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Abstract

The role of dispersion interactions in density-functional calculations of the relative enthalpies
of compressed BH3 polymorphs was investigated using plane-wave and Gaussian-basis-set codes.
Inclusion of semiempirical atom-pairwise dispersion corrections was found to have little effect on
the relative enthalpies of various boron hydride structures. By contrast, the stability ranking
obtained with the nonlocal van der Waals density functional (vdW-DF) of Dion and co-workers
was substantially more realistic than that predicted by generalized gradient approximations. Of
the functionals tested, only vdW-DF correctly predicts that compressed diborane does not leave
the BoHg motif until at least 20 GPa. This finding serves as direct computational evidence of the
thermodynamic stability of molecular BoHg units in the 0-20 GPa pressure range, an experimental

result that until now has been at variance with theoretical predictions.
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INTRODUCTION

Density-functional theory (DFT) is the main tool for studying the structure and prop-
erties of materials whose experimental characterization is challenging. This is particularly
true for materials under extreme pressures. High-pressure boron hydrides obtained by com-
pressing molecular crystals of diborane (BoHg) are notable in that regard as possible energy-
storage materials and high-temperature superconductors.'™”

To date, only one crystalline structure of boron hydride, the so-called G-phase consisting
of BoHg molecules, has been completely characterized by X-ray diffraction.®® Structures of
several other polymorphs have been inferred by comparing experimental’? and simulated!®1!
vibrational spectra. Such indirect evidence suggests that §-diborane undergoes a sequence
of polymorphic transitions near 6, 14, 42, and 57 GPa, and that all of the phases involved
consist of differently packed BoHg units. !0

According to density-functional calculations, however, molecular crystals of BoHg are not
the most thermodynamically stable phase of compressed boron hydride. Yao and Hoffmann!?
calculated relative enthalpies of ten diverse BH3 polymorphs using the Perdew—-Burke—
Ernzerhof!® (PBE) functional and concluded that the ByHg units of solid diborane should
transform near 4 GPa into trimers, (BH3)3, and then near 36 GPa into one-dimensional
polymeric chains which should remain stable until at least 100 GPa. Similar conclusions
were reached by Torabi et al.® who employed the PBE functional for solids'* (PBEsol).
Above 100 GPa, the most stable phase of boron hydride was predicted to consist of three-
dimensional B-B and B-H bond networks.*?

The apparent inconsistency between theory and experiment has been attributed to the
kinetic stability of molecular BoHg crystals.!? Another possible factor is neglect of the disper-
sion interactions by the PBE and PBEsol functionals, at least for low-pressure structures.
The role of dispersion interactions can be crucial in predictions of relative enthalpies of
molecular and covalent crystals.!®1? In this work, we examine how the inclusion of disper-

sion corrections and the use of fully nonlocal correlation functionals affect the predicted

stability of diverse BH3 polymorphs.
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DISPERSION CORRECTIONS

Most density-functional approximations including the local density approximation (LDA)
and generalized gradients approximations (GGA) such as PBE!?, PBEsol'* and revised
PBE? (revPBE) do not account for dispersion interactions. In order to describe those
noncovalent interactions, two approaches are commonly used: semiempirical dispersion cor-
rections, which are applied to total electronic energies obtained by self-consistent Kohn—
Sham calculations, and nonlocal correlation functionals, which incorporate dispersion inter-
actions by construction. In this work we test both approaches: the former is represented by
Grimme’s DFT-D?!'24 dispersion correction schemes and by the Becke-Johnson exchange-
hole dipole moment?2® (XDM) model, the latter by the nonlocal van der Waals density
functional (vdW-DF) of Dion and co-workers.?

DFT-D2 and DFT-D3 are particular implementations of the DFT-D scheme. In the
DFT-D2 method,?' the dispersion energy is written as

D2 Cs®
Edisp - = Z SGRdeamp<RAB) (1)
A<B AB

where Rap is the internuclear distance between atoms A and B, fgamp(Rap) is a damping
function, C4B is the averaged 6th-order dispersion coefficient for the AB pair, and sg is
a functional-dependent global scaling factor. The C{P coefficients are computed as the
geometric mean of C&* and CPB| which in turn are determined by fitting. The damping
function fyamp(Rap) is introduced to avoid singularities arising as Rap — 0. Several forms of
this function have been proposed, all such that each AB-pair contribution to E(]fifp vanishes
as Rap — 0.2

DFT-D3?? is a refinement of the DFT-D2 scheme. It incorporates both the Cy and Cy
terms (computed from first principles in the DFT-D3 scheme) and explicitly takes into ac-
count molecular environment through the empirical concept of fractional coordination num-
bers. According to the DE'T-D2 and DFT-D3 schemes, dispersion-energy contributions from
closest-neighbor atoms should vanish in highly compressed structures because internuclear
distances in such structures eventually drop below the built-in cutoffs.

In the XDM model, the dispersion energy is given by?*’

CAB

EXDM _ _ Z Z n (2)

disp n n
a
A<B n=68,10 Rip +ajp
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where the coefficients C2B are calculated on the fly from the exchange-hole multipole mo-
ments and static polarizabilities of atoms A and B, and ai are parameters. Thus, XDM
corrections are density-dependent, whereas DFT-D2 corrections are determined solely by
nuclear positions.

A version of the DFT-D3 method which uses the Becke-Johnson-type damping?®” is re-
ferred to as DFT-D3BJ,2324

CAB
ED3BI _ 3
disp Z Z R%g + (a1 RSy + as)” ()

where Ry = +/C{B/CEB and where a; and ay are parameters.

The analytic form of Egs. (2) and (3) is such that individual AB contributions to Ex>M

and EBSEJ do not vanish as Rag — 0 but rather approach an AB-dependent constant. This
means that XDM and D3BJ corrections will be nonzero for closest-neighbor atoms even in
highly compressed structures.

The vdW-DF method of Dion and co-workers® is conceptually different from the DFT-D
and XDM schemes in that the dispersion energy is not an add-on but is incorporated into

the functional. The vdW-DF approximation is the revPBE exchange-correlation GGA in

which the PBE gradient correction for correlation has been replaced with a nonlocal (NL)

! dr [ p(r)o(r,x")p(r") dr’ (4)
]

where the function ¢(r,r’) depends on the density, its gradient, and |r — r/|. The entire

functional

vdW-DF approximation therefore has the form
EYWPEp] = BEPPE ] + EGPAp] + EG[p) (5)

Even the simplest of the dispersion correction schemes considered in this work, DFT-
D2, significantly improves the accuracy of thermodynamic predictions for weakly bonded
complexes and molecular crystals.21243932 The DFT-D3, DFT-B3BJ, and XDM methods
outperform DFT-D2,2430-32 and the vdW-DF approximation has been reported to work even
better for molecular complexes.?*

Dispersion corrections are expected to be more important for solids at ambient pressures

than for highly compressed structures. One may even wonder whether it makes sense to

apply the semiempirical DFT-D and XDM schemes, which were designed and parametrized
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for normal internuclear distances, to compressed crystals where interatomic repulsion is
much greater than dispersion energy. Nevertheless, we are going to apply the DFT-D and
XDM methods anyway even at pressures as high as 100 GPa, if only to test how robust

these scheme are with respect to bond compression.

METHODOLOGY

The ambient-pressure structures of the ten BH3 polymorphs examined in this work are
shown in Figure 1. These are the same structures that were investigated in ref 10. The
designations “dimer” and “trimer” refer to the molecular units existing at ambient pressure.
Some of these structures polymerize at P > 50 GPa, but we will continue to label them as
“dimers” and “trimers” to avoid confusion. Each structure was optimized by minimizing the
enthalpy at a given pressure with the total electronic energy obtained using the following
approximations: PBEsol, PBEsol-D2, PBEsol-XDM, PBE, PBE-D3BJ, revPBE, revPBE-
XDM, and vdW-DF. The PBEsol functional differs from PBE and revPBE in that it is
designed to become asymptotically exact for solids under extreme compression,'4?3 which is
why it was chosen for this study.

All plane-wave calculations were performed using the Quantum ESPRESSO?* package,
Release 5.1.1, with a kinetic energy cutoff set to 100 Ry. The Monkhorst—Pack® k-mesh was

used for Brillouin zone sampling (see Table S1 in the Supporting Information for details).

The energy threshold for the convergence of self-consistent-field cycles was 10719 Ry. All lat-
f-diborane (dimer)  P2,/c (A) (dimer) P24/c (B) (dimer) Cmc24 (trimer) P1 (trimer)
\ ‘=-=
< I
P24/c {chain) Pna24 (chain)  P24/m (chain) Pbcn (chain) Cmcem (chain)

Figure 1: The ten ambient-pressure structures of crystalline boron hydride studied in this work.
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tice structures were optimized using the Broyden—Fletcher—Goldfarb—Shanno quasi-Newton
algorithm with a 107* Ry/ A threshold for the Hellmann Feynman forces and 10~ Ry for
the total energy. The pressure on the cell upon convergence was within 0.05 GPa of the
target value.

We used PBE ultrasoft pseudopotentials®® for all methods except PBEsol-XDM, for
which we had to resort to projected-augmented-wave (PAW) revPBE pseudopotentials,3"38
the only option available for the XDM scheme in the Quantum ESPRESSO release used.
All pseudopotentials were taken from the Quantum ESPRESSO pseudopotential library.3?
To test the adequacy of ultrasoft pseudopotentials for highly compressed BH3 polymorphs
(cf. ref 40), we performed revPBE geometry optimizations for each of the 10 structures
in the 10-100 GPa pressure range using three types of pseudopotentials: ultrasoft, PAW,
and norm-conserving (all PBE-based). The discrepancies between the relative enthalpies ob-
tained using the PAW and ultrasoft pseudopotentials did not exceed 0.011 eV at any pressure.
The discrepancies between the relative enthalpies obtained using the norm-conserving and
ultrasoft pseudopotentials were under 0.008 eV for the oligomers and mostly under 0.020
eV for the chains; the largest discrepancy was 0.024 eV for the Pben chains at 50 and 100
GPa. Such discrepancies are insignificant for the purposes of this study.

Calculations using the Gaussian 09 program*' were carried out using the ultrafine inte-
gration grid, automatically generated density fitting sets, and default k-meshes.

All reported enthalpies are for 0 K and do not include the vibrational zero-point energies
(ZPE) in order to facilitate comparison with previous'®1? and future DFT studies. Yao
and Hoffmann'? showed that the ZPEs of diverse gas-phase isomers of (BH3),, with n = 2-4
differ by no more than 0.025 eV/BHj, and we assume here that the differences between the
ZPEs of the polymorphs shown in Figure 1 do not exceed 0.1 eV/BHj3. The main conclusion

of this work is predicated on that assumption.

RESULTS AND DISCUSSION

The shortest intermolecular (interchain) distance between atoms generally decreases with
increasing pressure (Figure 2), as do intramolecular bonds.*? In the P2;/c (A) structure,
the shortest intermolecular distance becomes intramolecular when the BoHg units form a

polymeric chain between 50 and 100 GPa, so the minimal Rgp values at P = 50 GPa and

ACS Paragon 8Ius Environment

Page 6 of 18



Page 7 of 18

oNOYULT D WN =

The Journal of Physical Chemistry

6.0 T T
B—diborane

P2,/c (A) (dimer) ——

P2,/c (B) (dimer) ---x---

50 | Cmc2, (trimer) ---4---
P1 (trimer)

3 P2,/c (chain) --o--

Pna2, (chain) ---e--

4.0 l\“; P2,/m (chain) ---z---

\S

min Rgg (A)

NS Pben (chain) —-=-—
) Cmcm (chain) ---e---

30 b\

20 |

Pressure (GPa)

Figure 2: The shortest intermolecular (interchain) distances between B atoms in PBEsol structures

as a function of pressure.

P =100 GPa are for different pair of atoms. This switch-over explains the apparent increase
in the smallest Rpp distance observed above 50 GPa.

At short internuclear distances, the DFT-D and XDM methods damp the corresponding
dispersion-energy term and, in the case of DFT-D2 and DFT-D3 schemes, may turn it off
completely when the atoms are separated by less than 1 A. This means that, at sufficiently
high pressures, dispersion corrections between some pairs of atoms may be almost completely
damped. This should be kept in mind when one applies semiempirical dispersion corrections
to all compressed solids.

According to our interpretation'? of the experimental vibrational spectral? of compressed
diborane, (-diborane transforms into a P2;/c (A) dimer-based structure near 6 GPa and
then into another dimer-based polymorph, P2;/c (B), near 14 GPa. Let us see to what

extent these transformations are predicted by various density-functional approximations.

Plane-wave calculations

Consider first the uncorrected PBEsol results (Figure 3a). At 0 GPa, the stability ranking
of the dimer- and trimer-based structures predicted by PBEsol is

Cme2; =~ P1 < (-diborane ~ P2,/c (A) ~ P2,/c (B)

(trimer) (trimer) (dimer) (dimer) (dimer)

This is in slight disagreement with experiment!® and with PBE,'? both of which predict

f-diborane to be the most stable forms at ambient pressure (recall that PBE is a better
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~ 15 S0 N 1 15+t S0l * 1 15t S0l N (I P2,/c (B) (dimer)
T N 0.0 9 0.0 il 0.0 K ---a--- Cme2, (trimer)
g > ST » BE . U e P1 (trimer)
RS . - . B
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Figure 3: Enthalpies of the ten crystalline boron hydride structures of Figure 1 relative to (-
diborane: (a) without dispersion corrections; (b) and (c) with dispersion corrections. The data

plotted may be found in Table S2 of the Supporting Information.

functional than PBEsol for computing energies at ambient pressures). At 5 GPa, PBEsol
predicts the following order

P1 =~ Cmc2; < P2,/c (B) = -diborane < P2,/c (A)

(trimer) (trimer) (dimer) (dimer) (dimer)

which is largely in agreement with PBE!? but still at variance with experiment. Polymeric
(BHj),, chains are thermodynamically unstable at 0 GPa according to both PBEsol and
PBE. As the pressure increases, PBEsol enthalpies of the chain structures decrease faster
than those of the dimers and trimers, and around 30 GPa the P2;/c chain structure becomes
the most stable (PBE and PBEsol agree on that).

The PBEsol-D2 method predicts practically the same stability rankings as PBEsol for the
three lowest-enthalpy structures at 0 and 5 GPa (Figure 3b). The average effect of adding
dispersion corrections to the PBEsol enthalpies does not exceed 0.05 eV per BH3 unit (Table
S2). Overall, the D2 correction to PBEsol is not sufficient to change the stability rankings
substantially at any pressure in the 0-100 GPa range. The XDM correction makes even
less difference than DFT-D: the PBEsol and PBEsol-XDM relative enthalpies are barely
distinguishable at most pressures (Figure 3c).

Note that because PBEsol has a smaller enhancement factor than PBE and most
other GGAs, it is sometimes not the best GGA to pair up with semiempirical dispersion
corrections.*® To check whether our choice of PBEsol might have impaired the XDM model,
we also applied the XDM scheme to a “normal” GGA, revPBE. Comparison of Figures
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‘ ‘ T —— p-diborane
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Figure 4: Enthalpies of the ten crystalline boron hydride structures of Figure 1 relative to (-
diborane: (a) revPBE without dispersion (b) revPBE with XDM dispersion corrections; (c) vdW-
DF (revPBE with a nonlocal correlation functional). The data plotted may be found in Table S3

of the Supporting Information.

4a and 4b shows that the XDM correction has no appreciable effect on the revPBE en-
thalpies, as was the case with PBEsol. Thus, the use of PBEsol as a base functional does
not disadvantage the semiempirical dispersion schemes in the context of this work.

Now consider the revPBE and vdW-DF (dispersion-corrected revPBE) results (Figures
4a and 4c). At 0 GPa, the stability ranking of the dimer- and trimer-based structures
predicted by revPBE and vdW-DF is

S-diborane ~ P2;/c (A) ~ P2,/c (B) < P1 = Cmc2;
(dimer) (dimer) (dimer) (trimer) (trimer)
According to revPBE and vdW-DF, 3-diborane remains the lowest-enthalpy structure until
6-7 GPa, which is in agreement with experiment.!’ At 10 GPa, the revPBE ranking changes
to

P1 ~Cmc2, < P2,/c (B) = -diborane < P2;/c (A)

(trimer) (trimer) (dimer) (dimer) (dimer)
whereas the vdW-DF ranking is
P2;/c (B) = -diborane < P2;/c (A) ~ P1 =~ Cmc2,
(dimer) (dimer) (dimer) (trimer) (trimer)

Throughout the 7-20 GPa range, revPBE predicts the two trimer structures to be the most
stable (PBE makes a similar prediction'?), which is at odds with experiment. But vdW-DF
identifies one of the dimer-based polymorphs, P2;/c (B), as the lowest-enthalpy structure

from 7 to at least 20 GPa. This prediction is not perfect because, experimentally, the
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P2, /c (B) structure becomes the most stable one only near 14 GPa.'® However, this is the
first computational evidence that the BoHg units remain intact in the 0-20 GPa pressure
range. The revPBE and vdW-DF stability rankings continue to differ substantially at higher
pressures, although they both agree that the (BH3), chains become more stable than the
dimer-based structures above 40 GPa.

Note that the relative enthalpies shown in Figures 3 and 4 are for the respective opti-
mized geometries. To quantify the effect of geometry relaxation on these predictions, we
also computed PBEsol-D2 and PBEsol-XDM relative enthalpies for the PBEsol-optimized
structures, as well as vdW-DF relative enthalpies for the revPBE-optimized structures. The
results were on average within 0.01 eV /BHj of those for the relaxed geometries (Tables S2
and S3), which indicates that the change in the stability rankings seen in Figures 3 and 4

are almost exclusively due to the inclusion of dispersion interactions.

Gaussian-basis-set calculations

The Gaussian 094! program offers a wide selection of density-functional approximations
which can be combined with Grimme’s dispersion corrections. Unlike Quantum ESPRESSO,
it uses localized Gaussian-type basis functions to represent the Kohn—Sham orbitals. Com-
parison of all-electron Gaussian-basis-set calculations with plane-wave calculations employ-
ing pseudopotentials can therefore provide an additional validation of our conclusions.

First, we set out to determine which Gaussian basis set affords the best agreement with
plane-wave calculations on boron hydrides. To this end, we took the optimized PBE geome-
tries of the ten periodic structures shown in Figure 1 and used the Gaussian 09 program to
recompute their PBE energies (without any dispersion corrections) at ambient pressure (1
atm ~ 0 GPa) using various Gaussian basis sets. The basis sets we tested include D95V,
6-31G*, 6-311G*, 6-311G**, cc-pVDZ, cc-pVTZ, TZV, and TZVP. The best agreement was
obtained for the 6-311G** and TZVP basis sets (Table 1). We have also tested the 6-311+G*
basis set and found that it gives the same PBE energies as the 6-311G* within 0.01 eV /BHs.
This indicates that diffuse functions are not essential in calculations on crystalline boron
hydrides. Based on these findings, we adopted the 6-311G** basis set for further studies.

At zero temperature and pressure (T' = 0, P = 0), the enthalpy H of a system is equal
to its internal energy E. At P > 0, the enthalpy of crystals can no longer be equated with

ACS Paragonllﬂus Environment

Page 10 of 18



Page 11 0of 18

oNOYTULT D WN =

The Journal of Physical Chemistry

Table 1: Relative PBE Enthalpies (eV/BHz3) of Various BH3 Polymorphs Calculated Using Plane-
Wave (PW) and Gaussian Basis Sets (P = 0 GPa)

Gaussian basis sets

Structure PW® D95V 6-31G* 6-311G* 6-311G** cc-pVDZ cc-pVTZ TZV TZVP

[-diborane (dimer) 0.000  0.000 0.000 0.000  0.000 0.000 0.000 0.000 0.000
P2;/c (A) (dimer) 0.002  0.006 0.003 0.004 0.003 0.004 0.003 0.009 0.003
P2;/c (B) (dimer) 0.002  0.001 0.001 —0.001 0.000 0.000 0.000 0.000 0.000
Cme2; (trimer) 0.114  0.023 0.062 0.058 0.053 0.032 0.055 0.068 0.055
P1 (trimer) 0.045 0.026 0.059 0.052 0.049 0.031 0.051 0.070 0.050
P2, /c (chain) 0.209  0.158 0.222 0.215 0.212 0.191 0.215 0.220 0.216
Pna2; (chain) 0.308 0.254 0.325 0.310 0.311 0.290 0.314 0.321 0.315
P2y /m (chain) 1.034  1.192 1.222 1.127 1.044 1.010 1.045 1.196 1.048
Pbcn (chain) 1.547  1.580 1.733 1.635 1.552 1.475 1.564 1.609 1.559
Cmem (chain) 1.537  1.586 1.738 1.641 1.556 1.478 1.568 1.617 1.563
MAD? 0.046 0.067 0.036 0.011 0.029 0.014 0.041 0.013

*With PBE ultrasoft pseudopotentials.

®Mean absolute deviation with respect to the PW values.

E even for T' = 0, and the relation H = E + pV must be used. By combining the total
electronic energy predicted by Gaussian 09 with the pV term we were able to show that
PBE/6-311G** enthalpies agree well with the corresponding plane-wave PBE enthalpies
even at high pressures (Table 2).

To assess the significance of dispersion corrections in Gaussian-basis-set calculations on
BHj3 polymorphs, we chose to use the PBE functional and the DFT-D3BJ dispersion cor-
rection scheme. Because dispersion corrections are not available for periodic systems in the
Gaussian 09 release we used, we modeled the crystals with finite clusters. Each of the clus-
ters consisted of 27 (3 x 3 x 3) units cells arranged along the crystallographic axes with the
same lattice constants as in the crystals optimized at 0 GPa by the plane-wave PBE method.
Due to the relatively large size of these clusters, dispersion-corrected DFT calculations us-
ing the 6-311G** basis set proved to be too expensive, so we employed the 6-31G* basis set

instead. This basis set is suboptimal (Table 1) but was presumed sufficient to estimate the

ACS ParagoanlIus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry

Table 2: Relative PBE Energies and Enthalpies (eV/BHs3) of Selected BH3 Polymorphs Calculated
Using the 6-311G** and PW Basis Sets (P = 50 GPa)

6-311G** PW

Structure® AFE pAV AH AH

fB-diborane (dimer) ~ 0.000  0.000  0.000  0.000
P2;/c (A) (dimer)  0.115 —0.059  0.056  0.120
P2i/c (B) (dimer)  0.013 —0.162 —0.149 —0.137

Cme2; (trimer) —0.030 —0.130 —0.160 —0.146
Pna?2; (chain) 0.258 —0.301 —0.043 —-0.031
P2, /m (chain) 0.774 —0.503 0272  0.267
Pbcn (chain) 1.392 —0.636  0.757  0.744
Cmem (chain) 1.575 —0.839 0.737  0.883

%The 6-311G** results are for the PBE/PW structures.

Table 3: Relative PBE/6-31G* and PBE-D3BJ/6-31G* Energies (eV/BHz3) of 27-Unit-Cell Clus-

ters Representing Selected BH3 Polymorphs (P = 0 GPa)

Structure PBE PBE+D3BJ

(B-diborane 0.000 0.000
P2;/c (A) (dimer)  0.001 0.002
P2;/c (B) (dimer) —0.002  —0.005
Cme2; (trimer) 0.062 0.032

PT (trimer) 0.058  0.037

magnitude of dispersion energies. From the data obtained for the dimer- and trimer-based
structures (Table 3) it is clear that the effect of the D3BJ dispersion correction on PBE
energies is insignificant. This is consistent with the results of plane-wave calculations using

the DFT-D scheme.
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CONCLUSION

We have investigated how inclusion of dispersion energy through the DFT-D, XDM, and
vdW-DF schemes influences relative GGA enthalpies of various BH3 polymorphs. The DFT-
D2 and XDM schemes affect the relative enthalpies only slightly and, except for a few cases
of almost degenerate structures, do not alter the polymorph stability rankings predicted
by PBE, PBEsol, and revPBE. By contrast, vdW-DF was found to perform qualitatively
better than those GGAs. Results of all-electron DFT-D3BJ Gaussian-basis-set calculations
on finite clusters of BoHg and B3sHg molecules are consistent with these conclusions.

The most significant finding of this work is that the nonlocal vdW-DF approximation
predicts that compressed diborane does not leave the BoHg motif until at least 20 GPa, in
agreement with experiment. No GGA employed in this work or elsewhere!®'2 has been able
to predict this outcome. The vdW-DF approximation also properly identifies the P2;/c (B)
structure as the most stable polymorph in the 14-20 GPa range, even though it still assigns
a relatively high enthalpy to the P2;/c (A) structure, another dimer-based polymorph that
is believed!® to be the most stable phase between 6 and 14 GPa.

When rationalizing the better performance of the vdW-DF approximation one should
keep in mind that vdW-DF is a nonlocal functional, whereas the PBE, PBEsol, and revPBE
are all semilocal. Therefore, the success of vdW-DF should be attributed in part to the
more accurate description of electron correlation as a whole. It should also be noted that the
calculations of this work do not include ZPEs, thermal corrections, or many-body dispersion
terms. Such contributions can be essential in predictions of the relative enthalpies of crystal

18,19,44-48

polymorphs, and their significance for computational studies of various BH3 phases

remains to be investigated.

Supporting Information

Specification of k-point meshes used in the plane-wave calculations; enthalpies of in-
dividual crystalline boron hydride structures (relative to (-diborane) calculated using the

PBEsol, PBEsol-D2, PBE-XDM, revPBE, revPBE-XDM, and vdW-DF approximations.
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