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S1 Programmable TD-NEO-EOM-CCSD Equations

S1.1 Programmable Left Dipole Moment Function at{ = 0

The left-hand dipole moment function at t = 0 is defined as (M, (0)| = (0°0P|(1 + A)fi,.
Its dipole moment amplitudes 77 are obtained by projecting this equation onto the space
of the reference and excited determinants ([v) = {|0°0P), |7) ), ?}’), f]B ), 1%4}). The

programmable expressions for (M, (0)|v) are:

e AN\ e o~ al, il Al, 11 al 11 a2 4i
(0°0P|(1 + A)f14|0°0F) = 7i1g = lzl i I 4 e — 18 18 (51)
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Ave (A A 1Al A A AT | AL alil | 1AL Al
(0°0P|(1+ A)fial) = my =17 pwiay + Uy — Inpy +1 ity 17 p tag (S3)
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(0°0P|(1 + A)fia| P) = )P = 17 uf = 17l — 1P uft + 11w — 1115 (S5)
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S1.2 Programmable Right Dipole Moment Function at f = 0

The right-hand dipole moment function at t = 0 is defined as |M,(0)) = fi,|0°0P). Its
dipole moment amplitudes m are obtained by projecting this equation onto the space

of the reference and excited determinants (jv) = {|0°0P), |4) |%), ?].b), f]B ), %) }). The

programmable expressions for (v|M,(0)) are:

(0°0P|j14|0°0P) = mo = i thh + upy'th (S7)
_ ; ' ' il 1, il 1,iil Al il
(¢ 71a]0°0P) = my = puly + pi thy — pig ! — pf byt + pi el + ui el (S8)
Al- I I Al,l [,01 Al LI 1,11 Al,I11
(7' 172]0°0P) = my = py + pia tay — ppta — Wix tarta + Wi taia + B taa (S9)

i jil

. | e i,
(8 |Ra]0°0P) = ml, = ui' ]| — plythy + iy thy, — it (S10)

111

AB| - I ALl [ g A1l
(1) |71 |0°0P) = mdy = wg'tda — HpthE + L ty

—Ha tgar (511)
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S$1.3 Programmable Expressions of Time Derivative of m Amplitudes

The time evolution of the dipole moment amplitudes m is governed by the time-dependent

NEO Schrodinger equation
d -
571 Ma(t)) = —1HN[Ma(t)) (513)

Projecting Eq. S13 onto the space of the reference and excited determinants (|v) = {|0°0P), |¥)

10150 1500 157 }) gives

4

%<V|M,x(t)> = —i(v|Hn|Ma(t)) = —ioy (S14)

The programmable expressions for oy, are:

ik salad il LalA1 alA1 AlA4
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il alAl
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S2 Time Evolution of Dipole Moment Autocorrelation Function
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Figure S1: The time evolution of the dipole moment autocorrelation function obtained
with the RT-NEO-EOM-CCSD method using the cc-pVDZ electronic basis set and the

PB4-F2-a’ nuclear basis set. The total simulation time is 5000 a.u., and the time step is 0.05
a.u.

S3 Definition of the Nuclear Basis Set

Table S1: Exponent Parameters for the PB4-F2-a’ (4s3p2d2f) Nuclear Basis Set.”

basis function | exponent
s 3.569
10.345
18.179
29.582
5.714
17.975
35.437
9.289
20.595
11.518
22.134
“d and f functions are using Gaussians in the Cartesian form.
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S4 NEO-TDHEF Protonic Transition Densities
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Figure S2: Transition densities for six selected proton vibrational states of the HCN
molecule calculated with the NEO-TDHF method employing the cc-pVDZ electronic ba-
sis set and the PB4-F2-a’ nuclear basis set.

S14



S5 Excitation Energies and Oscillator Strengths for NEO-TDDFT
Methods

Table S2: Excitation Energies (cm~') and Oscillator Strengths (au) of the Six Selected
Proton Vibrational States for the HCN Molecule Calculated with NEO-TDDFT Meth-

ods and Different Basis Sets.”?

NEO-TDDFT/ no-epcb NEO-TDDFT /epcl7-2¢
DZ/QZ DZ/6Z DZ/QZ DZ/6Z
(npr3) | w f w f w f w f
(100) | 1991 | 033 | 812 | 0.33 | 1268 | 0.34 | 594 | 0.34
(110) | 9617 | 7e-03 | 9470 | 4e-04 | 5798 | 7e-03 | 5762 | 4e-03
(200)? | 10070 | 0.00 | 9903 | 0.00 | 8004 | 0.00 | 7837 | 0.00
(001) | 3605 | 0.33 |3151 | 0.33 | 3401 | 0.35 | 3243 | 0.35
“The NEO calculations used the PB4-F2-a’ nuclear basis set in conjunction
with the cc-pVDZ electronic basis set for C and N and the cc-pVQZ, or cc-pV6Z
electronic basis set for H, denoted DZ/QZ, and DZ/6Z, respectively.
PB3LYP electronic exchange-correlation functional without any electron-proton
correlation functional.
“B3LYP electronic exchange-correlation functional with the epc17-2
electron-proton correlation functional.
4(100) and (010) are degenerate, and (200) and (020) are degenerate.
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S6 TD-NEO-EOM-CCSD Excitation Energies with 8s8p8d8f Nu-
clear Basis Set

Table S3: Excitation Energies (cm~!) of the Six Selected Proton Vibrational States
for the HCN Molecule Calculated with the TD-NEO-EOM-CCSD Method and the
8s8p8d8f Nuclear Basis Set.”

TD-NEO-EOM-CCSD
(nynpv3) | DZ/DZ | DZ/QZ
(100)® 3011 1716
(110) 5592 3362
(200)? - -
(001) 4361 3722

“The NEO calculations used the 8s8p8d8f nuclear basis set in conjunction with the
cc-pVDZ electronic basis set for C and N and the cc-pVDZ, or cc-pVQZ electronic
basis set for H, denoted DZ/DZ, and DZ/QZ, respectively. The 8s8p8d8f basis set is
an even tempered basis set with exponents spanning the range from 2 v/2 to 32.

b(100) and (010) are degenerate, and (200) and (020) are degenerate.
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