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methods

6..Computing of diabatic states Spectroscopy simulations are very important for bridging the theoretical unde olecular structure and reactivity with the experimental
WSS REOL measurements. QM spectroscopy is typically quite expensive and here ML can as a surrogate, faster replacement of QM methods or be
7. Menshutkin Reaction NH3 + used to directly predict spectra. Also, there is ing interest in using ML nterpreting spectra and, most importantly, to obtain

+ - = \
CHCl— [NFCHls]™ &0l structures from spectra, but this is much mo iffi ess mature. Here we can't cover all types of spectroscopy but show on several

8. Charge-shift bonding in common types how they can be simulated a
propellane

¢ (Ro)vibrational spectra
MACHINE LEARNING

1. Machine learning basics
2. ML for PES

3. Universal machine learning
models

© 4. Spectroscopy Nuclear-ensemble approach

) 4.1. (Ro)vibrati

Emission spectra
spectra

wo-photon absorption spectra

() 4.2. UV/vis absorpti
spectra

4.1. (Ro)vibrational spectra

4.3. Emission spectra

4.4. Two-photon . ) . ) . ) . . .

absorption spectra Rotational-vibrational (rovibrational), i.e., infrared (IR) and Raman, spectroscopy provides a direct way to probe the molecular structure. Hence,
such spectra simulations have big practical importance. Their accurate simulations with QM methods are, however, rather expensive. ML is used to

cianificranthhs accalarata ciich cimiilatinne
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IR spectra from static calculations

Normal modes are eigenvecto gonalization)

J Eigenvalues are force constants

from force constants as:
—

Currently, MLatom supports dipole derivatives calculations via MNDO, Gaussian and Pyscf.

Calculations done within the rigid-rotor harmonic oscillator approximation. &
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O Example ML-spectra-1.

Calculate IR spectrum of ethanol molecule with MLatom using static approach.

1. Analyze output file. How many normal modes does the molecule have?

2. Does the spectrum agrees well with experiment?

illr

uaigm_wb97x631gp@cc

xyzfile=opt.xyz

where the opt.xyz is the ethanol opti

O Warning

Always remember to optimize your molecule at the same level!

. 1394676608187
. 1431943032587
.9775381677168

)

2231522351565
.8571489137580
.8571196861893
.4586264688194
.5506969112630
.1910011723471
. 1909953759585
.3953014469416
.0743891017157

aigm_wb97x631gp@cc as:

. 0000009660331
. 8839209229985
.8839423252131
.0000176008701
. 0000006009490
.8856982674255
.8857037188954
.0000014007109
.0000106653069

MLatom.com
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o Infrared spectra from MD

Long MD trajectory is needed!

B,
W

Power spectrum:

P(w) x j(v(f)v(t + 1))ttt _Autocorrelation function of velocities

IR intensitieS'

P(w) < w tanh

e R G

Fast Fourier transform of the autocorrelation function of dipole moments

L. Zhang & Y. Hou, F. Ge, P. O. Dral, Phys. Chem. Chem. Phys. 2023, 25, 23467 & 10
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O Example ML-spectra-2.

Calculate IR spectrum of ethanol molecule with MLatom from an MD trajectory which was calculated at Al 0.5 time step.

vel & 0S

1. How does the spectrum compares to the spectrum from static calculations?
2. Compared to experiment, what are the major qualitative differences?

Input file:

MD2vibr
trajH5MDin=ethanol_traj.h5
dt=0.5

start_time=0
end_time=10000
autocorrelationDepth=1024
zeropadding=1024
output=ir

requests vibrational spectra from
file with MD trajectory in h5md for
time step of trajector. ]

HOH R HH B H R
O NSO LN WN K

Auxiliary files:

—+
>
o
-
o
~
-
o
X
%

After calculations finish, you will find ir.png with the plot of the infrared spectrum.
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MD2vibr # 1. requests vibrational spectra from MD trajectory
trajH5MDin=ethanol_traj.h5 # 2. file with MD trajectory in h5md format
dt=0.5 # 3. time step of trajectory; unit: fs
start_time=0 # 4. use trajectory starting from @ fs
end_time=10000 # 5. use trajectory ending at 10000 fs
autocorrelationDepth=1024 # 6. autocorrelation depth; unit: fs
zeropadding=1024 # 7. zero padding length; unit: fs
output=ir # 8. output infrared spectrum
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Long MD trajectory is needed!

IR intensities:

ethanol

P(w) < w tanh (

4000 3000 2000 1000 0
Frequency, cm—1

Experiment (NIST)

AIQM1 MD &

200 ps trajectory at 300 K RX
<

L. Zhang & Y. Hou, F. Ge, P. O. Dral, Phys. Chem. Chem. Phys. 2023, 25, 23467
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MD2vibr requests vibrational spectra from MD trajectory
trajH5MDin=ethanol_traj.h5 # 2. file with MD trajectory in h5md format MD2vibr # 1. requests vibag tra from MD trajectory

dt=0.5 # 3. time step of trajectory; unit: fs trajHSMDin=ethanol_traj.h5 # 2. h5md format
start_time=0 # 4. use trajectory starting from @ fs dt=0.5
end_time=10000 # 5. use trajectory ending at 10000 fs start_time=0
autocorrelationDepth=1024 # 6. autocorrelation depth; unit: fs end_time=10000 .
zeropadding=1024 # 7. zero padding length; unit: fs autocorrglatlonDept : depth; unit: fs
output=ir # 8. output infrared spectrum zeropadding=1024 ing length; unit: fs
output=ps
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nitial | ||| '3 ML | final ML
> new . simulate converged?’ :
data boints potential potential

Models

only ground state

+ excited states ML models @
HF, MP2, CC B3LYP PM6, GFN AlQM ANI-1x, ANI-2x ANI, PhysNet, DPMD KREG, sGDML,
ADC(2), CASSCF wB97x AM1, ‘3 QM FT ANI-1cex DeepPot-SE, MACE KRR-CM, GAP-SOAP MLatom.com
DFT*
| | |
ab initio] se irical pretrained [ training-needed ]

" = e N s R
Y.-F. Hou, L. Zhang, N & °| e
pX & ° &
Q. Zhang, F. Ge, \2/— 4 —— o
P. O. Dral, Hp) = El) L oomz2+ | | nns | | pa | o ° &&‘
arXiv:2404.11811.

QM methods J KQM/ML methods / \Neural Networks/ Q(ernel methods/ &, 15
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< 1000 training points with ANI potential

(a) oo A (b)2s-
- - ient=0.999
g
=
>
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.45
5,
2 0.6 -
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=
()
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—— Reference |
10- Eetive ‘ -0.5 0.0 0.5
: e 0 Error of energy (kcal/mol)
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thanol spectra &
@\9
&

Y.-F. Hou, L. Zhang, Q. Zhang, F. Ge, P. O. Dral. arXiv:2404.11811. & 16
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Machine learning UV/vis absorption spectra
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D . 3.0
0.16 - ! T—

g /\ o n.ucllear e.nsemble
O 0.14 8 2.54 — singie point
)
re Q
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Nuclear Ensemable Approach (NEA) calculates cross Compared with the single point convolution, NEA
section by averaging| over  multiple normalized correctly predicts absorption intensity for

broadening functions at different conformations forbidden transitions (example: benzene)
(marked by different colors). P 1 (E — AE,)? &
o(E) =5 Z ZAEOn<x )fon (0 exp (— ” ) N
mceok V21 (8/2)? 2(6/2) &2

R. Crespo-Otero, M. Barbatti, Theor. Chem. Acc. 2012 131, 1237 & 17



fae Quantum chemistry vs Machine learning

Conventional programming in quantum chemistry:
—— Code for molecular orbitals

—— (Code for excitation energies

—— (Code for oscillator strengths

—

Machine learfnifgWin principle - adaptations required!):
—— [ he same code for all above

| T |

MOs excitation energies Oscillator strength
Training data &




N QM calculations are needed to
simulate spectrum

| 2ER

?

4 f(Rh ‘
R _i: P

J

QMg @
a ’é\

P. O. Dral, M. Barbatti, Nat. Rev. Chem. 2021, 5, 388 & 19




uuuuuuuuuuuuuu
ccccccccccccc

ML-nuclear ensemble approach (ML-NEA) @

N QM calculations are needed to

simulate spectrum With ML, only M <V

QM calculations are needed

BER) _ P AE
4 - . H
. N f(R)4 5 :0(A ; 4 JR), * éa(AE)
i j :E E . E; : E
Q.
o, ﬁ.\ o b1 o
ML < - b
ML = R
o°<°

P. O. Dral, M. Barbatti, Nat. Rev. Chem. 2021, 5, 388 & 20
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ML-NEA

Learned properties:

« excitation energies 1 QC calcuiaf®ns /\
AEq, (X;) ey el e\
« Oscillator strengths j’l \*\
fon (%) / \.\
0.02 J{ |
*21 QC calcHlations 000 ‘ | Ly HL/\
0.10 - ' 500 525 550 575 6. 625 6.5
0.08 Machine learning (ML)
0 simulates high precision

cross sections ¢(E) using
large ensembles (NV,=50000)
with small fixed broadening
parameter 6=0.01 eV

0.04 ~

0.02 ~

Il |
Jum

0.00 M | | | le Ll

4.75 500 525 550 575 6.00 625 650 675

Nfs
me?h 1 (E — AEpy)* <
o(E) = 2mceoE Z Z AEon (X)) fon (X7) \/27_[(5/2)2 exp <_ 2(5/2)2 )

B.-X. Xue, P. O. DraI, M. Barbattl, J. Phys. Chem. A 2020, 124, 7199-7210 & 21
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Ntr

f(Xi) = 2 ajk(xi,xj)

J=1

1
202

k(xi,x]-) = exp (—

(o is the kernel width)

Analytical solution for the regression coeff

The KREG model

Ny

2.

the Gaussian kernel function T

R4
R

)

RE descriptor

(xi,s - xj,s)2>

S

cients a given N, training points

fe(x1,%1) + 4 k (Xl’thr) a1 Y1\ 1is the regularization parameter
: : =\ : ensuring transferability
k (thr,xl) k (thr, thr) + 1) \tr IVer
The KREG model (Kernel ridge
(K + \Da =y regression  [KRR]  with RE
A W\l for tuning descriptor and the Gaussian
- 7 kernel function; RE descriptor
- -ﬂ 14
Sub tram@VElldate' hyperparameters stands for Internuclear distances
‘l, Relative to Equilibrium) to
) complete all the ML tasks. &
Train &°
&
P. O. Dral, A. Owens, S. Yurchenko, W. Thiel, J. Chem. Phys. 2017, 146, 244108 ¥ 22
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tamen s Automatic selection of training points
0.4 ®
Optimal _number of training points can be
0.3 determined automatically using iterative
procedure that stops after the relative
0.2 - change in ML«alidation errors drops below

the threshold (typically rRMSE < 0.1).

rRMSE

RMSEgeom(Ntr) - RMSEgeom(Ntr — Nstep)

rRMSE =
RMSEgeom (Ntr)

0.11 R
0.0

-0.1{ |P 2Ns [T Ns
RMSEgeom(Ntr) = RMSEAEOn(Ntr) 'RMSEfOn(Ntr)
=1
—0.2; |
0 250, 500 750 1000 1250 1500 1750 20( o
Number of training points &

B.-X. Xue, P. O. Dral, M. Barbatti, J. Phys. Chem. A 2020, 124, 7199-7210 ¥ 23
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e Machine learning single-photon absorption spectra
initial geometry. r_;____—____._._.____\ _____ 7 “| _.:
input files for ’ 1 Geometry optimization & €q.Xxyz / I
b QC calculations . frequency calculations ) freq.out : :
T - — ‘, -
| . _ . Newton-X'sampling fram| fa! !
NZ SN i Lo o0k geometries Wigner distribution b |
11 e 11 . »
. / Lo Mario
: : Ntr = Ntr + 50 | A} QC calculation -’/ QC E, fdata /L : : Barbatti
I 7 I
. l -
o 11
i | ML training 1
1A o1
I 1o
1 | ! I
[ o1
: : rRMSE ML model [
I
t .
- calculation o Bao-Xin
Lo Lo Xue
1o | | y 1o
11 . o [ ML 11
I ML E fdata predicting I
L A o
ML-NEA method: B.-X. Xue, P. O. Dral, M. Barbatti, J. Phys. Chem. A 2020, 124, 7199-7210 \.00
Implementation in MLatom: P. O. Dral, F. Ge, B.-X. Xue, Y.-F. Hou, M. Pinheiro Jr, J. Huang, M. Barbatti, &7’

Top. Curr. Chem., 2021, 379, 27 & 24
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Two different mesium-sized ensembles

T o195 | — TD-50K of the same size (500 points) sampled
S —— 1-TD-500,6=0.01 : : . : :
S 0150| — 17D:500,6-005 b fr_om a Wigner distribution give very
. different spectra at,QC level
%0100
cC i
2 0.075 v 0.14] — TP-50k
o 5 — 1-ML-500
o 0.050 E 0.12{ — 2-ML-500
n (@)
o 0.025 E 0.101
@)
0.000 " " " - : : o~
50 52 54 56 58 60 62 64 6. <L 081
Energy, eV c
~ 0.30] 2 0.06-
Im —— TD-50k O
S 5] — 2-TD-500,6=0.01 @ 0.041
o | — 2-TD-500,6=0.05 0
° 8 0.021
€ 0.201 5
< 0.00 , : : . : ; ,
<L 150 50 52 54 56 58 60 62 64 6.6
S Energy, eV
g 0.10
- ML trained on both QC ensembles
u 005 . . . .
g e, considerably improves precision of spectra s
00 52 54 56 58 60 62 64 66 that are very similar to each other 0\9
Energy, eV b‘

B.-X. Xue, P. O. Dral, M. Barbatti, J. Phys. Chem. A 2020, 124, 7199-7210 * 25
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‘XACS The error of ML vs reference QM is smaller than

v the error of QM vs experiment B
1.8 -
— 3.5 | — ex : N
: periment X

| — experiment D 1.61 C
O v - -
O — ML-250 — N SN
Q O
S 2.5 c 1.2- ,
~_ 2.0 L |
oL -
= g 0.8
o 1.5 =
S 0.6
O 1.0- &
Q 1. 7 0.4
n (V)]
£ 0.5 O 0.21
O ~ 0.0

A 5.0 5.5 6.0 6.5 7.0 | ] y ° °

: - - - - - Energy, eV
Energy, eV
o°<°
0\0
&

B.-X. Xue, P. O. Dral, M. Barbatti, J. Phys. Chem. A 2020, 124, 7199-7210 ¥ 26
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Black-box implementation into MLatom
4.0 — ML-2k
—— ML-100
321 — TD-100

3.0 {38 atoms and 30 excited states

Only 100 training points are suificient!
2.5 {ML training and predictions are very fast
(minutes)

2.0 1

‘ N ‘ MLatom.com

Cross«section, A2 molecule™?

| 1.5 |
01
N/} 1.0
newtonx.org 0.5 -
2
0.0 - : .
ML-NEA i ilable i 3 4 > . /
- is available in o
MLatom interfaced to Newton-X Energy, eV . 0\59

B.-X. Xue, P. O. Dral, M. Barbatti, J. Phys. Chem. A 2020, 124, 7199-7210 & 27
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o

N w
(%) o
1

N
o
1

=
o
1

Cross section, A2 molecule!

0.0 +

—— ML-NEA-2k
1 —— ML-NEA-200
—— ML-NEA-250
—— ML-NEA-300

cross-section
Nexcitations=30
deltaQCNEA=0.05
NQMpoints=2000

3 4

O

Cross section, A2 molecule!

Black-box implementation into MLatom

ensemble-50k

ensemble-150k
ensemble-200k
ensemble-300k
ensemble-400k
ensemble-500k
ensemble-1M

=0.05
50000




O Example ML-spectra-3.

The following task is from our book chapter.

MLatom input file:

cross—-section \
Nexcitations=30
pLlotQCNEA

plotQCSPC
de1taQCNEA=0. 05

el). These & data are zipped. You should unzip them

.

These calculations require many data files (reference excitation energies at
and upload all of them as auxiliary files to the cloud.

Create input file and submit the job in the File Manager.

nines the minimum required number of training points, in this case it
d that it took 4 iterations to converge:

Calculations can take more than 5 min. MLatom aut
needed 200 points for precise spectrum. In the out

run ML-NEA iteratively for spectr _ in_iter ) started at Wed Dec 1 12:00:19 2021 CST
ML-NEA iteration 1: t L 0.06717941145022376; rRMSE = 1.0

= 0.09043318436728051; rRMSE = 0.25713761026721255

0.410580813729204

ML-NEA iteration 3: tra 150; RMSE_geom 0.06411060145373663; rRMSE

ML-NEA iteration 4: train_} 200; RMSE_geom 0.0695737045717655; rRMSE = 0.07852252732055763 CSQ'
ML-NEA iteration ended after 4 iteration! e§g>

run ML-NEA iteratively for spectrum generation ( ML_train_iter ) finished at Wed Dec 1 12:08:01 2021 CST |||| total spent 462.02 sec eﬁf 29
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sigma/A"2

.00000000
.00000000
.00000000
.00000000
.00000000
.00000000
.00000001
.00000003
.00000009
.00000026

. . . 00000062

. . .00000128

. . . 00000224
~——

Note: You can also plot raw data from &
*.dat files with Origin or Excel A

v 9 2022042208133744410170
73020903190853930.err

PEEERAMLLLEEED
S0 ®

Spectrum p
section/plot.
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Q304
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8 —
v o = 2.5-
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&
~N 2.
o<
€15
1.0
Spectrum p 0.5 -
section/plot.
Note: You can a 0.0 '

*.dat files with Origin or Excel

Energy, eV
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— 4 4 DE/eV lambda/ng sigma/A"2
v 2022042208133744410170 4.8205 257.: 2.00000000
73020903190853930.err 4,8225 257.0¢% ). 00000000
: 256. ).00000000
73020903190853930.inp \
256. 88T 9.00000000 Spectrum plotted for you in
- 73020903190853930.log 56.7744 0.00000000 cross-section/plot.png
> o [ — 56.6681 0.00000000
_ 256.5619 0.00000001 Note: You can also plot raw
Ccross-sectiongmisned. 256.4558 9.00000003 data from *.dat files with
» N 256.3497 0.00000009 Origin or Excel
> @ on @' : 4.8385 256.2437 0.00000026
sction spc.dat 4.8405 256.1379 0.00000062
= 4.8425 256.0321 0.00000128 &
= plot.png 4.8445  255.9264 0.00000224 ®

\*
\ Ko
35



XACS

Xiamen Atomistic

Computing Suite

XACScloud.com

Cross section, A2 molecule™

O
o

w
o

= = N N
o 9y o w
| 1 1 |

-
&)

Energy, eV

TETTT MR R TRT TR T TR TR T TR TR TR TR TR e

Spectrum plotted for you in
cross-section/plot.png

Note: You can also plot raw
data from *.dat files with
Origin or Excel
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predict
properties

—>

improve i~

analvVze data

‘»
; cgr?*lr;eorjﬁils NEICHELS

P. O. Dral, M. Barbatti, Nat. Rev. Chem. 2021, 5, 388

‘ methocs
ML S—

ooooooo

A

surfaces

dynamics
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ooooooo

predict ‘

. 1-‘
properties ‘ SPECtia

improve i+
methods

ML \

aNalVze data dynamics

‘»
; Cg;r;eorjf‘zs materials
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A ML two-photon absorption

XACScloud.com

MLatom.com

\BP-Aeq i rsson, CC BY-SA 4. 0/ Here we show how to calculate TPA cross section for RHODAMINE 6G and RHODAMINE 12
\ - )

\ 7 file mltpa.inp:

. MLTPA

Excited state , , @
SMILESfile=Smiles.csv
auxfile=_aux.txt

MLatom.com

olecules with MLatom input

gy

- '
jith SMI%S of molecules: X O’

Fluorescence
(1)2 < 2(,)1 This input requires Smil¢

d

(C=C1C)C (=€ (C(=[NH+]CC)(=C302)C)C4=CC=CC=C4C(=0)0CC. [Cl-]
CC=CC=C1C2=C3C=CC(=N)(C=C30C4=C2C=CC(=C4)N.Cl

Ground state

Two-photon absorption
applications:

« two-photon

« 3D printing _ IR Oo&
« Upconverted laser Yuming Su Zhou Da Cheng Wang \

Y. Su, Y. Dai, Y. Zeng, ..., P. Zheng, D. Zhou, P. O. Dral, C. Wang. Adv. Sci. 2023, 2204902 " 36
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O Example ML-spectra-4.

Taking an example from MLatom's documentation, the input file to calculate the TPA of RHODAMINE 6G and RHOD.

INE 128 molecule ‘III'}

MLTPA

SMILESfile="
CCNC1=CC2=C(C=C1C)C(=C3C=C(C(=[NH+]CC)C=C302)C)C4=CC=CC=C4C(=0)0CC. [C1-]
C0C(=0)C1=CC=CC=C1C2=C3C=CC(=N)C=C30C4=C2C=CC(=C4)N.C1

auxfile="'

s00,850,55.4 Wavelength_lower_bound, wavelength
600,600,33.9

bound, Et30 (defines solvent)

After the calculations finish, the predicted TPA cross se ed in a folder named tpalabsolute time] . In the folder, there are two

files for two molecules: tpal.txt and tpa2.txt .

Analyze and plot the spectrum in tpal.txt.

How long time did you vp rm ulatio

Y. Su, Y. Dai, Y. Zeng, ..., P. Zheng, D. Zhou, P. O. Dral, C. Wang. Adv. Sci. 2023, 2204902 & 37



After the calculations finish, the predicted TPA cross section values are sa

molecules: tpal.txt and tpa2.txt . For our examples, they lookdike:

tpa1.txt
wavelength,predicted_sigma (GM)

600.0,285.19455
610.0,297.71707
620.0,284.11694

810.0,121.51988

820.0,116.53

Y. Su, Y. Dai, Y. Zeng,

°® tpa2.txt

600.0,138.2346

..., P. Zheng, D. Zhou, P. O. Dral, C. Wang. Adv. Sci. 2023, 2204902

files for two

&I

velength,predicted_sigma (GM)
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all-clock time: 2.41 s

Molecule 1 has much stronger TPA than molecule 2, and TPA

weakens As the wavelength increases. &°



