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S1. Supplementary tables
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Table S1. Comparison of quantum-mechanically-computed Born-Oppenheimer energies
(FCl/aug-cc-pVQZ) to those of the fitted forcefield for the Ha singlet molecule. Results are shown
for different values of the LASSO regularization parameter A. The last row shows the root-mean-
squared error (RMSE) in hartree. Please see Section 2.6.1 of the main text for additional details

and discussion.

|ength Esinglet Etriplet UFF‘Esinglet UFF‘Esinglet UFF‘EsingIet UFF‘EsingIet UFF‘EsingIet UFF‘EsingIet
(pm) | (hartree) | (hartree) | (A=10%) | (A=10°) | (A=10%%) | (A=10) | (A=10"3) | (A=107%)
50 -1.10342 | -0.57329 | -0.00003 -0.00001 0.00000 0.00000 0.00000 0.00000
60 -1.15536 | -0.69147 | 0.00015 0.00008 0.00002 -0.00001 | -0.00002 | 0.00000
70 -1.17259 | -0.76151 | 0.00000 0.00001 0.00001 0.00001 0.00001 | -0.00002
74.199 | -1.17387 | -0.78459 | 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
80 -1.17190 | -0.81221 | -0.00002 0.00001 0.00001 0.00002 0.00002 | -0.00002
90 -1.16189 | -0.85111 | -0.00017 0.00001 0.00003 0.00006 0.00007 0.00000
100 | -1.14725 | -0.88188 | -0.00029 -0.00007 | -0.00002 0.00002 0.00003 0.00005
125 ] -1.10531 | -0.93467 | 0.00008 -0.00007 | -0.00005 | -0.00008 | -0.00009 | -0.00004
150 | -1.06790 | -0.96483 | 0.00036 0.00015 0.00010 0.00009 0.00008 0.00002
175 -1.04010 | -0.98161 | -0.00001 0.00004 0.00002 0.00004 0.00005 0.00005
200 -1.02193 | -0.99066 | -0.00034 -0.00014 -0.00010 -0.00009 | -0.00008 | -0.00004
225 |-1.01130 | -0.99539 | -0.00027 -0.00010 | -0.00006 | -0.00006 | -0.00006 | -0.00005
250 | -1.00558 | -0.99779 | 0.00002 0.00003 0.00005 0.00004 0.00003 0.00001
275 | -1.00268 | -0.99896 | 0.00025 0.00011 0.00009 0.00008 0.00007 0.00004
300 -1.00125 | -0.99951 | 0.00029 0.00008 0.00003 0.00003 0.00004 0.00003
350 -1.00023 | -0.99986 | 0.00001 -0.00008 -0.00011 -0.00009 | -0.00008 | -0.00004
400 | -0.99999 | -0.99991 | -0.00025 -0.00008 | -0.00005 | -0.00005 | -0.00005 | -0.00004
450 | -0.99998 | -0.99991 | -0.00014 0.00008 0.00013 0.00011 0.00010 0.00006
500 -0.99991 | -0.99991 | 0.00017 -0.00002 -0.00005 -0.00005 | -0.00004 | -0.00002
RMSE — — 2.0E-04 7.6E-05 6.3E-05 5.9E-05 5.8E-05 3.4E-05
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Table S2: Computed force constants representing the H. electronic singlet state’s bonded
interaction energy. Results are shown for different values of the LASSO regularization parameter
A. The last row shows the sum of absolute values of the force constants. Please see Section 2.6.1
of the main text for additional details and discussion.

A=10" A=10" A=1070 r=101 A=10"2 A=10%
ki | 0.722095562 | 0.732963059 | 0.731056623 0.732239879 0.732721173 0.716352037
ko | -0.493924304 | -0.453665595 | -0.437217721 | -0.425469207 | -0.422810820 | -0.401964886
ks | 0.423826705 | 0.172199834 | 0.203826522 0.164324310 0.152145226 0.620093926
ks | 0.000000000 | -0.220855956 | -0.436476147 | -0.552373758 | -0.576139531 | -1.588700146
ks | 0.000000000 | 1.547859193 | 1.439235648 1.755529569 1.830273684 | -0.723790820
ke | -1.370826079 | -2.221089984 | -1.326968080 | -1.099867066 | -1.070479469 | 6.738112940
k; | 0.000000000 | -0.659979520 | -0.700716437 | -1.128691139 | -1.116208404 | -3.372565479
ks | 0.000000000 | 0.000000000 | -1.068785502 | -1.502396056 | -1.627598580 | -4.246902958
ke | 0.000000000 | 0.000000000 | 0.000000000 | -0.249227598 | -0.529246504 | -5.135999922
kio | 0.000000000 | 0.000000000 | 0.000000000 0.383964516 0.554896362 | -0.243272935
ki | 1.404363463 | 0.000000000 | 0.992454504 1.802334706 1.728244142 4.554823776
ki | 0.158317729 | 2.789790589 | 1.532480608 1.860919841 2.130693142 7.914267812
kiz | 0.000000000 | 0.000000000 | 1.120819449 0.963001977 1.684902249 6.919472380
kis | 0.000000000 | 0.000000000 | 0.000000000 0.000000000 0.392860928 1.508486184
kis | 0.000000000 | 0.000000000 | 0.000000000 | -0.013939077 | -1.083956753 | -6.637173720
kis | 0.000000000 | 0.000000000 | 0.000000000 | -1.585807685 | -2.432520787 | -12.808342789
kiz | 0.000000000 | 0.000000000 | 0.000000000 | -1.349541481 | -2.005604045 | -9.225503143
kis | -0.754863080 | -1.915303544 | -2.374382200 | 0.007312916 1.475379887 | 15.592033023
abs 5.32821692 | 10.71370727 | 12.36441944 15.57694078 21.54668169 88.94785887

sum
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S2. Analytic derivatives of the damped nonbonded potential
When evaluating derivatives for Cases #1, #2, and #3 described below, the following
derivatives of the separation functions are useful:

dnonbonded d
nonbonded u
Tas [dAB ’ dcutoff :| = tanh|: C(;Oﬁ - dnon@ided :| (Sl)
AB cutoff
i dy  d
Tpa | s, 3%’ | = tanh {dﬂ —ﬁ} (S2)
AB AB
6Cg{A,B}TAB |:dAB J dgsg?nded] =0 (83)
6csz{A,B}'CAB I:dAB ' d,eAqBJ] =0 (S4)
6atom_lﬁQyz{A,B}TAB I:dAB ’ d?ﬁtrzg‘(fmded] =0 for any atom_l (85)
6CeE{A,B}ﬁatom_ZTAB |:dAB 1 dgﬁg&?ndw] = O for any atom_z (86)
Vaon 1Veens Tas | das: 03’ |=0 for any atom_1 (S7)
Vesng Vaon_2Tas| das 35 | =0 for any atom_2 (S8)
= ronbonde dgjrz)bonded 1 dssnobunded d .
VATAB [dAB ! dC'-(')mt;? ‘ d:l = ( d[ . 2 + dnonbonded 1- tanhz éﬁ - dnonbAanded RAB (89)
AB cutoff AB cutoff
Rae z(ﬁB_ﬁA)/dAB (810)
6BTAB |:dAB oot ] = _ﬁATAB I:dAB ' dgﬁtr:;t;(fmded} (S11)
- wi (41 A dag |4
VaTho | s 055 | :[;—2+W)[l—tanh{dﬂ—de—’:iDRAs (S12)
AB AB AB AB
6BTAB [dAB J deAqéj = _ﬁATAB I:dAB , diqéj (813)
§A§ATAB |:dAB J dgﬁg&;}mded] = §B€BTAB |:dAB J dgﬁg&ﬁnded] =
d nsnbonded 1 dnsnbonded d . R
{3 Cdmff 3 + dnonbondedd 1- tanhz C(leﬁ - d nonbAanded R ABRAB
AB cutoff AB AB cutoff
nonbonded 2 nonbonded nonbonded R . (S 14)
_2 [ dCUtOff 2 + nong-onded J tanh |:dCUt0ff - ng:oided :'(1_ tanhz |:d°“t°ﬁ - nc(ibAoided :D R AB" * AB
d AB d cutoff d AB d cutoff d AB d cutoff
d nonbonded d nonbonded -
_i[ et 2 + nong-onded 1- tanhz el - ng@)?\ded o
dAB dAB dcutoff dAB dcutoff

where § is the 3x3 identity tensor.

ﬁAVBTAB [dAB ' dnonbonded} = 6B6A":AB [dAB ' dnonbondeﬂ = _vAﬁA’CAB |:dAB ' dgsg?nded] (S15)

cutoff cutoff
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vAﬁATAB [dAB’dTBJJ = 6BvBIAB [dAB’deAqBJ] =

eqj eqj A
[3 dAB3 + qu.l j[l—tanh2|:dAB - dezi DRABRAB
dpe” dxsdas dpe  dis

eq_j 2 eq eq A (816)
—Z(dAB ot J '[anh{dAB —dﬂ}(l—tanh{dﬂ—dﬂDRABRAB

2 eq_j eq_j eq_j
dAB dAB dAB dAB dAB dAB

1 iq‘i+i 1-tanh? ﬁ—dﬂ 5
dAB dAB dTBJ dAB diqBJ

6A§BTAB I:dAB ' d,eAqBJ] = §B§ATAB [dAB ' di?BJ] = _ﬁAﬁATAB [dAB ' diqgi] (S17)

[e4]

In the below formulas, atom_1 is any chosen atom in the material, and atom_2 is any chosen
atom in the material. Note: atom_2 may either be the same atom or a different atom than
atom_1.

Case # 1: The two atoms A and B are inside the same bonded cluster j and a cutoff distance
is used for their nonbonded interaction. In this case, we express the effective multibody pairwise
potentials as follows:

DR = 0, (A 0 [ ae’ [, O™ ] [ g O (Ui [ (R | - Ui [ (R} ]) (S18)
DR — 0, (A1 0 |’ [, O™ 5" W, (Uit [ (Re} |- Ui, [ {RE1Y]) (S19)
e, is the Heaviside step function, and 4z is the equilibrium distance between atoms A and B in
the isolated bonded cluster j. The first-order and second-order derivatives expand as follows:
ﬁ (Di::ae;cluster _ ®H [d nonbonded __ dAB

atom_1 cutoff

2 nonbonded 2 eqj nonbonded D __ | nonbonded Hed_j N nonbonded
3TAB |:dAB 1 dcutoff :|TAB |:dAB ' dAB :I(UABx,intercIuster |:{RC }j| UABx,intercIuster |:{RC Vattomfl,tAB dAB ’ dcutoff

3 nonbonded eq_j nonbonded D nonbonded Deq_j < eq_j ( )
+2TAB |:dAB’dcutoff :|TAB [dAB'dAB ](UABx,intercluster |:{RC}:| - UABx,intercIuster |:{RC }:|)Vatom_lTAB I:dAB’dAB :|
3 nonbonded 2 edj | nonbonded D
+TAB [dAB'dculoff :|TAB [dAB’dAB :|VatomflUABx,intercluster [{RC}:|
N intracluster __ nonbonded
Vatom_chABx - ®H [dcutoff - dAB
2 nonbonded 2 eq_j nonbonded D __ 1 |nonbonded Hed_j o~ nonbonded
3TAB |:dAB 1 dcutoff ]TAB |:dAB ' dAB :I(UABx,intracIuster [{RC}J UABx,intracIuster |:{RC }:|)VatomflTAB [dAB ' dcutoff :I

3 nonbonded eq_j nonbonded D __ [ |nonbonded Deq_j o~ eq_j
+2‘EAB |:dAB 1 dcuroff :|TAB [dAB ! dAB ](UABx,intracluster |:{ RC :| UABx,intracIuster |:{RC Vatom_lftAB dAB ! dAB

3 nonbonded 2 edj | nonbonded D
+TAB [dAB ' dculoff :| TAB [d AB? d AB :| VatomflUABx,imracluster |:{ R C }:|
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Y, v intercluster nonbonded
Vatom,lvatom P =0, |: cutoff dAB:|
2 nonbonded 2 eqj nonbonded D nonbonded
3’cAB I:dAB 1 dculoff j| TAB I:dAB ' dAB ]( UABx,imercIusler |:{ RC }:| - UABX‘imercIuster

nonbonded
ABX,intercluster

+2T,5° |:dAB' gsgl}?nded] Tas .:dAB g ( |:{ R c }:| - UZ%]:?:gergluster
+Tag |:dAB ot :| Ta’ |:dAB 4 :| 6amm lvatom ZUHAO;Q(i):t(iergluster |:{ F«zc }:|

435" [ 0™ T2’ [ s 055V 2V [ {Re} )Vt
iy :. Tas’ |:dAB e :| (valom_erB [dAB Ao :|) atom_2
il | L

nonhonded eq_J
] T [dAB Jd

2
+31,5° | d 5. d

nonbonded
ABx, intercluster

3

+27,55" | Opgs

cutoff

nonbonded eq_j
ot :|TAB g Oag :|

(
+67p5° |:dAB N i :| TAB e 0a8 :I(

nonbonded
ABX,intercluster

]

I
+21,5° [d AB

[ [{ﬁc}]—um?:tiism

nonbonded
ABXxintercluster

+67 ABZ das

nonbonded
ABx |mercluster

nonbonded
ABx intercluster

nonbonded
+61AB[dAB,d ]TAB

cutoff

dqu nonbonded
AB' ™ AB

AB>< intercluster

nonbonded |:

ABX;intercluster

3 nonbonded nonbonded
+2TAB I:dAB ' dcutoff ]( UABx intercluster |: :|

|:{ R ecq_i}]) 6atom71§alom72TAB [dAB , dzs‘r:)k;?nded :|

|:{ R&- ]}})ﬁmom,l?amm,zﬂ:AB [dAB ' di?BJjI

nonbonded
PLN: I:dAB’dcutoff :|

[{Rel]

U nonbonded
ABXintercluster

[{ﬁc}})ﬁmomjw [dAB , d;‘g]

. eqj o nonbonded
V tom 1TaB |:dAB’dAB )ValomizuABx
U

intercluster

[{Re}]
=)
[{Re}])v

)

nonbonded ] | 7
dAB O ot :I)vammiz’tAB .:dAB .d

nonbonded ] 7
dAB'dcutoff :|)vawm72’cAB [dAB'd

atom_17AB

Aeq
RC

atom l’cAB

qu edj )y eqj
:|) aom_1Tag | Gag:Oag :|)vatom72tAB[dAB‘dAB

N o intracluster _ nonbonded
Valom_lvatcm Z(DABX H I:dculuff - dABj|
2 nonbonded 2 eq_j nonbonded D __ | jnonbonded Hed_j </ v/ nonbonded
3TAB I:dAB 1 Y cutoff :| TAB I:dAB ! dA :I( UABx,intracIusler |:{ RC }:| UABx‘imracIuster |:{ R C Va\tomilvatomiz‘rAB dAB 1 Yeutoff

nonbonded
ABXintracluster

) nonbonded
|:{ R c }j| -u ABX,intracluster

[{Rel]

+2T,5° |:dAB Ao ] Tas .:dAB g :|(
+pg” |:dAB g } Tas’ [dAB A5 J 6amm 1Y atom zufgz?ngluster
+31,5" |:dAB ) dgsgbf?ﬂded] Tas |:dAB e ]( atom 1stn:?::::gluster
+31,° | d s

3

nonbonded eq j nonbonded
+27p5° | dags Do ]TAB [dAB'dAB :|( atom_1Y B imracluster

nonbonded ﬁ iy nonbonded
ABx intracluster C ABX, |n1rac|uster
nonbonded
ABx intracluster

nonbonded
ABX,intracluster

3
+27 55 [d AB
nonbonded dqu
cutoff AB '
nonbonded eq i
cutoff TAB a0
q_j
s d :|
3 nonbonded nonbonded
+2‘CAB I:dAB ' dcutoff :.( UABx intracluster |:

2
+6T,5° | dpg,d

2 nonhonded
+6‘EAB |:dAB7 ABx |ntrac|uster
nonhonded

nonbonded
+67 05 |:dAB d :| TAB Usex, mtracluster

cutoff

nonbonded
ABx intracluster

[{RC}})Vatom7
nonbonded 2 eqj N nonbonded N nonbonded
cutoff ]TAB I:dAB ' dAB (VatomierB I:dAB ' dcutoff :|)Vatom72UABx,intracIuster
R v, eqj
[{Rc}})vmom_zt/xs |:dAB 1dng :|

nonbonded qu eqj nonbonded
cutoff ]TAB [dAB 1 dAB (ValomierB I:dAB ! dAB a\om 2 UABx intracluster

[{ﬁéqu}])§amm lvatom 2TaB |:dAB ' dqu:|

nonbonded
2TaB |:dAB +deuort :I

[{Re}]

[{Re}]

R} )(v

}])( ) A
i

q i "/ nonbonded |\
} Vatom_1Ta8 [dAB'dcutof‘f :I)vatom_ZTAB .:dAB'd

q i

<\

atom_1TAB [dABl

eq J :|) atom_1T a8 I:dAB’di?;jI)ﬁatom_ZTAB.:dAB'deAqBJ:I

dead \/ nonbonded
atom_1VAB [dAB' AB :|)vatum_2rAB |:dAB +Ouoft :|

eq_J

AB
nonbonded
cutoff

eq_j v nonbonded
atom_1AB dAB‘dAB :|)Vat0m72TAB [dAB‘dcutoff ]

eq_j
AB

nonbonded
cutoff

]

]

S6

(S22)

(S23)
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Case # 2: The two atoms A and B are inside the same bonded cluster j and a cutoff distance
is not used for their nonbonded interaction. In this case, we express the effective multibody
pairwise potentials as follows:

D= — 1 [, di (U [ (R} |- Ut [ {RE1) (S24)
(Di:gidumr = 1:ABZ |:dABrdeAfLI (UABb (tj d| ster [{QC}} - UnAoél:i?‘?;%'US‘er [{ﬁ?_l}}) (825)

The first-order and second-order derivatives expand as follows:

intercluster nonbonded
atom 1CDABX @ [dcutoff AB

eq J nonbonded
[ZTAB d UABx intercluster

eq_j nonbonded
TTas |:d ne+Oas ] V stom_1Y ABxinercluster

Ut e[ (RE ) Vo w0 [ A0 ]| (S26)
o]

intracluster nonbonded
atom 1CD ABXx @ [ d cutoff d AB
eq J nonbonded
[ZTAB |:dAB ’ dAB (UABX intracluster

2 eqj nonbonded
+T5° [ g 35 | Vo U

atom _1 ™" ABx,intracluster

o]
Rel -
R
]
Re} |- Usoriste [ {RE ) Vi staa [ 0] | (S27)
R

/]

\Y

atom _1

v, intercluster nonbonded
vamm Zq)ABx @ |:dcutoff dAB]
eq_j nonbonded ) nonbonded Hed_j o~ o~ eq_j
2‘[AB |:dAB’dAB :'(UAmelerclusler [{RC}:| UAmeterCIuster |:{RC }:|)Vatomflvatom72TAB |:dAB'dAB :|
2 edj | o~ nonbonded D
+TAB |:d d :I vatom lvatom 2 U ABx,intercluster |:{ R C }:| ( )
qu nonbonded D o eq_j
+2’EAB d ( atom lUABx intercluster {R C }j|) vatom ZTAB I:d AB? dAB :|

EQJ eq_j nonbonded D
+2’EAB d atom lTAB d ])vatom 2 U ABx,intercluster |:{ R C }j|

}:| U:?an?:ti?gluster [{ﬁecqij}J)(ﬁatom_erB |:dAB7di]§j])§atom_2TAB [dABvdiﬂij]

+2(uno~mmw [

ABX,intercluster

intracluster nonbonded
\4 vatom ZCDABX =0 [dcutoff d ]

atom_1

eqj nonbonded ) nonbonded Seq_j = - -y
ZTAB |:dAB ! dAB :'(UABX intracluster |:{RC }:| UABx intracluster |:{RC }:|)Vatom 1Vatom 2TaB |:dAB d :|

+'lT/.\B2 |:dAB deAqlgj:Ivatom 1Y atom ZUnAOIB‘n:(')'T:::g'‘JS[er|:{|ic}:| (829)

qu nonbonded D N eq_j
+2TAB (Vatom 1UAB intracluster {RC }:|)Vatom ZTAB I:dAB ! dAB :|
qu eq_j nonbonded »)
+2TAB ( atom lTAB [dAB d ])Vatom ZUABx intracluster |:{ RC }:|
nonbonded nonbonded eq_j o~ eq_j o~ eq_j
+2( UABX intracluster |:{ }j| UABx intracluster I:{RC }:|)(Vatom_1‘cAB |:dAB ' dAB :')Vatom_ZTAB |:d AB? dAB ]
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Case # 3: The two atoms A and D are not inside the same bonded cluster and a cutoff
distance is used for their nonbonded interaction. In this case, we express the effective multibody
pairwise potentials as follows:

q)iAnll;z;clusler _ ®H [dgstr;bftf)nded _ dAB ’CAB3 .:dAB ’ nonbonded ] (yronbonded |:{ FTzC }:| (830)

cutoff ABXxintercluster

d)imracluster — 0 (83 l)

ADx

The first-order and second-order derivatives expand as follows:

intercluster __ nonbonded
valomil(DABx =0, |:d _dAB:I

cutoff
2 nonbonded nonbonded D nonbonded Heq_j o nonbonded
3TAB [dAB ’ dculoﬁ :|(UABx,intercluster |:{RC }:| - UABx,inlerCIuster |:{RC }:|)Vatom71‘cAB |:dAB 1 dcutoff :| (832)
3 nonbonded | v nonbonded D
+TAB |:dAB 1 dcutoff :IVa\om_luABx,intercluster I:{RC }j|

intracluster __
Vatom_l(DABx =0 (833)
6 ﬁ 10 intercluster __ 0 |d nonbonded d
atom_1" atom_2 = ABX — ™H cutoff AB
2 nonbonded nonbonded D nonbonded »)
31:AB [dAB ) dcutoff :' ( UABx,imercIuster |:{ R C }:| - U ABX,intercluster I:{
3 nonbonded | o nonbonded )
+TAB |:dAB ! dcutoff :| Va'[om_lvamm_z UABx,intercIuster |:{ R C }:|
2 nonbonded v, nonbonded ) V. nonbonded
+3TAB I:dAB'dcutoff :'(vatomiluABx,imerclusler [{RC}})Valom72TAB [dAB’dculof‘f :'
2 nonbonded v, nonbonded V. nonbonded )
+3TAB I:dAB ' dcutoff :'(ValomferB |:dAB ! dcutoﬁ ])vatomjUABx.imercIuster |:{RC }:|

nonbonded nonbonded D __ |nonbonded oedq_j o~ nonbonded 7 nonbonded
+6TAB |:dAB’dcutoff :|(UABx,intercluster [{RC}:| UABx,intercIuster |:{RC }J)(VatomferB |:dAB ' dcutoff :|)Vat0m72TAB |:dAB’dcutoff :|

py)
(]
|
[
| I—
N—
<

o/ nonbonded
atom_lvatom_ZTAB [dAB ' dcutoff :|

(S34)

Vaom Vaom :Page " =0 (S35)

atom _1

Case # 4: The two atoms A and D are not inside the same bonded cluster and a cutoff
distance is not used for their nonbonded interaction. In this case, we express the effective
multibody pairwise potentials as follows:

DL = Ut (Re} | (S36)
cI)iAnr[;i:l(t:luster -0 (837)
The first-order and second-order derivatives expand as follows:
6atom71(1);”\:;:(0'“5ter = 6atoij»r;\UE;?,(ijr?tlii::jluster [{ﬁc }:| (838)
6amm71(1)1’11&;25'“51@[ = O (839)

\V4 \v4 1) intercluster _ @ ﬁ

atom_2 * ABx atom_1

Uz [(R)] (540)

atom_1 atom_ 2~ ABx,intercluster

6 6 (I)intracluster =0 (841)

atom_1" atom_2 ™~ ADx
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S3. Analytic derivatives of the Manz stretch potential

anz_stretcl 3k 5 o e 3 5 . .
UZB _stretch [dAB] = 5 OABZ (1—(§j eXp[—YAB (dAB _dA; ):| + (E] exp[—éhs (dAB — dAfB ):D (842)
Y B
dUManz_stretch d 3k . i 5 o )
AB — [ AB] — ZYOAB (eXp[—YAB (dAB _dAfB )]—GXP[—gYAB (dAB —dA; )D (843)
AB AB
dZUManzfstretch d 3 ) i 5 5 )
AdeABz [ AB] =Kp5 (_Eexpl:_YAB (dAB - dAfB )i| +§eXp[—§yAs (dAB - dAg ):D (S44)
d3UManz_slrelch d . 3 ) i 25 5 o )
AdeABs [ AB] =KagYas (E exp|:_YAB (dAB —dyg )] —Fexp l:_§YAB (dAB —dg )D (S45)
d4 UManz_stretch d ) 3 ) i 125 5 o )
AdeAB4 [ AB ] — kABYAB2 [_E exp |:_YAB (dAB - dAfB ):| + E exp |:_§YAB (dAB - dAfB )}j (846)

S4. Analytic derivatives of my new angle-bending potential

Consider a bond angle defined by the atoms A, B, and C, where B is the middle atom.
Swope and FergusonS! and Dubbeldam et al.>? gave universal formulas for first and second
derivatives of any angle-bending potential U_[e] with respect to changes in the Cartesian

coordinates of atoms A, B, C. Dubbeldam et al.5? also gave universal formulas for first and second
derivatives of any angle-bending potential with respect to changes in the unit cell’s size and shape
for unrelaxed homogeneous strain. Their formulas require the following inputs:

_4du,[6]
" dcos|[6] (547)

__d'u.[6]
= (d cos[e])2 (548)

For conciseness, we first define
U [0] -k 2(cose—coseeq)- :kz(cos(?lv—zoseeq) (549)
i 6.4 35in7 0 tanh| 2sin[6/2] | (6]
“| tanh[ 2sin[ 0, /2]]

p[6]=1/2(1-cos®) = 2sin[6/2] (S50)
tp[6]=tanh[ p[6] ] (S51)
w[0]=1-cos’ 6+3(1-cos’ 6, )[t;FE[ee]}] (S52)

Its derivatives are

1-cos?6,, | 1-(tp[6])’
{5 S o
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dd!:sFFG])] =-2¢050+u[6] (S54)
_d'wlo] _ , nlo] L1
(dcos[6]) 2 ole] [th[el o) e])z] (S55)
The derivatives of my new angle-bending function are:
dU,.,[6] 1 dw[o]
deos[0] w[0.0,] (4k(cose—cos O )~ Upew [G]Wj (S56)
d’U,, [0] ~ 1 . dU,, [6] dw[6] ) d2w]o]
(d cos[e])2 - W[G, Geq](Afk 2 dcos[0] dcos[o] ™ [6](d cos[e]_)zj (S57)

Eqgn (S54)—(S57) were derived by substituting t = cos[0] into eqn (S49) or (S52) and then
differentiating with respect to t. Egn (S56) and (S57) can be used to compute the potential’s
derivatives with respect to bond angle changes:

du,,,[6] _sinfo1 Ve [6]

do (6] dcos[6] (S58)
d’U,, [6] AU, [0] - 5 02U [6]
— = = —c0s[0]—== +sin’[0] ————= S59
a6’ [ ] dCOS[e] ](dcos[e]) ( )
If 6=6,, ==, then the following formulas should be used to avoid division by zero:
U [0=0, =7 |=0 (S60)
du
new = S61
dcos[6]| K (S61)
Lnewz 0 (S62)
(dcos[6]) o
dL;_O (o (S63)
dzUnew
F o = —k Ccos [6] (864)
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