natural
Amino Acids in Their Neutral/Protonated/Deprotonated States”

Semilocal
LDA BLYP revPBE
Q. Q. Q
-1 0 +1 +2 -1 0 +1 +2 -1 0 +1 +2
-1 0 379 380 19 -1 0 380 380 19 -1 0 380 380 19
0 0 0 306 20 0 0 0 286 20 0 0 0 273 20
Q +1 0 0 0 3 Q +1 0 0 0 4 Q +1 0 0 0
+2 0 0 0 0 +2 0 0 0 0 +2 0 0 0
Meta-GGA
TPSS SCAN revSCAN
Q. Q Q
-1 0 +1 +2 -1 0 +1 +2 -1 0 +1 +2
-1 0 368 380 19 -1 0 275 380 19 -1 0 265 380 19
0 0 0 176 20 0 0 0 74 20 0 0 0 63 20
& +1 0 0 0 1 & +1 0 0 0 0 Q +1 0 0 0
+2 0 0 0 0 +2 0 0 0 0 +2 0 0 0
Hybrid
MN15” B3LYP PBEO
Q Q Q.
-1 0 +1 +2 -1 0 +1 +2 -1 0 +1 +2
-1 0 0 380 19 -1 0 0 380 19 -1 0 0 380 19
0 0 0 0 0 0 0 0 20 0 0 0 0 10
Q +1 0 0 0 0 Q +1 0 0 0 0 Q +1 0 0 0 0
+2 0 0 0 0 +2 0 0 0 0 +2 0 0 0 0
Range-Separated
CAM-B3LYP wB97 wPBE
Q | | Q Q
-1 0 +1 +2 -1 0 +1 +2 -1 0 +1 +2
-1 0 0 374 19 -1 0 0 0 17 -1 0 0 0 19
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Q +1 0 0 0 0 Q +1 0 0 0 0 & +1 0 0 0 0
+2 0 0 0 0 +2 0 0 0 0 +2 0 0 0 0

“The data are broken down by charges Q4 and Q, of the “donor” and “acceptor” fragments, respectively (i.e., containing the HOMO and LUMO,
respectively). “MNI15 is both a hybrid functional and a meta functional, but we list it under “Hybrid”.
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Figure S. Overall numbers of non-Aufbau states predicted by various
KS functionals for noninteracting pairs of the 20 natural amino acids
in their neutral/protonated/deprotonated states. See Table 4 for the
further breakdown by the amino acid charges.
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eigenspectrum between molecular fragments. A systematic
study of pairs of 20 naturally occurring amino acids in various
protonation states suggested that the unphysical charge
delocalization is only partially reduced by the use of a more
sophisticated functional. The range-separated functionals
employing 100% exact exchange at long range were a nearly
perfect remedy, albeit not totally immune to the problem. The
rest of the representative functional families (standard hybrid,
meta-GGA, GGA) all suffered from unphysical charge
delocalization to various extents.

The most direct lesson from our work is the need for caution
when unexpectedly small (or vanishing) HOMO—LUMO gaps
and atypical SCF convergence patterns (e.g, oscillatory) are
observed in KS DFT simulations in any context (bio or
otherwise). Such anomalies should call for probing the solution
(e.g, population analysis) and testing more advanced KS
functionals. Although our work focused on a specific, and
somewhat artificial, biosimulation context (namely, isolated
polypeptides), such systems continue to serve as components
and even as the sole focus of benchmark datasets™ for training
more approximate models. There are also lessons here for a
broader class of Kohn—Sham DFT simulations. As an
affordable source of first-principles potentials for training
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more approximate models, KS DFT is increasingly used to
generate massive datasets for benchmarking and training
purposes,®’ with scale too large for validatation of even a
non-negligible portion of the dataset. Thus, as the role of KS
DFT as the “ground truth” model rises, so should our
expectations of its accuracy and robustness. Although we can
expect that the continuing improvement of KS functionals will
reduce the occurrence of the artifacts discussed here, the need
for robust solvers will continue to increase with the degree of
automation of KS DFT-based workflows.
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