Dielectric response with
short-ranged electrostatics

Possible ways to assess error (maybe)

Stephen J Cox,
Yusuf Hamied Department of Chemistry
University of Cambridge

CECAM Workshop, June 2022

Cox, PNAS 117, 19746 (2020)



By and large, short-ranged
potentials are uncannily good

Ceriotti, JCP 150, 150901 (2019)



By and large, short-ranged

potentials are uncannily good

MOSz
H,0

BNNT
H,0

TiO,
H,0

CNT
H,0

s02-
H,0

-
H>O

C-NNP performance summary

98.9
96.4
86.8

99.7
97.4
94.2

98.0
96.9
89.8

99.5
96.1

92.7

98.5
96.2
92.8

98.8
97.4
90.4

0

25 50

Accuracy [%]

75

’

g(ror) g(ron) 9(roo)
H W un = W u = W u H W un H W un

9(run)

9(rur)

0-0
O-H
[e]
oF | 3
&
l\/\‘ g
o)
a
> 1H
H-H
= AIMD
-- C-NNP
H-F
E
1 3 5 0 2000 4000
Distance [A] Freq. [1/cm]

Fenne [V/A]

(o}
RMSE:
ls*°  56.8/meV/A
H
-
& RMSE:
¢ 29.7meV/A
F
7
RMSE:
55.8/meV/A
=3 0

Fref [eV/A]

Schran et al., PNAS 118, e2110077118 (2021)




By and large, short-ranged
potentials are uncannily good

MOSz
H,0

BNNT
H,0

TiO,
H,0

CNT
H,0

s02-
H,0

H>O

o

C-NNP performance summary

98.9
96.4
86.8

99.7
97.4
94.2

98.0
96.9
89.8

99.5
96.1

92.7

98.5
96.2
92.8

98.8
97.4

90.4

25 50 75 100
Accuracy [%]

’

-

g(ror) g(ron) 9(roo)
H W un = W u = W u H W un H W un

9(run)

9(rur)

~

0-0 o
O-H
| o RMSE:
ls*°  56.8/meV/A
H
e = s°
O-F = S
[\/\‘ 5 % /
[ =
_ ©) | z
@] 5
> H L o RMSE:
A ¢ 29.7/meV/A
= AIMD F
-- C-NNP
.P
H-F 7
F RMSE:
o 55.8 meV/A
1 3 5 0 2000 4000 -3 0 B
Distance [A] Freq. [1/cm] Frer [€V/A]

Can we use liquid state theory to understand the impact of treating systems
with long-ranged interactions in a short-ranged fashion?

Schran et al., PNAS 118, e2110077118 (2021)



Some initial results

Take SPC/E water, and replace Coulomb interaction with something short-ranged:

1/r — erfc(kr)/r

“Strong coupling approximation” (SCA)

k1 =4.5 A found to recover radial distribution function.

Only consider bulk (no interfaces) for now.
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Some initial results
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What about the dielectric constant?

h(1,2) = hs(R) + ha(R)(fi1 - fi2) + hp(R)[3(f11 - Ri2)(fi2 - Riz)]
short-ranged here be dragons

Madden & Kivelsen, Adv. Chem. Phys. 56, 467 (1984)



What about the dielectric constant?
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Dielectric const. is material property: independent of system size/shape
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What about the dielectric constant?
h(1,2) = hs(R) 4+ ha(R)(f11 - f12) + hp(R)[3(f11 - Ri2)(fi2 - Ri2)]

| I—
short-ranged here be dragons

Dielectric const. is material property: independent of system size/shape
Consider an infinite system — not what we simulate
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By construction, short-ranged correlations are accurate

Dielectric constant is the same

Madden & Kivelsen, Adv. Chem. Phys. 56, 467 (1984)
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Kirkwood, J. Chem. Phys. 7, 911 (1939)
Caillol, J. Chem. Phys. 96, 7039 (1992)



SR correlations
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SR correlations
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Confirmation: dielectric constant is unchanged
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Zhang, Hutter, Sprik, J. Phys. Chem. Lett. 7, 2696 (2016)



Madden & Kivelson, Adv. Chem. Phys. 56, 467 (1984)

All is well with bulk?
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All is well with bulk?... No
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All is well with bulk?... No
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Consider infinite system again (LR electrostatics)
E(k) = E© (k) — 47kk - P(k)
17P(k) = x(k) - E(k) 47P(k) = x© (k) - EO (k)
x'” (k) = [1 + 4rkk - x(k)] " - x(k)

Exploit phenomenology: lim E(k) — el
k—0
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Consider infinite system again (SR electrostatics)
x5 (1) = [1 4 a1 — exp(~k?/4x) ik - x()] - x(k)

Assume weak k-dependence at low k: 47TX(k) N (6 — 1) 1
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Comparison b/t theory and simulation
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Interfaces
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Local molecular field theory

> ug(riy) + Un(r?)
©,7)
Singlet density:

p(r)

ional singlet density:

pt?) (r, ')
pH(r)

e e.g., Rodgers & Weeks, J. Phys. Condens. Matter 20, 494206 (2008)

P (rr') =




Local molecular field theory

Mimic system: UR E Uo 7"@] + E ¢R I‘Z

Singlet density:

o () = o (x)

Conditional singlet density:

oy (xlr') = p (x]r')

See e.g., Rodgers & Weeks, J. Phys. Condens. Matter 20, 494206 (2008)



LMFT is not a simple mean field theory

W = Ug + U1| Range separation

YBG hierarchy

—kgTV1In pM(r) = Vo(r) + /dr’ p(r'|r)Vw(|r — r'|)

—ksTVInp\ (r; ¢r) = Vor(r) + / dr’ p(r'|r; pr) Vo (|r — r')

Take the difference

Vor(r) = Vo(r) + / dr’ pr(r'; ér) Ver (Jr — ')

+ /dr' [o(x'[r; ¢) — pr(x'|r; R )] Vuo(Ir — r'|) + /dr' [p(x'|r; ¢) — p(r'; ¢)] Vur (Jr — r'))

Integrate

Pr(r) = &(T) + /dr’ pr(r'; or)ur(jr — r'|) 4+ C




LMFT for electrostatics
1/r = erfc(kr)/r +erf(kr)/r

Splitting chosen on physical
vo (T) v1(T) grounds, rather than efficiency

Vr(r) =V(r) + /dr’ InR(r’)lvl(|r —1'|)

charge density in mimic system

“Strong coupling approximation” (SCA) ignores second term



Interfaces — response
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Niblett et al., J. Chem. Phys. 155, 164101 (2021)



Interfaces — fluctuations
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Interfaces — LMFT + DCT predicts observed behavior
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Interfaces — LMFT + DCT predicts observed behavior
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Summary
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