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Conspectus

The quantum chemical modeling of organic
crystals and other molecular condensed-phase
problems requires computationally-affordable
electronic structure methods which can simul-
taneously describe intramolecular conforma-
tional energies and intermolecular interactions
accurately. To achieve this, we have developed
a spin-component-scaled, dispersion-corrected
second-order Møller-Plesset perturbation the-
ory (SCS-MP2D) model. SCS-MP2D aug-
ments canonical MP2 with a dispersion correc-
tion which removes the uncoupled Hartree-Fock
dispersion energy present in canonical MP2
and replaces it with a more reliable coupled
Kohn-Sham treatment, all evaluated within the
framework of Grimme’s D3 dispersion model.
The spin-component scaling is then used to
improve the description of the residual (non-
dispersion) portion of the correlation energy.
The SCS-MP2D model improves upon ear-

lier corrected MP2 models in a few ways.
Compared to the highly successful dispersion-
corrected MP2C model, which is based solely on
intermolecular perturbation theory, the SCS-
MP2D dispersion correction improves the de-
scription of both inter- and intramolecular in-
teractions. The dispersion correction can also
be evaluated with trivial computational cost,

and nuclear analytic gradients are computed
readily to enable geometry optimizations. In
contrast to earlier spin-component scaling MP2
models, the optimal spin-component scaling co-
efficients are only mildly sensitive to the choice
of training data, and a single global parameter-
ization of the model can describe both thermo-
chemistry and non-covalent interactions.
The resulting dispersion-corrected, spin-

component-scaled MP2 (SCS-MP2D) model
predicts conformational energies and inter-
molecular interactions with accuracy compa-
rable to or better than that of many range-
separated and double-hybrid density function-
als, as is demonstrated on a variety of bench-
mark tests. Among the functionals consid-
ered here, only the revDSD-PBEP86-D3(BJ)
functional gives consistently smaller errors in
benchmark tests. The results presented also
hint that further improvements of SCS-MP2D
may be possible through a more robust fitting
procedure for the seven empirical parameters.
To demonstrate the performance of SCS-

MP2D further, several applications to molec-
ular crystal problems are presented. The
three chosen examples all represent cases where
density-driven delocalization error causes GGA
or hybrid density functionals to artificially sta-
bilize crystals exhibiting more extended π-
conjugation. Our pragmatic strategy addresses
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the delocalization error by combining a pe-
riodic density functional theory (DFT) treat-
ment of the infinite lattice with intramolec-
ular/conformational energy corrections com-
puted with SCS-MP2D. For the anti-cancer
drug axitinib, applying the SCS-MP2D con-
formational energy correction produces crystal
polymorph stabilities that are consistent with
experiment, in contrast to earlier studies. For
the crystal structure prediction of the ROY
molecule, so named for its colorful red, or-
ange, and yellow crystals, this approach leads
to the first plausible crystal energy landscape,
and it reveals that all of the lowest-energy poly-
morphs have already been found experimen-
tally. Finally, in the context of photomechani-
cal crystals, which transform light into mechan-
ical work, these techniques are used to predict
the structural transformations and extract de-
sign principles for maximizing the work per-
formed.

Key References
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1 Introduction

As the least computationally-expensive cor-
related wave function method, second-order
Møller-Plesset perturbation theory (MP2) has
long held an important role in quantum chem-
istry. In recent decades, however, MP2 and
other correlated wave function methods have
largely been supplanted by density functional
theory (DFT) for most practical applications
of quantum chemistry, due to the good bal-
ance between accuracy and computational effi-
ciency often provided by DFT functionals. Ef-
fective mathematical forms for hybrid, range-
separated hybrid, and double-hybrid function-
als, accurate and inexpensive models for Lon-
don (a.k.a. van der Waals) dispersion, and im-
proved data-driven parameterization strategies
have all led to the development of robust func-
tionals.5–7

Still, computationally affordable alternatives
to DFT remain valuable for situations where
the behavior of DFT functionals proves prob-
lematic. The relatively low computational cost
of MP2 makes it a logical alternative to DFT,
but it exhibits mediocre performance on large
benchmark data sets. This situation has mo-
tivated many efforts to improve MP2, includ-
ing via spin-component scaling,8 dispersion cor-
rection,1,9–13 orbital optimization,14,15 Coulomb
attenuation,16,17 regularization,18 and the mix-
ing in of contributions from third-order pertur-
bation theory (e.g. MP2.5).19
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Motivated by our own research interests in or-
ganic molecular crystals, we have combined dis-
persion correction13 and spin-component scal-
ing,1 to develop a robust MP2 model which
describes non-covalent interactions with an ac-
curacy and computational cost that avoids the
density-driven delocalization error issues that
plague many lower-rung density functionals and
which is competitive with top-tier density func-
tionals. In this research account, we briefly
review the theory of SCS-MP2D, we demon-
strate its performance relative to a selection
of high-quality DFT functionals on benchmark
data sets, and we discuss several applications
to molecular crystals where the improved SCS-
MP2D intramolecular/conformational energies
proved crucial.

2 Dispersion-Corrected MP2

MP2 has a nominal advantage over widely-
used semi-local density functionals in that it
inherently includes London dispersion. Unfor-
tunately, the MP2 dispersion treatment is often
quantitatively inaccurate. For example, MP2
over-binds intermolecular π-π interactions by
∼40% on average.20 To understand these errors,
consider the dispersion energy term that occurs
at second-order in intermolecular perturbation
theory,

E
(2)
disp = −

∑

m,n 6=0

|〈φA
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0 |V̂
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n 〉|

2

EA
m − EA

0 + EB
n − EB

0

(1)

where φA
m and φB

n are the ground (m=0) and
excited state wavefunctions on molecules A and
B, and EA

m and EB
n are the ground and excited

state energies of the two molecules.
The MP2 dispersion interactions are com-

puted at the uncoupled Hartree-Fock (UCHF)
level of theory.21,22 This amounts to approxi-
mating the excited-state wavefunctions in Eq 1
by replacing occupied molecular orbitals in the
ground state wavefunction with virtual ones
(without any orbital relaxation), and approxi-
mating the excitation energies as the HF orbital
energy differences between the pairs of orbitals
being swapped. This simplified description pro-

duces the mediocre MP2 dispersion energies.
More accurate dispersion energies can be ob-
tained by modeling the excited states and exci-
tation energies entering Eq 1 with either time-
dependent HF (a.k.a. coupled HF, or CHF)
or time-dependent DFT (a.k.a. coupled Kohn-
Sham or CKS), both of which incorporate or-
bital relaxation and provide more reliable exci-
tation energies.
In 2007, Cybulski and Lytle showed that

MP2 could be improved by incorporating CHF
dispersion.23 Shorty thereafter, Hesselmannn
demonstrated an even more successful “cor-
rected” MP2 (MP2C) model9,10 which replaces
the UCHF dispersion energy with the CKS one:

EMP2C = EMP2 − EUCHF
disp + ECKS

disp (2)

MP2C performs excellently on a wide ar-
ray of intermolecular interaction energy bench-
marks,24 but it also has limitations. First, the
computational cost of evaluating the dispersion
correction is non-trivial. Second, its basis in
intermolecular perturbation theory mean that
MP2C cannot correct the intramolecular dis-
persion interactions which can become signifi-
cant in larger molecules. Third, the complex-
ity of the analytical nuclear gradients for the
dispersion correction has hindered the use of
MP2C for geometry optimizations.
To address these limitations, we proposed

the dispersion-corrected MP2 (MP2D) model.13

The MP2D energy expression is identical to
Eq 2, except that the UCHF and CKS disper-
sion contributions are evaluated using a model
based on Grimme’s D3 dispersion approach,25

Edisp = −s6
∑

a,b

f6(Rab)
C6,ab

R6
ab

−s8
∑

a,b

f8(Rab)
C8,ab

R6
ab

(3)
Here, Rab is the distance between atoms a and b,
C6 and C8 are interatomic two-body dispersion
coefficients, and s6 and s8 are empirical scaling
factors. The damping functions fn attenuate
the dispersion energy at short Rab.
The D3 model stores a list of pre-computed

dispersion coefficients for different elements
computed from the frequency-dependent polar-
izabilities of the elemental hydrides (e.g. OHx,
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for x = 0, 1, 2). When applying D3, the disper-
sion coefficient for a given atom is interpolated
among those tabulated values based on the lo-
cal coordination environment. MP2D uses the
existing D3 dispersion coefficients for the CKS
portion.25 New UCHF dispersion coefficients
were computed for MP2D following the D3 pro-
tocols.13 MP2D omits the Axilrod-Teller-Muto
3-body dispersion term that is sometimes in-
cluded in D3, though it could potentially be
helpful to include it in the future.12

In total, MP2D has five global empirical
parameters whose values were fitted to re-
produce benchmark coupled cluster results
from the S66x8 set of dimer interaction en-
ergies.26 MP2D is conceptually similar to
the MP2+vDW method proposed earlier by
Tkatchenko et al.,11 but the use of the D3 model
in MP2D simplifies the process of obtaining the
UCHF and CKS dispersion coefficients.
MP2D addresses the dispersion errors inher-

ent in MP2, but there are other limitations of
second-order perturbation theory. MP2 overes-
timates the same-spin electron-electron correla-
tion often associated with static correlation rel-
ative to the opposite-spin contributions which
are more associated with dynamical correla-
tion.27 Grimme’s spin-component-scaled MP2
(SCS-MP2)8 re-weights the two correlation en-
ergy components using empirical coefficients css
and cos,

ESCS-MP2 =EHF + cosEcorr,os + cssEcorr,ss

(4)
Spin-component scaling improves the perfor-
mance of MP2, but the optimal empirical coeffi-
cients vary significantly depending on the train-
ing data. Notably, the optimal scaling param-
eters for non-covalent interactions28 are almost
reversed from those fitted to thermochemical re-
action energies.8

The problem lies in how spin-component scal-
ing is used to correct both the London disper-
sion and other non-dispersion aspects of the
correlation energy, and the relative importance
of these contributions is system-dependent.
However, since MP2D addresses the dispersion
treatment, spin-component scaling can be em-
ployed to correct only the residual correlation

energy. The combined SCS-MP2D energy ex-
pression subtracts out the dispersion energy
component from the same- and opposite spin
correlation energies, scales the residual correla-
tion with empirical coefficients cos and css, and
then adds the CKS dispersion:1

ESCS-MP2D =EHF + cos
(

Ecorr,os − EUCHF
disp,os

)

+ css
(

Ecorr,ss − EUCHF
disp,ss

)

+ ECKS
disp,tot

(5)
The seven empirical parameters in SCS-MP2D
were fitted against the S66x8 set of dimer in-
termolecular interactions, sugar conformational
energies (SCONF), and Diels-Alder reaction
thermochemistry (DARC). The fitted values
proved only mildly sensitive to the choice of
training data used to fit them. To-date, the
MP2D and SCS-MP2D dispersion coefficients
have been determined for the elements H, B–
Ne, P-Ar, and Br. MP2D is implemented in
PSI4,29 as a stand-alone open-source library30

and in the Cuby4 framework31 where the cor-
rection can be added to calculations in other
software packages.
SCS-MP2D shares conceptual similarities

with the dispersion-corrected, spin-component-
scaled double hybrid (DSD) family of func-
tionals.7,32 Both employ Grimme-style disper-
sion corrections, spin-component scaling of the
MP2-like correlation, and a large fraction of
exact exchange (100% for SCS-MP2D and
∼70% in the DSD functionals). However, the
DSD functional mixes in semi-local exchange-
correlation and computes the MP2-like corre-
lation in Kohn-Sham orbitals instead of HF
ones,33 while SCS-MP2D removes the MP2
UCHF dispersion contribution to avoid double-
counting of dispersion energy. Benchmark per-
formance comparisons between the two types
of models will be discussed below.
The computational cost of the MP2D mod-

els is effectively identical to that of MP2. For
a chosen basis set, the cost is essentially the
same as the DSD-family of double-hybrid func-
tionals. Although the O(N5) scaling of these
methods with system size N makes them for-
mally more expensive than ωB97M-V, the large
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pre-factor makes ωB97M-V noticeably slower
even for fairly large molecules. For example,
MP2D is ∼40% faster than ωB97M-V for drug
molecule ritonavir (C37H48N6O5S2, 98 atoms)
in aug-cc-pVQZ. The accuracy of MP2D and
SCS-MP2D will be discussed in the following
sections.

3 Benchmark Calculations

All results presented below either use a
quadruple-ζ basis set or have been extrapolated
to the complete-basis-set limit. See the original
studies for further computational details.

3.1 Conformational Energies

Initial conformational energy benchmarks for
the dispersion-corrected MP2 models focused
on existing test sets of sugar (SCONF), alkane
(ACONF), amino acid (Amino20x4), peptide
(PCONF21), and melatonin (MCONF) confor-
mations.1 As shown in Table 1, applying the
dispersion correction and spin-component scal-
ing to MP2 reduces the root-mean-square errors
(RMSEs) errors by 60% on average. The mean
relative SCS-MP2D conformational energy er-
ror of 8.7% is on par with or smaller than those
from DSD-BLYP-D3(BJ) (11.5%), ωB97X-V
(8.9%), and ωB97M-V (14.1%). Only revDSD-
PBEP86-D3(BJ) performs slightly better, with
a mean relative error of 8.1%.
Predicting conformational energies accurately

is key to understanding the interplay of intra-
and intermolecular interactions that drives the
crystal packing. Therefore, a subsequent
benchmark study examined 54 intramolecular
conformations extracted from the conforma-
tional crystal polymorphs of 20 species that
range from small organics to large drugs such
as ritonavir.36 Intramolecular dispersion con-
tributes significantly to many conformational
energies in the test set, and adding the MP2D
dispersion correction reduces the RMSE from
3.5 kJ/mol to 2.5 kJ/mol. SCS-MP2D further
reduces the error to 1.9 kJ/mol.
Figure 1 plots the error distributions for SCS-

MP2D and six DFT functionals relative to the

benchmark conformational energies. For 14 of
the species, all models perform fairly well, with
RMSE of 1.7–2..5 kJ/mol for the DFT function-
als and 1.2 kJ/mol for SCS-MP2D. However,
the remaining six species indicated in Figure 1
prove more problematic for the GGA and hy-
brid functionals, with errors ∼2–4 times larger
than those from ωB97M-V and SCS-MP2D.
Those difficulties stem from density-driven

DFT delocalization error (sometimes called
many-electron self-interaction error), which is
the tendency of approximate density function-
als to overly-delocalize electron densities. In
the current context, the different crystal con-
formations of those six problematic species vary
in the extent of π delocalization,36 and delo-
calization error artificially stabilizes the confor-
mations exhibiting more π-conjugation (greater
delocalization). In the species with Cambridge
Structure Database reference codes MCHTEP,
MNIAAN, and ACBNZA, for example, the ex-
tent of π-conjugation is controlled by the side-
chain orientations (Figure 1). Delocalization er-
ror is pronounced in GGA functionals such as
B86bPBE-XDM and PBE, and they exhibit the
largest conformational energy errors for these
species. The inclusion of 25% exact exchange
in the hybrid PBE0 functional reduces the self-
interaction/delocalization error and moderately
improves the conformational energies, though
the PBE0 errors remain considerably larger
than those from ωB97M-V or SCS-MP2D.
Overall, SCS-MP2D gives the smallest RMSE

of 1.9 kJ/mol for the entire set of 20 species,
compared to 2.3 kJ/mol with ωB97M-V and
larger errors for the other models. Additional
examples of using SCS-MP2D to address delo-
calization error will be presented in the molec-
ular crystal applications below.

3.2 Intermolecular Interactions

Initial assessment1 of the MP2D models for
intermolecular interactions was carried out on
several dimer data sets. As summarized in
Table 1, the MP2D dispersion correction re-
duces the RMSEs for the intermolecular inter-
action data sets by up to several-fold, and spin-
component scaling further reduces the errors
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Figure 1: Error distributions for 54 molecular conformations extracted from conformational crystal
polymorphs of 20 organic species. The overall error distribution is shown in gray, the errors for
the six most problematic species are shown as points, and the box-and-whisker plots indicate the
error distributions for the remaining 14 species. RMSEs for the three groups and representative
conformations of the problematic species are shown below. Adapted with permission from ref. 36.
Copyright 2022 AIP Publishing.
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Table 1: Root-mean-square errors (kJ/mol) for several MP2 models and DFT functionals on bench-
mark data sets.a

DSD- revDSD-
Data Set MP2 MP2D SCS-MP2D BLYP-D3(BJ) PBEP86-D3(BJ) ωB97X-V ωB97M-V

CBS CBS CBS def2-QZVP def2-QZVP def2-QZVP aQZ

Intermolecular Interactions

S66x8 2.80 0.67 0.54b 0.75 0.67 0.88 0.46
3B-69 Dimers 1.38 0.88 0.75 0.79 0.79 0.84 0.71

SSI 1.51 0.67 0.71 0.63c 0.50 0.67d 0.63d

HBC6 1.34 1.09 1.05 1.55 0.71 1.34 1.00
NBC10 6.49 1.21 0.59 1.38 0.29 1.42 0.71

Charge Transfer 11.4 2.34 1.42 3.22 2.59 2.38 1.88
HB375 1.80 0.67 0.54 0.59 0.54 0.71 0.79
IHB100 1.88 1.92 1.42 1.72c 1.09c 1.55c 1.46

Conformational Energies

SCONF 1.30 1.46 0.75b 1.09 0.54 0.88e 1.00
ACONF 0.46 0.29 0.50 0.33 1.00 0.25e 0.33

Amino20x4 1.09 0.71 0.75 0.67 0.71 1.00e 1.00
MCONF 4.27 1.67 1.38 2.30 0.79 1.13e 1.63
PCONF21 4.64 1.76 1.30 2.01 0.96 1.46e 2.89

Reaction Energies

DARC 16.6 7.95 5.90b 4.60 2.68 18.3e 4.10
ISO34 7.03 5.94 4.02 4.44 2.05 6.53e 3.43
ISOL24 15.6 11.8 9.37 11.3 7.24 17.6e 10.1
IDISP 29.4 5.94 5.40 6.69 2.80 16.2e 11.8

Overall Relative RMSE Statistics

Mean 21.3% 7.7% 5.9% 8.1% 4.9% 9.5% 8.2%
Median 11.5% 5.8% 4.4% 5.5% 4.1% 5.3% 4.5%

a Adapted with permission from ref. 1. Copyright 2022 Royal Society of Chemistry.
b Data sets used to fit SCS-MP2D parameters. c aug-cc-pVQZ basis d Ref 34, aug-cc-pVTZ basis. e Ref 35.

by up to a third. The final SCS-MP2D er-
rors for these sets are often smaller than those
from DSD-BLYP-D3(BJ) and ωB97X-V, and
they are competitive with ωB97M-V. In con-
trast, revDSD-PBEP86-D3(BJ) generally has
even smaller errors than SCS-MP2D, with the
exception of the charge-transfer complex data
set.
For further insight, we present new bench-

mark results for five large data sets from the
Non-Covalent Interactions Atlas (NCIAtlas):
HNCO-containing hydrogen-bonded dimers
(HB375x10),37 hydrogen-bonded dimers in-
volving S, P, and halogens (HB300SPXx10),38

repulsive contacts (R739x10),39 σ-hole inter-
actions (SH250x10),40 and dispersion-bound
complexes (D442x10).20 Species containing As,
Se, Kr, I and Xe were omitted here (22% of the
data set), since the necessary MP2 dispersion
coefficients have not yet been determined.
Figure 2 plots the RMSEs for each NCIAtlas

data set and indicates the average RMSE over
all five data sets, comparing the MP2 models
against several good-quality density functionals
from the original studies. MP2 gives a poor av-
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eral top-performing density functionals on the
NCIAtlas data sets.
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erage RMSE of 3.4 kJ/mol, but including the
MP2D dispersion correction reduces the aver-
age error to 1.9 kJ/mol, and spin-component
scaling further reduces it to 1.4 kJ/mol. This
error is a little smaller than that of ωB97X-V
or ωB97X-D3(BJ), and comparable to the orig-
inal DSD-PBEP86-D3(BJ). On the other hand,
ωB97M-V and revDSD-PBEP86-D3(BJ) give
smaller average RMSEs of 1.2 and 0.9 kJ/mol,
respectively.
Several features of the data stand out. First,

the similar performance of SCS-MP2D and
DSD-PBEP86-D3(BJ) functional is notewor-
thy because the empirical parameters in both
models were fitted against modest amounts of
training data. Refitting DSD-PBEP86-D3(BJ)
against a much larger data set leads to the
excellent performance observed for revDSD-
PBEP86-D3(BJ).7,32 We also observe that
MP2D and SCS-MP2D perform better for
HB375x10 than for HB300SPXx10. The latter
set includes chemical elements that were not
present in the (SCS-)MP2D training data, per-
haps further indicating a limitation of the train-
ing data used. These results raise the question:
might a more robust parameter fitting proce-
dure improve SCS-MP2D similarly to what was
found with revDSD-PBEP86-D3(BJ)?
Second, the MP2 model errors for the re-

pulsive contacts (REP739x10) are consistently
larger than those from the DFT functionals,
suggesting that efforts to improve the short-
range performance of SCS-MP2D would be
helpful. Third, the SCS-MP2D RMSE on the
D442x10 dispersion-bound complexes is simi-
lar to that of ωB97M-D3(BJ) and somewhat
larger than for ωB97M-V. This could sug-
gest that the approximations inherent in the
D3 dispersion correction may limit the accu-
racy of SCS-MP2D somewhat (though revDSD-
PBEP86-D3(BJ) performs very well with D3).
Fourth, SCS-MP2D has comparatively small
errors for the σ-hole interactions, with only
revDSD-PBEP86-D3(BJ) performing better.
Additional benchmark MP2D and SCS-

MP2D calculations for intermolecular inter-
actions can be found in refs 36 and 41.

3.3 Reaction Thermochemistry

To date, MP2D and SCS-MP2D have only
been benchmarked on a handful of thermo-
chemistry data sets.1 As shown in Table 1, the
MP2D dispersion correction only modestly im-
pacts the accuracy of small-molecule ISO34 iso-
merization energies, but it improves the larger-
molecule isomerizations of ISOL24 more signif-
icantly. The effects on the Diels-Alder reac-
tions (DARC) and the intramolecular disper-
sion (IDISP) set, which includes some challeng-
ing reaction energies, are even larger. Spin-
component scaling of MP2D further reduces the
errors by ∼10–30%. In the end, the SCS-MP2D
errors for these data sets are mostly smaller
than the range-separated hybrid ωB97X-V or
early-generation DSD-BLYP-D3(BJ) function-
als. The comparison between ωB97M-V and
SCS-MP2D is more mixed, while the revDSD-
PBEP86-D3(BJ) functional consistently per-
forms the best.
In summary, SCS-MP2D describes intra- and

intermolecular interactions with an accuracy
that is competitive with some of the very
best density functionals. More extensive in-
vestigations will be needed to fully assess
the performance of SCS-MP2D for reaction
thermochemistry. The greater tendency for
spin-contamination in HF orbitals compared
to Kohn-Sham ones might prove problematic
for SCS-MP2D barrier heights and open-shell
species, though the use of a restricted open-
shell HF reference33 or orbital optimization14,15

might mitigate the issue.

4 Applications to Molecu-

lar Crystals

Having examined the performance of the im-
proved MP2 methods, we now focus on molec-
ular crystal applications. Direct application of
MP2 to molecular crystals via periodic bound-
ary conditions is computationally expensive.
Fragment methods based on the many-body ex-
pansion,42 such as our hybrid many-body in-
teraction approach,43 can be used to lower the
cost. For example, we have applied fragment-
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based MP2 to molecular crystals to examine
the polymorphism of aspirin44 and oxalyl dihy-
drazide,45 to predict the polymorph phase di-
agram of methanol,46 and to investigate high-
pressure phases of several species.47–50 Further
examples from Hirata51 and Červinka52,53 can
also be found in the literature.
In analyzing the behavior of MP2 and DFT on

challenging examples of conformational poly-
morphism,36,41 we found a number of systems
for which the intramolecular GGA or hybrid
DFT conformational energies were problematic
due to delocalization error, while the inter-
molecular interactions were described reason-
ably well. This motivated the development of
a computationally pragmatic approach which
describes intermolecular interactions with peri-
odic DFT, while intramolecular ones are mod-
eled using a higher level of theory such as SCS-
MP2D.2

Specifically, the crystal energy is evaluated by
performing the periodic DFT calculation, sub-
tracting out the gas-phase DFT energy of each
individual molecule in the unit cell, and re-
placing those energies with the gas-phase SCS-
MP2D energy:

Ẽ = EDFT
crystal+

∑

i

(

ESCS−MP2D
molec,i − EDFT

molec,i

)

(6)

The gas-phase correction typically only needs
to be evaluated for 1–2 symmetrically-unique
molecules in the unit cell, and the added com-
putational cost of the energy correction is mod-
est compared to periodic DFT. We now dis-
cuss several examples where this combination
of periodic DFT and SCS-MP2D proved useful.
Additional examples can be found in the lit-
erature.2,36,54 In these examples, Eq 6 was ap-
plied as a single-point energy correction to crys-
tal structures optimized with B86bPBE-XDM.
The combination of B86bPBE-XDM and SCS-
MP2D energies has proved effective in bench-
marks36 and applications,2,3 though one could
potentially employ other density functionals in-
stead of B86bPBE-XDM. One might also wish
to use the SCS-MP2D correction to refine the
crystal geometries, though this has not been in-
vestigated for reasons of computational expedi-

ence.

4.1 Axitinib

Pfizer’s kinase inhibitor axitinib has five known
polymorphs (forms I, IV, VI, XXV, and XLI),
and 66 solvates.55,56 Forms XXV and XLI
were discovered serendipitously during the late
stages of drug formulation, and the thermody-
namically most stable form XLI was eventu-
ally used in the commercial formulation. Crys-
tal structure prediction could plausibly have
helped discover these two polymorphs sooner,
streamlining the drug’s development. Sub-
sequent crystal structure prediction studies
did indeed generate these experimental poly-
morphs, though the energy rankings were poor
and inconsistent with experiment when a force-
field,57 mixed force-field/DFT energy model,58

or periodic GGA DFT2 were used. The
GGA functional B86bPBE-XDM erroneously
predicts forms VI and XXV to be more stable
than form XLI (Figure 3b), for example.
The incorrect GGA energy rankings stem

primarily from poor intramolecular conforma-
tional energies.2 Axitinib adopts an extended
conformation in most polymorphs. However,
in form XLI, the molecule folds to create a
π-π interaction between the amide and inda-
zole ring, disrupting the π-conjugation between
the amide and benzene ring. DFT delocaliza-
tion error artificially destabilizes the form XLI
conformation relative to the extended confor-
mations which exhibit more π-conjugation. In
Figure 3a, comparing PBE-D3(BJ) against the
DLPNO-CCSD(T1) benchmarks reveals the
over-stabilization of several molecular confor-
mations relative to form XLI, with a net RMSE
of 4.0 kJ/mol. Switching to the global hy-
brid PBE0-D3(BJ) partially corrects the con-
formational energies, but the RMSE remains
1.5 kJ/mol. The range-separated ωB97M-V
appears to over-compensate, stabilizing form
XLI too much and giving a worse RMSE of
2.7 kJ/mol. In contrast, MP2D, SCS-MP2D,
and DSD-PBEP86-D3(BJ) perform much bet-
ter, with RMSEs of 0.5 kJ/mol relative to
the coupled cluster benchmarks, while revDSD-
PBEP86-D3(BJ) gives a slightly smaller RMSE
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Figure 3: (a) Conformational energies for the six symmetrically unique conformations found in the
experimental polymorphs of axitinib. RMSEs for each model are indicated in bold (kJ/mol). (b)
The SCS-MP2D monomer correction brings the B86bPBE-XDM polymorph energies into qualita-
tive agreement with experimental enthalpic stabilities.

of 0.3 kJ/mol. Intramolecular dispersion is
quite important in this system, and the MP2
errors are four times larger than MP2D or SCS-
MP2D.
Figure 3b highlights how applying an SCS-

MP2D intramolecular conformational energy
correction to periodic B86bPBE-XDM leads to
relative 0 K lattice energies that are consis-
tent with experimental finite-temperature en-
thalpies (note there is some ambiguity regard-
ing the experimental ordering of forms VI and
XXV).2

4.2 ROY

Consider next the ROY molecule, so named for
its brilliant red, orange, and yellow crystals.
This prolific polymorph former holds a record
of 12 fully characterized crystal forms reported
to-date59,60 along with at least one incompletely
characterized form.61 Crystal structure predic-
tion techniques successfully generate all of these
polymorphs,61,62 and some polymorphs were
even predicted before they were discovered ex-
perimentally.63 However, the ROY polymorph
energy rankings based on force fields, GGAs,
or hybrid DFT disagree strongly with experi-
ment. Most dramatically, form Y is the most
stable polymorph experimentally, but multiple
GGA and hybrid DFT functionals predict it to

be one of the least stable among the experimen-
tal forms.2,64

To address this problem, we undertook a
new crystal structure prediction study (Fig-
ure 4).3 Once again, the key difficulty lies in
the ROY conformational energies. The poly-
morph colors stem largely from different con-
formations of the ROY molecule that vary the
extent of π-conjugation between the two aro-
matic rings.65 Conventional GGA and hybrid
functionals over-stabilize the more planar con-
formations found in red and orange polymorphs
relative to the nearly perpendicular yellow con-
formation (Figure 4a).2,41,61,66 Models such as
SCS-MP2D or revDSD-PBEP86-D3(BJ) pro-
duce conformational energy curves that are
much closer to CCSD(T) benchmarks.1

As shown in Figure 4b, B86bPBE-XDM pre-
dicts the red and orange polymorphs (R, R18,
R05, ON, OP, etc) to be more stable than
the yellow ones (Y, YN, YT04, etc). Ap-
plying an intramolecular conformational en-
ergy correction with MP2D or SCS-MP2D re-
orders the polymorph stabilities and signifi-
cantly improves the agreement with experi-
ment (Figure 4c).2,3,41 Among the seven poly-
morph whose stabilities are well-known ex-
perimentally,59 the SCS-MP2D-corrected land-
scape ranks all but YN and ON correctly,
and those two are reversed by less than 1
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Figure 4: (a) Gas-phase conformational energy scan for the ROY molecule about the indicated angle
θ. Crystal energy landscapes for ROY as computed with (b) B86bPBE-XDM and (c) after applying
the intramolecular SCS-MP2D correction. Each point represents a crystal structure. Adapted from
ref. 3. Copyright 2022 the authors. Published by Royal Society of Chemistry under a CC BY 3.0
DEED Attribution 3.0 Unported License.

kJ/mol. Applying the SCS-MP2D correction
to B86bPBE-XDM lattice energies reduces the
RMSE versus relative experimental enthalpies
from 6.1 kJ/mol to just 0.4 kJ/mol, even if
the the neglect of finite temperature vibra-
tional contributions in the calculations makes
this agreement partly fortuitous.3

The final landscape in Figure 4c shows that
nine of the twelve most stable polymorphs have
already been discovered experimentally. More-
over, the four forms predicted to be the least
stable (ORP, R18, RPL, and Y19) are all known
to be metastable or they required unusual con-
ditions to crystallize, which is consistent with
their higher energies. While one can never en-
tirely rule out the experimental discovery of
new polymorphs, the landscape in Figure 4c
suggests that the most stable crystal forms
have already been found, and that producing
new forms will likely require serendipity or spe-
cialized crystallization strategies that can trap
metastable forms. Among the hypothetical

crystal forms on the landscape, the rank 15
structure stands out because it is predicted to
become more stable than all other forms near
pressures of 10 GPa.3 It remains to be seen
whether this putative high-pressure polymorph
can be obtained experimentally.

4.3 Photomechanical Crystals

Finally, consider a series of photomechanical
molecular crystals based on anthracene deriva-
tives. Anthracenes can undergo a solid-state
[4+4] photodimerization under UV irradiation.
If performed in a micro- or nanoscale crystal,
the photochemical reaction induces a crystal-
to-crystal transformation that deforms the ma-
terial.67 For example, nanorods of 9-tert-butyl
anthracene ester (9TBAE) irreversibly elongate
by 8%,68 while microribbons of 9-anthracene
carboxylic acid (9AC) twist, only to revert
back to their original state thermally on a time
scale of minutes.69 The deformations occurring
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in photomechanical crystals can produce ex-
ceptional work densities. Unfortunately, un-
derstanding the atomistic details of the crys-
tal transformation and how to engineer de-
sired photomechanical response properties has
proved difficult experimentally, and work to-
date has largely been performed on a trial-and-
error basis.67

After initial collaborative efforts combining
theory and experiment to understand selected
crystal structure transformations68,70 and ener-
getics,71,72 we have now developed a general
approach for predicting these photomechani-
cal transformations in these materials entirely
in silico.4 Starting from the crystal structure
of the reactant (obtained either from experi-
ment or crystal structure prediction), we pre-
dict the topochemical solid-state transforma-
tion. Using the stress and strain tensors associ-
ated with the deformation, we have found that
these photomechanical crystals can potentially
produce massive work densities up to ∼107–108

J/m3.4,73,74 By relating the changes in molec-
ular structure to the anisotropic solid-state re-
sponse, we have elucidated the design princi-
ples which emphasize the crystal engineering of
parallel photochrome packing motifs to maxi-
mize the anisotropic response,73 and we have
explored the impacts of making minor chemi-
cal modifications (e.g. halogenation) to the pho-
tochrome.74

During the course of these studies, however,
the difficulty arose that density-driven delocal-
ization error causes common GGA and hybrid
density functionals to artificially destabilize the
photodimer product by ∼60–75 kJ/mol rela-
tive to the reactants.4,71,74,75 In contrast, SCS-
MP2D reproduces CCSD(T) benchmark ener-
gies for the photodimer to within 5 kJ/mol.1

Figure 5 shows the impact of addressing the
DFT errors on the ideal photomechanical en-
gine cycle used to assess thermodynamics and
work associated with these photomechanical
transformations. This cycle starts with the
monomer crystal, photodimerizes the molecules
within the monomer unit cell (red) to form the
proto-solid-state reacted dimer (proto-SSRD),
and then relaxes the SSRD to its equilibrium
crystal structure (blue). This relaxation re-
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Figure 5: Photodimerization of 9TBAE
monomer reactant crystal to the solid-state re-
acted dimer (SSRD) product, and schematic
energy diagrams for the associated thermody-
namic cycle before and after applying an in-
tramolecular SCS-MP2D correction to the pe-
riodic B86bPBE-XDM energies.

leases stress and deforms the crystal, thereby
performing the forward-stroke work. The re-
verse direction dissociates the SSRD back to the
monomer (green) and relaxes the unit cell (pur-
ple) back to the original monomer. Figure 5
highlights how B86bPBE-XDM dramatically
overestimates the photodimerization and disso-
ciation energies, which is corrected by combin-
ing the periodic DFT energies with intramolec-
ular SCS-MP2D. Finally, the intramolecular
dispersion correction in SCS-MP2D is key to
describing the photodimer; the MP2 (and
MP2C) errors are several-fold larger.1

5 Outlook

In summary, dispersion-corrected MP2 models
provide a reliable and cost-effective approach
that can readily be applied to organic species
with more than 100 atoms. For organic con-
formational energies and non-covalent inter-
actions, the accuracy of SCS-MP2D is supe-
rior to conventional GGA and hybrid density
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functionals, and it is often similar to or bet-
ter than that of functionals such as ωB97M-
V or earlier-generation double-hybrid function-
als. Several molecular crystal examples were
presented in which SCS-MP2D was successfully
used to address the intramolecular delocaliza-
tion error present in the periodic DFT treat-
ment. Though not discussed here, the MP2D
models have also been applied to intermolec-
ular interactions in crystals,36,41 and it could
provide an alternative to DFT for parameteriz-
ing tailor-made force fields.
Moving forward, the SCS-MP2D method

should be extended to a wider array of main-
group elements (but not transition metals,
for which single-reference HF often performs
poorly). This extension should be straightfor-
ward, as the necessary dispersion coefficients
can be computed readily. Beyond that, there
are several open questions. Could the accu-
racy of SCS-MP2D be improved considerably
by parameterizing it against a much larger set
of training data? That approach led to sig-
nificant improvements between DSD-PBEP86-
D3(BJ) and revDSD-PBEP86-D3(BJ). How
could the dispersion treatment be improved fur-
ther? Switching from D3 to D4 would allow
the coefficients to adapt better to charge states,
for example. Still, the local coordination de-
scriptors used by D3 and D4 to interpolate the
dispersion coefficients cannot capture nuances
such as how the dispersion coefficients change in
large polyaromatic hydrocarbons, for example.
Finally, more testing is needed to understand
how SCS-MP2D behaves for reaction thermo-
chemistry and open-shell systems.
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Pitoňák, M.; Hobza, P. MP2.5 and MP2.X:
approaching CCSD(T) quality description
of noncovalent interaction at the cost of
a single CCSD iteration. ChemPhysChem

2013, 14, 698–707.
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