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ABSTRACT

Adsorption simulations often assume a rigid framework, which can be exploited by replacing the
expensive framework-adsorbate energy/force evaluation by interpolation of a precomputed energy
grid. We present the implementation in RASPA3 of a triquintic interpolation algorithm by Boateng
and Bradach and compare it to the tricubic algorithm of Lekien and Marsden. We extended the
scheme to interpolation in fractional space to facilitate interpolation of non-rectangular frameworks
and evaluated the accuracy. We find that the use of grids is advantageous for larger systems and/or
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large cutoffs, but generally the efficiency gains are modest (a factor of 2-5).
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1. Introduction

Crystalline nanoporous materials like zeolites are con-
sidered stable and rigid materials. Since the very early
work of Bezus et al. [1], the zeolite is usually modelled
as a rigid crystal (known as the Kiselev model). Rigid-
framework models enable the use of grid-interpolation
techniques to determine the interaction of an adsorbate
atom with the framework and avoid having to consider all
framework atoms [2]. This can potentially speed up the
energy calculation because the costly summation with all
framework atoms is replaced with a simple interpolation
that depends on system size and loading. However, the
guest-guest interactions cannot be pre-tabulated.

June et al. used pretabulation of the sorbate atom-
zeolite potentials on a fine three-dimensional grid of

0.2 A spacing over the asymmetric unit of the unit cell
[3]. Because of the orthorhombic symmetry (space group
‘Pnma’) of silicalite, this computation needed to be per-
formed only over one-eighth of the unit cell. Sorbate-
zeolite interaction potentials needed for the evaluation
of the configurational integrals were then interpolated
at run time from the tabulated potential data with a
three-dimensional cubic spline (see Ref. [4]; The spline
routines had been made available as QCPE 322 from
the Quantum Chemistry Program Exchange, Indiana
University, Bloomington, Indiana). This pretabulation
scheme allowed for ‘a 100-fold reduction’ in compu-
tational effort over the direct pairwise summation of
zeolite-sorbate interactions at every step of the simula-
tion, using four-point Lagrangian interpolation [3].
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Vlugt et al. developed a force field for united atom
alkanes in zeolites using a fixed Lennard-Jones ¢ =
3.6 A size-parameter for the framework atoms, and only
allowed the Lennard-Jones strength parameter € to
change [5]. The strength-parameter € is just a scaling
parameter, and therefore only a single grid needed to
be stored for ¢ =1 and for each united atom (CHy,
CH3, CH;, CH and C) the interpolated value was post-
multiplied with its e-value. The fixed ¢ -parameter was
to avoid the huge memory requirements of using a sep-
arate grid for each of the five alkane sorbate atoms. To
interpolate, a fifth order 3D polynomial scheme was used
that interpolated first in z, then in y, and then in x [6]. To
achieve fifth-order interpolation, two additional energy
grid points to either side of the interpolation grid point
were used (six in total).

Bai et al. developed the TraPPE-zeo model for both
polar and nonpolar molecules in zeolites [7, 8]. This
model explicitly included the interaction with the silicon
atoms. Most models up to this point in time only used the
interaction with the oxygen, assuming the oxygen param-
eters implicitly included the silicon interactions. Using a
probe atom with Lennard-Jones parameters ¢ = 1, 0 =
1, and unit charge g = 1, Bai created two grids for the sil-
icon, tabulating 4¢ (o /r)'? and 4&(c/r)® separately, and
two grids for the oxygen framework atoms, and one grid
for the Coulomb interactions including both real-space
and reciprocal space contributions of the Ewald summa-
tion method. Therefore, instead of a separate grid for
different pseudo-atoms, only five grid files were needed
that could be scaled by eo 12 ¢6% and q and used for
screening calculations of any sorbate functional groups.

In RASPA2 [9], we implemented the triclinic grid
interpolation scheme in three dimensions of Lekien and
Marsden [10, 11]. The algorithm is based on a specific
64 x 64 matrix that provides the relationship between
the derivatives at the corners of the elements and the
coefficients of the tricubic interpolant for this element.
In sharp contrast to polynomial interpolation, the cubic
interpolant and its first three derivatives are continuous
and consistent. The same grids can therefore be used for
both Monte Carlo (MC) and Molecular Dynamics (MD)
with no additional energy drift besides the drift due to the
integration scheme, i.e. the energy gradients are the exact
derivatives of the energy at each point in the element.

In 2019, Walker extended triclinic interpolation to a
quadcubic algorithm [12]. The quadcubic interpolation
scheme can be applied to situations where there is one
output, modelled as a function of a four-variable poly-
nomial. For example, it can be applied to model ocean
temperatures as they fluctuate over time. While both
the tricubic and quadcubic interpolation schemes pro-
duce C! continuous polynomials, the lack of required

free coefficients prevents them from achieving C? con-
tinuity. C! ensures continuous energy and forces, while
C? ensures continuous energy, forces, and Hessians. In
2023, the tricubic algorithm was extended to a triquin-
tic algorithm by Boateng and Bradach that involves a
three-variate polynomial of degree 5 in each variable [13].
This method ensures C2 continuity and, at interpolation,
returns the energy, force, and the Hessian values. C? con-
tinuity ensures continuity in the Hessian, without which
interpolated Hessian values cannot be deemed reliable.

In this article, we compare the triquintic algorithm
by Boateng and Bradach with the tricubic algorithm by
Lekien and Marsden. Both schemes have been imple-
mented in the RASPA3 code [14]. For the triquintic
scheme, we need derivatives up to order six. Up to order
three can be found in the literature, and here we have
derived expressions for the fourth, fifth, and sixth order
derivatives for pair-potentials. In addition, we perform
our interpolation in fractional space, instead of Cartesian
space, to facilitate easy interpolation on non-rectangular
frameworks. After explaining the methods and details of
the implementation, we show and discuss the results for
the efficiency and accuracy of the methods.

2. Methodology

2.1. Three-dimensional polynomial grid
interpolation

The most common strategy is to break up the problem
into a succession of one-dimensional interpolation. For
an interpolation of order k—1 in x, y, and z [15]:

e We first locate the k x k x k sub-block that contains
our point x, y, z,

e Loop over the points in x-direction and interpolate
into temporary storage for y

e Loop over the temporary storage points in y-direction
and interpolate into temporary storage for z

e Loop over the temporary storage points in z-direction
and do the final interpolation

Note that the interpolation might be order-dependent.
The tricubic scheme, discussed next, has a cheaper com-
putational cost and allows for a much easier and more
accurate computation of higher derivatives of the extrap-
olated data [10].

2.2. Tricubic interpolation energy/force grids

Lekien and Marsden have developed a tricubic interpo-
lation scheme in three dimensions which is both C! and
isotropic [10]. The algorithm relies on a specific 64 x 64



matrix B that establishes the relationship between the
derivatives at the element corners, stored in vector b,
and the coefficients of the tricubic interpolant a;j for the
respective element. Unlike global interpolation, where
the interpolated function typically depends on the entire
data set, this tricubic local interpolation utilises only the
data within the direct vicinity of an individual element.

The algorithm is defined on a unit-cube with frac-
tional coordinates {x, y, z}. The energy value at this point
is approximated through a summation of polynomials of
degree 3:

3 3 3
Ulx,p,2) = ZZZaijkxiyizk, (1)

i=0 j=0 k=0

The coefficients a;j are determined using
b (2)

where the matrix B~! is constructed in such a way that
the energy and the gradients are continuous (this 64 x 64
matrix forms the core of the tricubic interpolator), and
the vector b contains for each of the eight corner ver-
tices: the energy, and various energy derivatives, in units
of energy and energy per distance to the power i, j, and
k, respectively. The Supporting information S-I describes
in more detail how the coeflicients a;j; are defined. The
gradients can be obtained as

aU(x,y,Z) ZZZzagkxl Lyt 3)
i=1 j=0 k=0

aU(x,y,z) ZZZ]%]kxl)’] 1 (4)
i=0 j=1 k=0

aU(x,y,Z) Zzzk“vkx (5)
i=0 j=0 k=1

At each of the corner points, 8 values are stored for tricu-
bic interpolation: U, 8U/dx, 0U/dy, 0U/dz, 02 U/ox0y,
02U /0x0z, 0*U/dydz, and 0°U/dx0ydz. The tricubic
method also provides continuous first derivatives and is
symmetric in all three variables (isotropic).

2.3. Triquintic interpolation energy/force grids

Boateng and Bradach developed a triquintic algorithm
that involves a trivariate polynomial of degree 5 in each
variable [13]. This yields a polynomial of degree 15. By
increasing the degree of the polynomial, we ensure that
global C? continuity is met. The resulting triquintic poly-
nomial, like the tricubic, is also isotropic but achieves
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global C? continuity. Triquintic interpolation, in three
dimensions, results in a 216 term polynomial:

5 5 5
Uoyz) =2 > > apx'ye" (6)

i=0 j=0 k=0

At each of the corner points, 27 values are stored
for triquintic interpolation: U, 6U/dx, 0U/dy, 0U/oz,
d2U/ox?, 92U /oxdy, 0*U/oxdz, 62U/dy?, 0*U/dyoz,
02U /2%, U /0x*0y, 93U /0x?*0z, 03U /oxdy?, 03U /ox
0ydz,03U/0y*0z,0°U/0x02%,03U/dydz?, 04U /ox*oy?,
o*U/ox*02%,0%U /0y 02%, 04U/ ox*0ydz, 04U 0xdy* oz,
o*U/oxdydz?, 8°U/ox*0y*0z, 8°U/ox*dydz?, 6°U/dx
0y*dz%, and 9°U/0x*9y*dz%. These, like in the tricubic
interpolation scheme, are used to determine polynomial
coefficients as described in Section S-I.

The algorithm is based on a 216 x 216 matrix, which
provides the relationship between the undetermined
polynomial coefficients and the observed data that we
wish to interpolate. The algorithm provides increased
accuracy and smoothness compared to the tricubic inter-
polation scheme with global C! continuity. The gradients
can be obtained as

6U(x,)’>z) ZZZm,ka’ 'yt )
i=1 j=0 k=0

WD) S Sty @
i=0 j=1 k=0

aU(xmz) ZZZka,ka &)
i=0 j=0 k=1

and the second derivatives can be obtained as

o*U 8
(x )/ i ZZZ:O - l)a,]kx’ 2)/’z (10)
i=2 j=0 k=0
2U(x.y, 5 5 5 o
(x,9,2) zzzzijaijkxz—ly;—lzk (11)
0x0y i=1 j=1 k=0
2U(xy, 5 5 5 o
TIELD 3> Sikaged ™y )
x0z
i=1 j=0 k=1

aZU 7, 5 5 5 o
% =D D > — Dagxy 2 (13)

oy i=0 j=2 k=0
o*U(x, v,z > 22 . il ke
e 85 ) = ZZZ]kaijkxly’ 1 k=1 (14)
Y i=0 j=1 k=1

U (x, y,2) > 22 P ke
= DT kk - Dagx'ylZ = (15)

i=0 j:O k=2
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Note that taking the derivative of the function increases
the error by approximately one order of magnitude. This
is expected, since taking the derivative of a polynomial
reduces the degree by one, via the power rule [16]. To pro-
duce a global C? continuous polynomial, a polynomial
of degree 7 or higher would be required [16]. To com-
pute the higher order derivatives for pair potentials, it is
convenient to define

=120 = )

O @

fn=1B0 5 % % 1

fAo=1E0 A %1 IR

i

=150

=10k 1 0% ok
sy

For the Lennard-Jones potentials, these are given by:

o= [(2)°- ()]

=120 = 4 [2 ()" - (%ﬂ rlz 22

r Oor r
+
sz(r) = %% = 96¢ [7 (%)12 -2 (;)6:| %4 (24)
T — lafT(”)_ o\12 o\6] 1
f)=——"= = —384 [28 (7) —5 (7) } r_6
(25)
1 aJ[T(”) o\ 12 o\61 1
fin = ;# = 4608¢ [42 (7) _5 (7) } ¥
(26)
. off
fSI (7’) — % f:’;:r)
= —322,560¢ [12 (%)lz = (%)6] rTIO (27)
oy LR
Js = r or

o\ 12 o\©6 1
=2,580480¢ 33 (%) " —2(%) |7 @®)
r r

For the real part of the Ewald summation, these expres-
sions read

U = qq2 erfc:a N (29)
. —(ar)?

@) =—q1q (ZareT + erfc(ocr))ri3 (30)
- 2 _(ar)z 2 2 3

f() = q1qz( s \SE(W) +3) + 3erfc(ar))rl5

(31)

- 2 —(ar)? 4( 4 + 10( 2 +15

fi () = —q1qz( i ( arz/; ar) )

+ 15erfc(a r)) r_17 (32)

2are= (@’ (8(0cr)6 + 28(ar)?

+ + 70(ar)* + 105
fi() =aqq a:;; )

1
+ 105erfc(ar) = (33)
r

2are= @)’ (16(0cr)8 + 72(ar)®
s +252(ar)* + 630(ar)® + 945)
f5 (1) = —q192 N

+ 945erfc(ar) (34)

rll

2are= @’ (32((11’)10 + 176(ar)®
+792(ar)® + 2772(ar)* + 6930(ar)?

. +10,395)
Jo () = q192 NG
1
+ 10,395erfc(ar) | 3 (35)
r



The derivatives of U(r) with respect to Cartesian coordi-
nates are given by

oU -
o = 36)

The second derivatives are easily derived as [17]

02 U(r)
8n6@

= fi i + 0fy (37)

where J;; is the Kronecker delta function (d;; = 1ifi = j,
and 0 otherwise). The third derivatives can be found in
the manual of GULP [18, 19]:

2*U(r)

_ £ T
dridron, = firitite + f, (Giri + Oirj + Gyjrr)  (38)

To the best of our knowledge, the fourth, fifth, and sixth
order derivatives have not appeared in the literature and
are derived here. The fourth derivatives read:

64 U(T’) f—?
———— = f rirjrer
Ori0tj0rk0r] 4 Tk
+fi (Sijkr + irjr + Oqrjric + Srimy
+ Girirk + Srir))
+ 3 (350 + Sudje + dudyt) (39)
The expressions for the fifth and sixth-order derivatives
become more tedious. The fifth derivatives of an isotropic
(radial) function must be a linear combination of the
fully symmetrised products of {rirjrgrirm}, {ijrkrirm},
and {6;joxi7m}
°U(r) ;
—————— = f rirjrenr
0ri01j0rK0T10Tm fsmi JTTm
—1-]‘;;f (OijrriTm + OikjTitm + OiriTkTrm
+ GimiTir1 + OjkritiTm
+ djiritkrm + OjmtirkT1 + OkiTitiTm
+ Okmitjr1 + OimtitjTk)
+fi (OikOim"i + OjmOxiri + 0jidkm"i + Ox1Omit;
+ OkiOlm®j + FkmOlitj + Opmijrk + OliOmitk
+ 01iOmjtk + Omidikri
+ Omk0ij11 + Omjikt1 + 0ijOxirm + Oidikrm + OikOjiTm)
(40)

A more compact way to write it is:

°U(r)

i 3
———————— = [ titjrkrm + Okt
o1i01j01KOTIOT M Jsrirjriritm + fy G m

sym
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+f3 D ot (41)

sym

where the notation Zsym means the sum over all distinct
ways of contracting the indicated pairs of indices (i.e. over
all permutations of , j, k, I, m consistent with making the
term symmetric in all five indices). Similarly, the sixth-
order derivatives are derived as

°U(r)

i i
= f. ritirtirmtn + f2 Oiitkritmt
o010 OO MOTy Js ritrkrirmn + f5 (Ogririrt

+ OikjT 1T mTn + OitiTimTn =+ OimjTk¥1rn + Oin? Tk 1Tm
+ Ojritirmtn + OjititkTmTn + OjmTiTkr1Tn + OjnTiTkT1Tm
+ Ourititmtn + OkmTitjTiTn + OknTitjTitm + Ol TitjTkTn
+ OtitjTkPm + OmnTitiTr1)

+ ﬁ: (OkiOmntiti + OkmOIntitj + OmOkntiti

+ 9j10mnTitk + OjmOmTirk + OjnOmirk

+ 0jkOmntit] + OjmOknTit1 + OjnOkmTir1 + OikOmTiTm

+ 6j10knTitm + OnOkiritm

+ OjkOimTitn + 0ji0kmTirn + OjmOkiTirn

+ 0ilOmnTjTk + OimOinTjTk + OinOim1jTk

+ GikOmntjr1 + OimOkn?jri + OinOkmiri

+ OikOinTjTm + OilOkntiTm + OinOkirirm

+ 0ikOimiTn + 0itOkmiTn + OimOkitiTn

+ 0ijOmn k"1 + OimOjnTkT1 + OinOjmTkT|

+ 0ijOInTkm + Oit0jnTkTm + OindjiTkTm

+ Gij0mTkrn + GitdjmTkTn + OimOjirkTn

+ 0ii0kn"1"m + OikOinT1Tm + OinjkT1rm + OijOkmT1Tn

+ OikOjmT1n + OimjkT1Tn

+ 0ijkirmTn + OikOjitmrn + Gi10jkTmTn)

+ £ (5060 mn + 0iOknOm + 8Om0

+ 0ik0j10mn + OikOjmOmn

+ 0ikOjnOm + 0i10jkOmn

+ 9i10jmOkn + 0i10inOkm + SimOjkOmn

+ 6imj10kn + OimOjndki

+ Gindjkim + Sindj10km + OindjmOxi) (42)

written more succinctly as

U (r)
Ori01j0T 01101y Oty

=fgr,'rjrkrlrmrn +fs Z Ok TmTn

sym

‘|‘f4T Z 5ijC$klrmrn

sym
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+£1 D 3i0kOmn (43)

sym

where the first term is just all indices ‘carried’ by s, the
second term is the sum over all ways of picking one pair
of indices d;; with the remaining four indices carried by
1, the third term is the sum over all ways of picking two
disjoint pairs of indices for two Kronecker deltas djjdy,
and the last term is the sum over all ways of picking three
disjoint pairs of indices to form three Kronecker delta’s
0ijOkOmn-

2.4. Cartesian vs. fractional space

In general, the unit cell is defined by the cell lengths 4,
b, c and angles a, £, y , and by the fractional coordinates
of the atoms within the unit cell. Fractional coordinates
lie in a dimensionless, orthonormal space. The transfor-
mation from fractional space to Cartesian space can be
carried out by the matrix h [20]:

a bcos(y) ccos(f)
h=|0 bsin(y) <l (44)
0 0 cy/1 —cos? p— (2
with
= coso — .cos y cos (45)
sin y

This aligns the a cell vector along the x axis, b in the
xy-plane. Conversely, the inverse of the box matrix h™!
transforms real coordinates to fractional coordinates,
with a total box length of 1. Our potential force field is
defined in Cartesian space. Therefore, it is convenient
to store positions in Cartesian space, transform them
to fractional space, apply periodic boundary conditions,
and transform back to Cartesian space to compute dis-
tances within the simulation box [20]

s=h"!r
s’ = s —rint (s) (46)
r =hs

where the ‘rint’-function returns the rounded integer
value of its argument. The smallest perpendicular width
of the unit cell has to be larger than twice the spheri-
cal cutoff in Cartesian space to be consistent with the
minimum image convention.

The gradient in fractional space g’ can be obtained
from the gradient g in Cartesian space using

g=h'g (47)

where subscript T denotes the transpose of the matrix.
Likewise, the Hessian matrix in fractional space H’ can

be obtained from the Hessian matrix in Cartesian space
'H by using

H' =h"Hh (48)

In general, the transformations of the first-, second-,
third-, fourth-, fifth-, and sixth-order tensors, converted
from Cartesian space T to fractional space T’, read [21]

T; = hipTp (49)

Tj = hiphigTpq (50)
Ti = hiphiqhir Tpgr (51)
ikt = hiphjghierhis Tygrs (52)
Tim = hiphiqhirhishm Tpgrst (53)
Tt = hiphighicrhishmehnu Tpgrstu (54)

where the Einstein-summation convention has been used
(repeated indices are implicitly summed over) [22]. For
example, the sixth derivative in fractional space is explic-
itly written out as:

o%U

212 42 ) 5
59205202 =l b o Trxxxxx + thxhyxh)’yhszxxxxxy
xU°y0sz

xxtyx"tzx
212
+ hich hthzy Txxxxxy

xxyx

+ 2h2 h2 hthzszxxxxz

xx"yx

+ hh hthzyTxxxxyx

xx"yx

+ W22 12 Ty

xx"tyy'tzx
+ 4h;2cxhyxhyyhthzy Txxxxyy

+ hEhh2, Ty

xx"tyx"tzy
+ 4h,2¢xhyxhyyhthzz Txxxxyz
+ th h2 hzyhzszxxxyz

xxyx

+ hz hz h2 TXXXXZZ

xx"tyx"tzz

+ zhixhiyhthzy Txxyyy

+ 2% by hﬁy Txxyyy

+ Zh;zcx h}z,yhzx hzz Txxxyyz

+ 4h92¢xhyxhyyhzyhzz Txxxyyz
+ 2h,26xhyxhyyhgz Txxxyzz

212 12
+ hxxhyyhzy Txx)’)’)’)’

+ 21212 hoyhz Ty

+ B hl b2, Tsyyz (55)

xx'tyy'tzz

This means that to convert a derivative from Cartesian
to fractional, in general, many elements of the tensor are



needed. However, for rectangular cells, the expressions
simplify significantly.

The gradient in Cartesian space g can be obtained
from the gradient g’ in fractional space using

g=h""g (56)

where the subscript —T denotes the transpose-inverse
of the matrix. Likewise, the Hessian matrix in Cartesian
space ‘H can be obtained from the Hessian matrix in
fractional space H’ by using

H=h"THn! (57)

In general, the transformations of the first- and second-
order tensors, converted from fractional space T’ to
Cartesian space T, read

T; = h;lTI; (58)
Tj = hi_plhjjle}/,q (59)

2.5. Multiple cells in fractional space

The interpolation can be improved by using higher-order
derivatives, but this has a limit and only works for poly-
nomial data. It can also be improved by dividing the unit
cube into many rectangular cuboids (see Figure 1). If we
choose to divide the unit cube into N cells in each
direction, we need Ngrid—points + 1 grid points in each
direction.

It is convenient to start counting from zero. In that
case, we can find the lower bound indices g and upper
bound indices g, of the grid cuboid as

g8 = Ls * Neells | (60)

Ncells =4x4x 47 j\/vgridfpoints =5X5x5H

4

Figure 1. Rectilinear grid: the fractional unit cellis divided up into
many rectangular cuboids.
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gu=[s* Nl =g +{1,1,1} (61)

where | | is the floor of the number (i.e. the largest
integer that does not exceed the argument floating point
number), and [ 7 is the ceiling of the number (the
smallest integer greater than or equal to the argument
floating point number). The fractional position t within
that cuboid is now

t =8 * Neells — 81 (62)

The spacing of the lattice is 0 = 1/Njs and the deriva-
tives need to be corrected for this transformation:

oU ouU
— =0y — (63)
Oty O0Sy
oU ouU
— =6,— (64)
61‘), 8sy
oU oU
— =0, (65)
ot, 0s,
02U 02U
= 0xby—— (66)
Ot 0ty 0sx0sy
02U B 02U (67)
Ot 0t, 0sy0s,
02U 02U
—— =00 ——— (68)
8ty6tz asyé‘sz
03U o’U
— =000 ———— (69)
Ot 0t)0t, 05x08y0Sz

and similarly, all the derivatives of the triquintic scheme
can be transformed.

2.6. Tabulating the Lennard-Jones potential

12 6
In principle, we need to tabulate 48[(%) — (%) ] for

each ¢, 0 -pair. As pointed out by Bai [8], we can avoid
storing a separate grid for each different o -value when
using Jorgensen-Berthelot mixing rules:

Oij = /0ii X 0Ojj (70)
&ij = \/€ii X &jj (71)

0y 12
We only have to store two Lennard-Jones grids: (”7)

6
0 .
and (”7) , where 69 is a fixed, chosen reference ¢ value.
In this work, the reference ¢ has been chosen as ¢° =

1.0 A. The interpolated value for any &;;, 6;; pair is then

Prjn_s = eii [(Gii/ c 0)6 Py, — (0ii/o 0)3 PL]e]
(72)
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For a shifted Lennard-Jones, we have to tabulate
0y 12 oy 12 0\6 0\

(”7) — (%) and (”7) — (’;—) , where r, is the

cutoft distance. When using Lorentz-Berthelot mixing

rules [23]

ojj = (O'ii + O'jj) /2 (73)
&ij = \/&ii X &jj (74)

a separate grid is required for each of the ¢ values.

2.7. Tabulating the electrostatics

A minor complication arises when the framework has
a non-zero net electric charge compensated by counter
ions. Let us assume the framework is kept fixed, but
non-framework cations are allowed to move. Although
the system as a whole may be electrically neutral, the
omission of framework-framework interactions from the
calculation also means that the Ewald Fourier contribu-
tions should be split into separate sums which are each
net charged. Not only should the interactions of a frame-
work atom with other framework atoms be omitted, but
also the interactions with all its images.

Splitting of the potential energy into separate contri-
butions involves computing cross terms between compo-
nents of types A and B [24, 25], for example A as the
framework, and B the adsorbates. In real space, this is
trivially accomplished, but the reciprocal separation is
more difficult. Cross term interaction energies in recip-
rocal space are given by

2w 1 -2
URh =5 2 e [(Z eeste ))

k0 icA
X (Z gicos (k- ri))
ieB
+ (Z gisin (k - ri)) (Z gisin (k - ri)):| .
i€A ieB

(75)

The sums in Equation (75) are stored in memory. It is
important to note that Equation (75) only applies when
both the separate sums over species A and B are charge
neutral. This is, in general, not the case. For example,
in MC adsorption simulations, one often encounters a
negatively charged zeolite charge-compensated by either
cations or protons. All-silica zeolites devoid of cations are
neutral, but framework ions like aluminum induce a net
charge.

It is customary to treat charged periodic systems
via a uniform neutralising background plasma [25].

However, this leads to serious artifacts in both system
energy and pressure and leads to unrealistic behaviour.
Bogusz et al. corrected these artifacts by instituting a net-
charge correction term that consists of subtracting off
the Ewald sum for a single particle with charge equal to
the net charge [25]. This correction implicitly restores #-
independence in net-charged systems. We define U as
the reciprocal energy of a single ion placed at the centre
of charge o

2 1 -2
U = 771 Z 2t 4 [(cos (k - 0))? + (sin (k - 0))2]
k#£0
n
- —. 76
NG (76)
If only the energy is needed, the particle can simply be
placed at the origin. Note that the term then only depends
on the shape and size of the simulation cell and has to
be computed only once if the cell does not change. The
charge-charge interaction energy Uy g of component A
and B is given by

Unp = Uiy + Ui+ Uip + U™ (77)

Ul = — (1 — ) % > ¢ (78)

i€A,B

U = (Z qi) (Z q:') Ur (79)
icA ieB

where d;; = 1 if i = j, zero otherwise, denotes the Kro-
necker delta. These expressions are valid in any kind of
net-charge arrangement, including a net charge of the
total system.

Note that it is also possible to precompute the electro-
static potential and use that for the adsorbate-framework
grid interpolation. However, this scheme is more diffi-
cult to combine with the Ewald summation for adsor-
bate—adsorbate interactions when the framework has a
net charge (compensated by mobile cations).

2.8. Expanded ensembles

In the original Continuous Fractional Component Monte
Carlo (CFCMC) method [26, 27], and also in this work,
Lennard-Jones interactions uyj(r) and charge-charge
interactions ucqy) are scaled as

ury (r, A) = Ade




1 o]
tcoul (r, ) = 25— 14

. 81
dreg r (81)

where ¢ is the dielectric constant in vacuum, r is the
interatomic distance, ¢ is the atomic charge, € is the L]
strength parameter and o is the L] size parameter. For
an expanded-ensemble scheme on a discrete A-space, the
values for each 4 at a spatial grid point could be tabulated.
However, it will be better to compute all fractional parti-
cles using the explicit computation (i.e. looping over all
framework atoms), as the number of fractional particles
is much lower than the number of integer particles.
Special care is needed when transforming fractional
molecules into integer molecules, and vice versa [27].
Here, the integer molecules are computed using grids
and the fractional molecule using full computation. The
energy difference AU between these two must be taken
into account for the Monte Carlo energy drift. Also, this
energy difference comes back as an additional Boltzmann
factor exp[—f AU] term in the acceptance rule [28].

3. Results
3.1. Polynomial tests

Table 1 reports the maximum absolute error |f(x, y,z) —
P(x,y,2)| of the interpolated P(x,y,z) compared to
the reference function f(x, y, z) for various polynomials
(order 2-6) and nonpolynomial forms. For the tricubic
scheme, polynomials up to order 3 can be represented
exactly (i.e. with zero error to within floating-point pre-
cision on a uniform {1, 1, 1} grid). For higher order poly-
nomials, the tricubic interpolation becomes approximate,
yielding nonzero errors that decrease as the grid resolu-
tion increases. The triquintic interpolation scheme poly-
nomials extend exactness to fifth-order polynomials and,
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like tricubic, treats the exponential function only approx-
imately. However, the errors for the triquintic scheme are
consistently smaller than those of tricubic interpolation
for identical resolutions.

3.2. Benchmark

Figure 2 reports the wall-clock time required for a single
evaluation of the Framework-Molecule energy routine.
All simulations are carried out on a AMD EPYC 9554
64-core processor (with 256 MB L3 cache) as single-core
jobs. Benchmarks for the Coulomb energy and gradient
routines are shown in Figures S1-S3. Each test computed
the total interaction energy or its gradient for Nies probe
positions distributed throughout a triclinic simulation
box of k x k x k unit cells of CHA-type zeolite.

The interpolated methods have a O(Niest) scaling,
whereas the full energy computation has a O(NtestNy)
scaling, for Np, framework atoms. Figure 2 shows that
increasing the number of unit cells k x k x k does not
increase the computational cost in the interpolated rou-
tine. The cost of these routines scales linearly with
the amount of probe positions. Notably, it is shown
that the tricubic and triquintic interpolation meth-
ods show a minimum execution time of 2ms (tricu-
bic) and 10ms (triquintic), regardless of the number
of probe particles used. Therefore, the speedup is only
achieved for a sufficiently large amount of framework
atoms Ng,.

Figure 3 shows the results of the micro-benchmarks
for grand-canonical Monte Carlo simulations of methane
in k x k x k MFI boxes at 300K and 100 kPa. Interpo-
lating the framework-molecule interaction reduces wall-
clock time by up to a factor of two, with the benefit
increasing steadily from k = 1 to k = 5. Minor improve-
ments are observed for the different implementations

Table 1. Maximum absolute error |f(x,y,z) — P(x,y, z)| of the interpolated value P(x, y,z) com-
pared to the function value f (x, y, z) in the domain [—3.0, 3.0] x [—3.0,3.0] x [—3.0, 3.0], evaluated
at a 1003 mesh for the triclinic and triquintic scheme and various polynomial (order 2-6) and

non-polynomial forms.

Ncells
function f(x, y,z) order scheme {1,1,1} {8,8,8} {64, 64,64}
R4y 42 2 tricubic 7.46 x 10714 217 x 10713 204 x 10713
2 triquintic 145 x 10712 227 x 107" 1.25 x 107"
X3+ 2%y —y2z 41 3 tricubic 122 x 10~ 1.85 x 10712 330 x 10712
3 triquintic 2.57 x 107° 464 x 10710 1.96 x 1010
X% +y? +2%)? 4 tricubic 243.0 0.0591 144 x 107
4 triquintic 134 x 107° 4,08 x 10710 2.79 x 10710
Xy3z 4 2xy3 + 4x?yz? 5 tricubic 5631.771 20.980 0.005250
5 triquintic 6.00 x 107° 1.17 x 1078 1.57 x 1078
& +y*+ 223 6 tricubic 7290.0 8616 0.00226
6 triquintic 2187.0 0.0083 3.17 x 1078
(02 +y? + )=+ - tricubic 03678793 0.0083915 1.1920 x 1075
triquintic 0.3678750 0.0001741 1.2037 x 1078
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Figure 2. Benchmark for calculating the framework-particle Lennard-Jones energy. Benchmarks are performed by calculating the
energy for Niest randomly placed probe methane molecules in CHA zeolite.
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Figure 3. Relative speedup of tricubic (blues), triquintic (orange) and 3D polynomial (greens) simulations using interpolation schemes
relative to simulations using the full molecule framework energy computation routines. Simulations are performed for methane adsorp-
tion using CBMC insertions and deletions fora k x k x k unit cells of MFI zeolite at 300 K and 100 kPa. Three different implementations
of tricubic interpolation are shown, where the matrix-vector product is computed using a conventional loop, using Lapack, or by writing

out the non-zero terms terms explicitly.

of the interpolation routine. The implementation where
the matrix-vector product is explicitly written out, using
only the non-zero terms in the sparse matrix, is the
most efficient. For the smallest simulation boxes, the
overhead of the higher per-call cost of the interpolated
routine offsets any gain, whereas for larger boxes the
fraction of CPU time spent in the framework energy cal-
culation becomes dominant, making interpolation com-
putationally favourable. That is, a sufficient amount of
framework atoms is needed before interpolation pays off.
After reaching an optimum, the speedup for larger cells
becomes less, because more and more relative computa-
tional time is spent in computing intermolecular interac-
tions. Figure S5 shows the speedup of Widom insertions

of methane in MFI in an empty framework. Since there
are no molecule-molecule and only framework-molecule
interactions, the speedup goes up with larger systems
in that case. Splitting the total run time into pressure-
sampling and non-Ewald energy calculations, plotted in
Figure S6, shows that pressure sampling is inexpensive
in small boxes. In RASPA3, the energy decomposition
computation per component and the computation of the
pressure (computed using the same routines) are done
periodically every 10 or so cycles. But its share of CPU
time grows with the box size.

When an entire adsorption isotherm is computed
(Figure 4), tricubic interpolation shortens the calcula-
tion from 24 CPU h to 4 CPU h for Configurational-Bias
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—#— Tricubic CBMC

91 - Triquintic CBMC
3D Polynomial CBMC
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Figure 4. Relative speedup of GCMC adsorption simulations using polynomial, tricubic and triquintic interpolation methods of methane
in 2 x 2 x 2 MFI zeolite. The inset shows the normalised loading isotherm of the CBMC simulation with explicit energy routines,
representative for all loading isotherm (which all lie within the error bar).

Monte Carlo (CBMC) insertions [29]. Triquintic inter-
polation results in a 25% increase in efficiency for all
protocols at k = 2, consistent with the similar bench-
mark timings in Figure S4. Greater speedup is expected
for both schemes as system size increases. The more
marginal efficiency benefits observed for the schemes
involving fractional molecules are attributed to the fact
that all energy routines involving the fractional molecule
must be computed explicitly. Overall, the simpler tricubic
scheme offers the best cost-accuracy trade-off for routine
GCMC production runs.

3.3. Precision

The highest precision for the interpolation needs to be
achieved for the lowest energies (since these are expo-
nentially preferred in the Boltzmann ensemble). Hence,
we employ an error measure through Boltzmann weight-
ing of the energy estimates [5]. The Boltzmann weighted
mean squared error is defined as:

z?trials (Ufull (ri) _ Uinterp. (1’1‘))2

y _gufll(.
error = exp[ p (r,)] , (82

Z?trials (Ufuu(}’i))z exp [—,3 Ufuu(fi)]

where UM s the explicit energy method, pinterp. he

interpolated energy, and r; a uniformly sampled random
position inside the simulation box. Figure 5 shows the
error computation for 10° random probe positions for the

energy grid of Lennard-Jones particles in IRMOEF-1 as a
function of ¢ and ¢ . The estimated weighted relative error
for the energy calculation does not exceed 0.9% for tricu-
bic and 0.03% for triquintic interpolation. Higher errors
are seen for lower values of o, where the highest error is
observed for values of o lower than the grid spacing of
0.15 A. Although these values are rarely used in simula-
tions, it is important to be aware of high errors when the
particle size approaches the grid spacing.

To compare whether the computed properties lie
within the error bar, we define the Z-score based on the
estimated mean and variance of the observable:

Hfull — Hinterp.

[ 2 2
Ofall + Ointerp.

for the mean x and variance ¢2. In Figure 6 we show
the Z-score for the estimation of observables in a GCMC
simulation of methane in MFI for 2 x 10° cycles. For low
grid spacings (< 0.2 A) only some deviations within one
o are observed, which is to be expected. At higher grid
spacings, the error increases and the triquintic interpo-
lation scheme shows a structural underestimation of the
framework-molecule energy (i.e. more negative), lead-
ing to an overestimation of the loading. Clearly, it is
important that appropriate grid spacing is selected when
employing interpolation methods to prevent structural
errors occurring.

Z = (83)
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Figure 5. Lennard-Jones particles (¢, o) in IRMOF-1: relative error of the measured energy (a,c) and gradient (b,g) of the tested grids,
computed by 10° random trial points for tricubic (a,b) and triquintic (c,d) interpolation with a grid spacing of 0.15 A.
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Figure 6. Z-score error for tricubic (top) and triquintic (bottom) interpolation, for three observables: loading (left), enthalpy (middle) and
framework-molecule energy (right). The unshaded area shows the 95% confidence interval. Isotherm simulations are carried out using
CBMC simulation of methane in 2 x 2 x 2 MFl at 300 K.



4. Conclusions

In this work, we have implemented and benchmarked
two local interpolation schemes - tricubic and triquin-
tic — for rapid evaluation of framework-molecule inter-
actions in nanoporous materials. We have extended
RASPA3 code to support the tricubic interpolation
scheme by Lekien and Marsden [10] and the more
recent triquintic extension of Boateng and Bradach [13].
Across polynomial test functions and realistic methane-
zeolite systems, we observed that triquintic interpolation
achieves global C? continuity and lower interpolation
error at fine grid resolutions. The simpler tricubic inter-
polation, also implemented in the earlier RASPA2, offers
superior computational speed and efficiency.

The benefits of the interpolation methods lie in the
scaling behaviour of the computational efficiency. Every
full computation of the energy is associated with a few to
a dozen multiplications and a division (per framework-
molecule interaction), whereas every interpolated energy
calculation involves calculating a sparse matrix-vector
product of size 64 x 64 and 216 x 216 respectively.
While not cheap, the benefit lies in the fact that the
interpolation cost shows no scaling with the total num-
ber of unit cells. The interpolation schemes, especially
the triquintic scheme, therefore only have added value
starting from a sufficiently large number of framework
atoms. Note that using a larger cutoff also leads to an
increased number of unit cells. In addition, the more
complex and computationally expensive the computed
potential is, the higher the benefit of grid interpola-
tion. The accuracy of grid interpolation is dependent
on both the strength-parameter ¢ and size-parameter
o of the Lennard-Jones potential, and on the details
of the framework. For most adsorbates and frame-
work structures, a grid-spacing of 0.15-0.2A will be
sufficient.

Although triquintic interpolation requires additional
computational effort and is significantly slower than
tricubic interpolation, it offers distinct advantages in
certain contexts. In tasks such as force-field fitting or
machine-learning potential training, the Hessian is nec-
essary for the optimisation schemes and therefore the
C? continuity is required. This full continuity guaran-
tees well-defined, continuous first and second derivatives
throughout the simulation cell, enabling accurate Hes-
sian evaluation at arbitrary points. By contrast, explicit
models for direct Hessian computation impose a sub-
stantial overhead. The Hessian is also of use in advanced
energy minimisation techniques [30], transition state
optimizations [31], and the computation of vibrational
properties (infra-red spectra and mode analysis). Look-
ing forward, we expect that tricubic interpolation will

MOLECULAR PHYSICS 13

remain the method of choice for high-throughput screen-
ing and large-scale adsorption studies, where millions of
energy evaluations are required. The triquintic scheme
will enable fast force field development, automatic differ-
entiation, and hybrid ML-physics workflows that rely on
smooth, differentiable potential energy surfaces.
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