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Background

Energy Fomaldehyde is the prototype molecule for
studying the n — 7* type of excitation chro-
mophores. Here is a scematic presentation
of the processes that we are going to study
Eflwo in this session. R®S and RES represent the

ground and excited state minimum geome-

tries, respectively. EGS and EES are the cor-
Fadia responding energies. Eabso gfluo 5,4 gadia
are the absorbtion, fluorescence and adia-
batic transition energies, respectively.

Eabso

EGS

>
RGS RES
Geometry

From http://dx.doi.org/10.1016/j.cplett.2006.01.068

N. Runeberg SSCC19 — 19-22 March 2019 CSC - IT Center for Science


http://dx.doi.org/10.1016/j.cplett.2006.01.068

Outline

We are using Turbomole 7.3/TmoleX 4.4/TD-DFT to study formaldehyde in order to:

» Obtain the equilibrium structure of the ground state

v

Calculate the vertical absorbtion spectrum of the ground state

v

Identify and characterize the first excited state

v

Optimize the structure of the first excited state

v

Calculate the emission spectrum of the first excited state

N. Runeberg SSCC19 - 19-22 March 2019 CSC - IT Center for Science



Download and install TmoleX

Download the TmoleX GUI client from
http://www.cosmologic.de/support-download/downloads/tmolex-client.html
(Users who feel more comfortable working from the command line are of course free to
do so)

R
[runeberg@vihertikka ~]$ sh ssccis/Tmolexclient4a Linux.bin [

4 -
Theory References. Company > Support & Download News & Events Contact

You at here: COSMOgE > Support & Dowrload > Dowrloads > TmoeX Clent

TmoleX Client

TmoleX Client

n is designed o run TURBOMOLE on remote Linux/Unix systems from your local Windows,

al deskiop. Run TURBOMOLE jobis on external systems or subimit ther (0 a queuing

N. Runeberg SSCC19 — 19-22 March 2019 CSC — IT Center for Science
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ize ground state structure of formaldehyde

m

: Opti

Task 1

internal nuclear

coordinates. This initial structure place the system on the energy surface that is

We need an initial guess for the geometry specifying the 3N-6
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Launch TmoleX and

create a new project

Help

TmoleX 4.4.0 (client)

o
o

Create/Choose new project directory.

Welcome to TmoleX

Version 4.4.0 (cliert)

New to TmoleX?  We recommend to watch the video introduction first

OF  Cickon New Project and selecta directory on your local system
to start with Tmolex. Defaut wil be a new directory
called TmoleX_Project in your home folder.

e emplates_ Re:
B Projectist p
Lockin: | runeberg
= o6_0vd
[ Attenotebook [ Gabedtsé
bin =
buld [ htdoce
cosmolg = metal
cosmologicappata i mhdocs
= cscusergude [ M8
Desiten o Music
Oocuments = Nescoud
= Downloads & Notebooks
Fle Nome: /home/runebera/ac_int
Fles of Type:

Prctures

sscc_packages_2017
ssccpackages_20181

-
Py Please choose ane of the folowing options:

s

i B e profect )

Templates
o 3 Open project J

TmalexPraject

TmaleXproject 1 Online videos *How Te- J
Videos
wwp_es L TmaleX Documentation )

select | | cancel

N. Runeberg
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Define your first Turbomole job

TmoleX 440 (cient) - gc_int )
File Bdit Templates Results Extas Tools Help
%5 5 [ G5 ¥ Open 3D Molecular Builder | Jobs running locali_0/3 | remote:| 0 || Memory used for TmoleX: [ SSOMBOIIB] System:| 0.0/2076.1 M5
B ProjectList i — = > ob »— R
v & qc int i 1
B job_notRun_1 5 > o A el
| Cooras & Sym. |
| %5 import Coordinate File | [[i#Gpen 35 Molecular Builder || € Drav 20 | | M SMILES t03D | Units A+

Atomic Symmetry

Number of atoms 0

S a Constr.. Value  Start  End | Stepsi.
T Max. tolerance 001 |au|_Autodstect Symmetry

5 ' New point grou lew Point Grou

Delete Selected Atoms | pomtaronp @ \_Apely New Point Group |

Number Eloment x v z

Fixed cartesian Fixed internal

| Managejonte) |

Continue >>

A complete Turbomole job comprises the sequence:

Geometry - Atomic Attributes - Molecular Attributes - Method - Start Job - Results
N. Runeberg SSCC19 — 19-22 March 2019 CSC — IT Center for Science



Geometry: Build formaldehyde

Open the 3D builder, right-click on canvas and load formaldehyde from the library

TmoleX visualization
Fle View Edit Tools DisplayType Window Help

o o

B Q@ %% M QORS @am |\ Gradients | # vib. Modes | Kmt coords [ suiser & Orbital Viewer

IE qc_int, job_notRun_1 Qx| num
8

fatoms 0 Number of bonds 0 Charge 0.0

0.0 gimal

small_common »

Center molecule nucleobases
Clean up moleculs halogens

amino_acids

Saturate all
Re-compute bonds rings

LoD [\ Peko IDIOB N

Obiects | <nothing

selected>

Quickstart guide

select shi-cick
for ki select)

atomis)

onebond

[—

~change angies

Ruildina blacks | Atoms |
»

Set building block name

Set substitutive name

pah
Select all hydrocarbons
Paste bidentate

alcohols

misc formicacid »

OpEn to edit

leftmouse button: Click or drag to select | right-mouse button: rotate, MMB: move, wheel: zoom

Close the builder and continue to Atomic Attributes

N. Runeberg
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Atomic Attributes: Select basis set

Select the default def-SV(P) basis set

TmoleX 440 (cllen) - geint 0o
File Bait Templatss Results Exiras Tools Help

) ([} &5 %5 [ G ¥ Open 3D Molscular Builder | Jobs running local:_08 | remote:|_0_|| Memory ussd for Trolex: (RUNSNNNENEN) _Sveterm:| 0.0/8076.1 MB
v W ProjectList. N

Y s ge_int 'l

Choose Job T... b

Charge: Use from input
| Basis Sets|

Basis Functions 34

Apply Job Template

(u- | Eion | Basimser B
Basis Set for all Atoms 1 o Aot SV(P)
- 2 ¢ defSV(P)
def-SV(P) 3 H def-SV(P)
Basis for elements 4 H def-SV(P)

Show BCP.

O (deESV(P) =
H | defSV(P) =
C |defSV(P)

Basis for individual Atoms

Select items from table
or graphic viewer

Choose Basis Sets

<< Previous

Manage Job(s) |

Mass Nuclear ... | Basis fu...
159994 15
12,0110 B 15
1.0079 1 2
L0079 1 2

Continue >

Continue to Molecular Attributes
N. Runeberg SSCC19 — 19-22 March 2019
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Molecular Attributes: Generate initial guess MQOs
Generate initial MOs by doing an extended Hiickel calculation

TmoleX 440 (client) - ge-int oo
File Edit Templates Reoults Exiras Tools Help

00O [ & ¥ Open 3D Molecular Builder | Jobs running _local: 0/ | remote:| 0 || Memory used for Tmolex: [ SSMSINEE Svoiem: | 0.0/55075.1 MB
v H ProjectList |
- :

b ——

e

| Molecular Orbitals
Molsoular Orbitals

| Table | Diagram
Molecular charge o

No  Spin Sym. Energy[Hart.  BnergyleVl Deg.  Occ. HOMO/LUMO
Multiplicity Automatic (RHE/UHF) =

Fully occupied  [g )

Partly occupied  [@ ]

Fermi settings

Formi

Frozen orbitals for

Freezing point [Hartree]

<< Previous
| Managejob(s) || — )

Continue >>

Continue to Method

N. Runeberg SSCC19 — 19-22 March 2019 CSC — IT Center for Science



Method: Define your method
Select the default method (ri-dft BP86/m3)

TmoleX 44,0 (client) - qe-int
File Edit Templates Results Bxiras Tools Help

oo

Ohes

[ G ¥ Open 9D Moleoular Builder | Jobs running _ local:|_0/3 | temote:| 0| Memory ussd for Tmots: (OSBRI Sverem: | 00520701 12
TWPrmost |
qc i

Choose Job T. Charge: Use from input ~
Level of Theory | SCF Convergence | Solvation |
Level
DET ~ BUseRI Blement | Basis set | Auxiliary besis set
c deESV(P) derSV(P) -
DET settings
H def-SV(P) der'SV(P) -
Functional a5 -
o def-SV/ -
J——— = (P) defSV(P)
cosmo
UlActivate Filename [out ile format [.cosm;
Relativistics effects / Two component treatment
Activats Kramers complex DIIS g
<< Previous
| Managejob(s) || — =

Continue to Start Job

N. Runeberg SSCC19 — 19-22 March 2019
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Start Job: Define your job type

We want to do a geometry optimization of the ground state

TmoleX 44,0 (client) - qe-int

o

o

File Bdit Templates Results Exras Tools Help
i ** Open 3D Molscular Builder | | Jobe running local:| 0/3 | remote:| 0 || Memory ussd for Tmotex: [SSEBBNSNIEE svotom:| 00580761 MB

H

v B ProjectList

e int

Manage Job(s)

Choose Job T...

} — Charge: Use from input v ——— Apply Job Template ;

| start Calculation |

Job typ

Specira & Excited States b
Single Point b

Single Point Properties b
Population Analyses b
Potential Energy Scan(PES) ).
Transition State Search )
Templates )

Batoh processing b

Options
Convergencs criteria
Energy s
Gradient norm

Max. no. of cycles 50

[Uss internal redundant coordinates.

<< Previous J

Geomstry Optimization b Ground stats

1011 Hartree
|aE/dxyz] = 10! Harree/Bonr

Include weight derivatives

DFT
Functional  b-p

@R

Basisset  defSV(P)  Symmety C1
Convergence Parameter

Energy 0% Density

Use resources
Memory used for  500.0 MB

Disk o MB for HE
No. of CPUs

[EADelets soratch files after run

Save and Run
( Run (local) J
( save J

L mnewen

Continue to Run(network)

N. Runeberg
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Run(network): Setup remote job

Remote s ‘ 2 Machine/IP: taito.csc.fi

User: trainingXX

Work directory: /wrk/trainingXX/qc_int

TURBOMOLE directory: /appl/chem/TM7.21/TURBOMOLE

Number of CPUs for job(s) |1 Check remote system every 1 min

Submit with: sbatch
Check status: squeue -u $USER

Script before job execution:
#SBATCH --partition=serial
#SBATCH --reservation=chem_wed

add PARA_ARCH=MPI

add PARNODES=number of CPUs

Save Settings and Start

N. Runeberg SSCC19 — 19-22 March 2019 CSC - IT Center for Science



Run(network): Job starts

‘TmoleX 4.4.0 (client) - ge_int

oo

File Edit Templates Results Extras Tools Help

[) 0 %5 &5 | @@ ¥ Open 3D Molecular Builder | Jobs running  local:  0/3 | remote:| 1 ‘Memcw used for TmoleX: ([ ESOBEISINEY System: 0.0/8076.1 MB

v B ProjeotList

| Jobs|

Apply Job Template

D Name.
1 job.GEO_1

L Manage Job(s) J

e It 0 E

Type Start.
GEO,DFT/RI,B-P,charge 0,C1,def-SV(P),G.. Mar 15, 2019 1

Stop Machine
Running taito.csc.fi

Follow

Energy vs. Geometry cycle ((Befreen J

N. Runeberg SSCC19 — 19-22 March 2019
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Results:

The geometry optimization needed 5 cycles to reach the stationary point on the energy
surface

TmoleX 44,0 (client) - qe-int )

Fle Edit Templates Results Exiras Tools Help
Oheede

0.0/8076.1 MB

* Open 3D Molecular Builder | Jobs running  local:| 0/3 | remote:| 1 || Memory ussd for Tmotex|

int
¢ job_GEO_1

Choose Job T=.

Use from input v ——_Apply Job Template

|Jobs|
Type of Calculation Geometry Optimization Statusmos ~ Comverged | SCF Convergence | OPen Viewer
HOMO-LUMO gap 3728 eV I e T —
Status geometry  Converged ] A Gradients
Geometry Convergence critera # Vibrations
Sconvinfo

ope
energy change
geon. gradient :

actual value
actual value

-0.4453E-86 thresnold =  0.1000E-05
©.2862E-84 threshold =  0.1000E-02 L Population Properies

Dipols Moments
& AIM (Atoms in Molecules)

Energy
total energy -114.41873721126
Kinetic energy 113.44915057762
potentisl energy =  -227.86788778628
L
Gradients
1 SCF energy -114.4184569894  |dE/dxyz| = 0.016885
2 SCF energy -114.4187643913  |dE/dxyz| = 0.066723
3 SCF energy -114.4187321508  |dE/cxyz| = 0.062025
4 SCF energy -114.4187367567  |dE/cxyz| = 0.088444
5 SCF energy -114.4187372020  |dE/cxyz| = 0.068852
<< Previous
. Manage Job(s) L -

N. Runeberg SSCC19 — 19-22 March 2019 CSC — IT Center for Science



Results: Gradients

The length of the arrows show how steep the energy surface is in that direction

N. Runeberg

TmoleX visualization

(o)

(o)

File View Edit Tools

Display Type Window Help

2 Q@ %% W QOR® @[\ Gragients o vib. Modes | A Int. Coords | Builder |& Orbital Vic

N>

ol

D 1 bele

a

qc _int, job GEO 1 (gradient)

-0x

:Numbsr of atoms 4 Number of bonds 3 Charge )

CH20 30.03 g/mol

Objects | Gradient

Gradient

Arrows @visible

Arrow scale 2004

Energy -114.41846

-1.144184E2
-1.144185E2 |\

-1.144185€E2 \
-1.144186E2
-1.144186E2
-1.144186E2
-1.144187E2
-1.144187E2
-1.144187E2
-1.144187E2
-1.144188E2

10 15 20 25 30 35 40 45 5.0

s Generate new Job “ Close

J

Done

SSCC19 — 19-22 March 2019
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Results: Gradients

At the end of the geometry optimization we have reached a stationary point (gradient
smaller than a given threshold) that could correspond to:

> a minimum A

» an inflection point B

B
» a maximum C 5 {/

A

The nature of the stationary point can be deduced from the curvature (Hessian). A
positive curvature corresponds to a minimum, a negative to a maximum.

N. Runeberg SSCC19 — 19-22 March 2019 CSC - IT Center for Science



Vibrational spectrum

In order to verify that the stationary point is a true minimum (positive curvature in all
directions = positive frequencies) do a frequency calc (Reuse data by just hitting "Start
new job by using current data as input" )

TmoleX 440 ciert) - gcint oo
Sie Bdit Templatss Results Erres Tools Heip
" Open 3D Molecular Builder | Jobs running _local:|_0/3 | remote:| 0 | Memory used for Trmolex: [ESBBNE Sveem: 0050761 1B |

= -6.4453E-06 thresnold =  0.180GE-05
= 612802E-04 thrasnold =  0.160GE-02

= la.a1e73721126 ® view cos
= u3.ae015057702
- -227.s6780778828 Open Files
Output
Energy
(]
1 114.4164569804 | dE/dxyz| = 0.016885 L
2 /0 0.086723 []
3
s []
s 11414187272020 0.080652 5
What next
| Stact new job with curres input
Save as job template sage

Manage Job(s) [ )

N. Runeberg SSCC19 — 19-22 March 2019 CSC — IT Center for Science



Vibrational spectrum

N. Runeberg

File Edit Templates Results

0O

%5 %5 | e ¥ Open 3D Molecular Builder ‘_]nhs running  local:_ 0/3

TmoleX 44,0 (client) - qe_int
Extras Tools Help

oo

remote:| 0

Memory used for Tmole!

[ T

v B ProjectList
v i qo_int

 job GEO_1

B n

1 Manage Job(s) J

Method

k Atomic Attributes ———  Molecular Attributes  —— P
Choose Job Te Charge: Use from input v —— Apply job Template

Start Calculation|

Job typ

Geometry Optimization ) Ground state
Spectra & Excited States b

Single Point b
Single Point Properties p| UV/Vis and CD(vertical excitations)
NMR shieldings

Raman & vibrational frequencies

Population Analyses b
Potential Energy Scan(PES) ) .

7Y SCan(PES) P ical rotations / dynamic polarizability
‘Transition State Ssaroh b geaio porarizabitity
Templates b

Batch processing b

Options

Convergence criteria

iy 6 1011 Hartreo

CEasEninaEn 3 |dB/dxyz| = 101 Hartree/Bohr
Max. no. of cycles 50

[ Use internal redundant coordinates | Include weight derivatives

<< Previous

Method

Level DFT

Functional b-p

@RI

Basisset  defSV(P)  Symmetry cl
Convergence Parameter

Bnergy 146 Density

Use resources

Memory used for  500.0 MB
- o M8 for HF
No. of CPUS

[ Delete scratch files after run

Save and Run
Run (local)
save
Run (network)

SSCC19 — 19-22 March 2019
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Results: Frequency calculation

All calculated frequencies are positive indicating that the structure corresponds to a

true minimum.

N. Runeberg

IR spectrum /home/runeberg/qc_int/job_SP_2

o o

IED
| Graphics |Table original data | Table calo.envelope function
Unic 1em = 3
Hea If
Sta. deviation 988
Min. x-axis 610.4963 0
Max. x-axis 3438.6263 20
Frequency shift 0.0 20
20
Sampling points 129

[Broadened by O Gaussian _ Lorentzian
[Line spectra
| Calculate min max |

Intensity[kmymol]

Visual settings

Width line (Line spectra) 0.5 %0

Pell= )

2400 2500 3000

sod or Tmole [EEOOBBOBNEN _yeiem: 0050751 MB

Apply Job Template

S Orbital/Density Plot

# Vibrations

Thermochemical Properties

Population Properties

@ AIM (Atoms in Molecules)

1iem
Open Files
Vibrational Modes e
Viorational Spectrun: 5
mode etry wave number IR intensity selection rules nergy.
ne (1) n/mol R Raman B UVIVis Spectrun
1 .00 0.60000 = :
2 0.60 0.66000 -
3 0.60 0.06000 - -
4 0.60 0.00000 - -
5 0.60 0.00000 - -
s 0.0 0.0000 - i
7 s 1143089 147695 s YEs
8 a 1232.34 16.67929 vEs  ¥Es —
9 a 1499.65 4.81187 YES YES - 8
10 H 113021 165.36785 ves  ves
11 a 2777.13 72.99153 YES YES Oa U nex
12 a 2808.26 204.42638 YEs  VES Start new job with current data as input
Save s job template for further usage
<< Previous
Manage Job(s) J

SSCC19 — 19-22 March 2019
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Task 2: Vertical absorbtion spectrum of the ground state

"Start Job" -> "Spectra & Excited states"
Do for singlet states and 10 excitations

TmoleX 440 cent) - ge_int )
Filo Bdit Tomplates Rosults Bxiras Tools Holp
[ G ¥ Open 3D Molscular Buildsr | Jobs running local:_ 08| remote:| 0 Memory used for Tmolex: [ESDEISEMEN  Svstsm: 0.0/5075.1 VB

PO .
v qent i

 job_GEO_1 Chooss Job Te... b Charge: Use from input ~ Apply Job Template

ot _—

| Start Catcutation]

Job typ Method
Geometry Optimization b Level DFT
Spectra & Excited States ) UV/Vie and CD{vertical excitations) Functional  b-p
Single Point » @R

Single Point Properties b Basissel  deESV(P)  Symmetry el
Population Analyses b Convergence Parameter

Potential Energy Soan(PES) b Boergy 40 Density.

Teansition State Search b
Templates »

Batch processing b

Excited states

Use resources
Osinglet Teplet FPA- Random Phass Appror. ~ ]
e Disk o MB for HE
P s No.of CPUs
Al IRREPs Number of excited states per IRREP: 10 [ Delete scratch files after run
_ Select IRREPS
for current symmetry: c1
IRREP Py
No. of excitations 5 -
Needed for - Save and Run
[ Run (local) J
Save J
e R@ewvor) .
<< previous

Manage Job(s) (-
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Spectra & Excited states

N. Runeberg

Fils

UVIVIs spectrum /homelruneberg/qc_int/job.SP_3

o

oo

| Graphics | Table original data _Table calc.envelops function |
Unic

o

/A =

Std. deviation
Min. x-axis
Mex x-axis
Frequency shift
Sampling points

[ Broadensd by O Gaussian

ELine spsoira
Caloulate min max

Visual settings

Width line (Lins spectra)

043

3.9873

134439

00

116
 Lorentzien

05

it 2 B[

Job Template

For Tmotey: (SSBBISENER Sverer: | 00120761 M2

Open Viewer

S Orbital/Density Plot

‘Thermochemical Propert
Population Propertiss

Dip nts

& AIM (Atoms in Molscules)
NMR Shieldir

Open Files
Ouspu

Manage Jobis)

©.57353065456115E+01

©.35210750330126E 15

©.10825200083051E+62  0.85577765496071E-02
R I0RSAARIPATEIF4E) A ASTRSSATIIRARALOR

D spectrum

# Elactronic CD-sp
# excitation snergy /
o1

ectrum of job_SP_3, TRREP &
ay rotatory strength (length rep.) / 10°(-40)erg*cn™3
-+ o 6.1

Bnergy
[ UVAVis Spectrum

1:/CD Spectrum

-[12616055350060 10 - 95299007846272E12 15267
| 0/1227653B032657E 02 0.14356540414224E-69 _0.849157483741226 10

] 6.12208

6 - 6 n - 11 a7

0.39091815066590E40]  6.55321124726179E 10 - BBS6754328664E-11  0.29191971938759E- 10 6.35744

6 6.32808

6 1sEiel 6 16 16 48771110E-11  6.63488 | What next

0.1 1 30828

0.10859489128702E462 - |352001556567726 09 -.19817291851341-09 - .154750249528626-09 59394 Start new job with current data as input
6.11201796209687E462 - 128237241967568E 10 T

Save as job template for further usage

<< Provious

169991 +
>

SSCC19 — 19-22 March 2019
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Task 3: Identify and characterize the first excited state

Check output for the lowest excitation E2P° and the type of excitation this corresponds
to

TextViewer - escf.out o
File Edit
1 singlet a excitation

Total energy: 0.1465310282411775

Excitation energy: 0.1465310282411775

Excitation energy / eV: 3.987313866668139

Excitation energy / nm: 310.9467885873743

Excitation energy / cm™(-1): 32159.84336932370

Oscillator strength:

velocity representation: 0.5214305318188062E-15
length representation: 0.2185238079746286E - 15
mixed representation: 0.3375573865073740E-15

Rotatory strength:

velocity representation: 0.5231221861493721€-14
velocity rep. / 16°(-40)erg*cn®3:  0.3379621279421632€-69
length representation: 0.4565644462775598E - 14
length rep. / 10°(-40)erg*cm"3: 0.2949626222938295€ -69

N. Runeberg SSCC19 — 19-22 March 2019 CSC — IT Center for Science



Spectra & Excited states

3D-Visualizer job_SP_3

Choose Molecular Orbital(s)

| Caleulate sslsctsg 1

Sel. No Spin Sym. Energy[Ha.. Deg. Occ. HOMO/LU.. quick hig..
1z an 1za U.Liu3 : U LuMu T+ | [ 2 P
11 ab lla 0.1121 1 o LUMO +2 | & | % |
10 ab 10a 0.0463 1 (o] LUMO +1 [ & | & |
@ 9 ab 9a -0.0875 1 0 LUMO (- |
(] 8 ab 8a -0.2245 1 2 HOMO [ - |
7 ab Ta -0.3665 1 2 HOMO-1 | & | % |
=] ab Ba -0.3957 1 2 HOMO-2 | &% | 3% |
5 ab 5a -0.4395 1 2 HOMO-3 | @& | % |
4 ab 4a -0.6652 1 2 HOMO-4 | &% | 3% |
3 ab 3a -0.9634 1 2 HOMO-5 | @& | ¥ |
Choose Density and Electrostatic Properties
Sel. Plot-propertyname Plot-filename quick high-res
Excited state, density td | & Il & |
Electrostatic potential tp § E I 3 J
Electric field tf | 3 I ] J
Gradisnt of elsctric fisld tg | E I ) )
Electrostatic potential color-c..  tp_td | 3 Il & J
ELF (electron localization fun... te | @ | & J
File format O plvlplt A
View all in one View sslected Close

Select the relevant "8a" and "9a" orbitals
SSCC19 — 19-22 March 2019
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Relevant orbitals

TmoleX visualization

oo

TmoleX visualization

)

Filo View Edit Tool msmayms Window Help

in. Mcdes [ ine Coords |' Builder [ Grbital Vie

File View Edit Tools Dlsp]a‘]Wpe Window Hel

o | B nt. Coor

s [y Builder [ Orbital vie

w e [ T et B G il ) N s B
/ 3003 gimol 3003 gjmol
Objects lected> - Objects lected> -
ab e 025 1 2 H. e sa 00875 1 0 L.
Display isosurface +/- Display isosurface +/- ~
= Max [<0.5886335] 0.147% Max [<0.4555834] 01144
ﬁ 0.14° in [>0.0]
ﬁ
©00/00 e Close e Close |
Don ] Don: [

The "8a" HOMO orbital corresponds to a non-bonding (n) electron pair on oxygen.
The "9a" LUMO orbital corresponds to an antibonding (7*) orbital between oxygen
and carbon. The lowest vertical excited state is the n — 7* we are interested in.
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Task 4: Optimize the excited state structure

The geometry optimization converged to a stationary point but is it a true minimum?
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NumForce

TmoleX is not capable of doing NumForce calc’s. Hence we need to copy yhe optimized
structure to taito-shell and do the Numforce from command line.

e —— 00 b e ikl GEO L 0o
[runebergavihertikka ~]$ cd qe_int
[runebergavihertikka qc_int]s scp -r job_GEO 4 taito-shell.csc.fi:/wrk/runeberg/qc_int Software
job.start 100% 764  22.1KB/s  00:00 Available modules can be listed with command: module avail | module spider
exspectrun 100% 6030  101.5KB/s  00:00 News
start-job 100% 968  18.4KB/s  00:00
energy 100% 758 2.3KB/s  00:00 2015-05-25: Changed default slurm instance to Taito's. For example
control 100% 2271 49.0KB/s  00:00 srun now submits jobs to Taito's partitions, like parallel
Job Ended 00%  © ©0.0KB/s  00:00 instead of the oversubscribed.
start-job.out 100% 29 0.6KB/S  00:00
coord 100% 1419 25.5KB/s  00:00
slurm-41905297 . out 100% 206 6.6KB/S  00:00
job.last 100%  50KB 485.8KB/s  00:00 Your action is required: you are using more storage than your current quota allows. Quota for
GEO_OPT_CONVERGED 100% 1166 13.5KB/s  00:00 SHOME and SUSERAPPL is 250.00 GB and your usage is 259.45 GB. You have 1w4d2h57m53s time to
message.output 100% o 0.0KB/s  00:00 clean your SUSERAPPL and $HOME directory.
auxbasis 100% 1784 62.7KB/s  00:00
kill-job 100% 1020  27.6KB/S  00:00 https://research.csc.fi/taito-disk-environment
gradient 100% 5764  116.3KB/S  00:00
converged 100% 321 7.5KB/S 0000 [runeberg@c3es ~1$ cd /wrk/runeherg/qc int/job_6E0_4/
nos 100% 23KB 449.3KB/s  00:00 [runebergac3e9 job GEO_4]$ 1
basis 100% 1067 4.3KB/s  00:00 auxbasis converged exspel:trum Job_Ended  kill-job s1urm-41905297 .out
[runeberg@vihertikka qc int]s ssh -X taito-shell.csc.fi -1 runebergl] basis coord GEO_OPT_CONVERGED job.last message.output start-job
control energy gradient job.start mos start-job.out

[runeberg@c3es job_GED_4]$ module load turbomole/7.3
Turbomole version 7.3 environment loaded

For an example jobfile, see
/appl/chem/TH7.3/job-tm73-taito. job

[runeberg@c309 job GEO 4]$ cpc numforce

Copy directory: scp -r job_GEO_4 taito-shell:/wrk/<username>
Login: ssh -X taito-shell -1 <username> ( -1, letter L)
Go to directory: cd /wrk/<username>/job_GE0_4
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NumForce

D gl h-GED_Aors
https://research.csc.fi/taito-disk-environment

[runeberg@c3es ~]s cd /wrk/runeberg/qc_int/job_GEO_4/
[runebergdc3es job_GEO_4]$ 1s

auxbasis converged exspectrum Job_Ended  kill-job
basis coord GEO_OPT_CONVERGED job.last  message.output
control  energy gradient job.start mos

[runeberg@c309 job GEO 4]$ module load turbomole/7.3
Turbomole version 7.3 environment loaded

For an example jobfile, see
/appl/chem/TH7.3/job-tm73- taito. job

[runeberg@c309 job GEO 4]$ cpc numforce

File control is copied to numforce

File energy is copied to numforce

File coord is copied to numforce

File auxbasis is copied to numforce

File gradient is copied to numforce

File basis is copied to numforce

File out.cosmo does not exist

File mos is copied to numforce

File coord is copied to numforce

File forceapprox does not exist

File optinfo does not exist

File hessapprox does not exist

[runeberg@c309 job GEO 4]$ cd numforce/
[runeberg@c309 numforce]$ NumForce -ri -ex 1 &> NumForce.outal

x
File mos is copied to numforce
File coord is copied to numforce
File forceapprox does not exist
File optinfo does not exist
File hessapprox does not exist

D0 b g oh-GEO

[runeberg@c3e9 job_GEO_4]$ cd numforce/
[runeberg@c3e9 numforce]S NumForce -ri -ex 1 & NumForce.out&

[1] 35976

[runeberg@c3os nunforce]s cat vibspectrum

Svibrational spectrum

# mode symmetry  wave number IR intensity  selection rules

# om**(-1) kn/mol R RAMAN
1 a -621.32 ©.00000 YES YES
2 -0.00 ©.00000 - -
3 0.00 ©.00000 - -
4 0.00 ©.00000 - -
5 0.00 ©.00000 - -
6 6.00 ©.00000 - -
7 6.00 ©.00000 - -
8 a 840.37 4.28666 YES  YES
° a 1230.44 32.87024 YES  YES
10 a 1328.63 6.11252 YES  YES
1 a 2977.01 13.33534 YES  YES
12 a 3085.26 7.52104 YES  YES

send

[1]+ Done NunForce -ri -ex 1 &NumForce.out

[runeberg@c3os numforce]s

Windows users should issue the command: dos2unix *
Load turbomole environment: module load turbomole/7.3
Copy inputs to a new directory: cpc numforce

Go to new directory: cd numforce

Start NumForce: NumForce -ri -ex 1 &> NumForce.out&

Check results: cat vibspectrum
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NumForce

Since there is one imaginary frequency (negative force constant) the stationary
structure is not a minimum but a saddle point. Use Jmol to analyze what kind of
motion the imaginary frequency corresponds to.

runeberg@c309:/wriruneberg/c. int/job_GEO_4/numforce oo
File optinfo does not exist

File hessapprox does not exist

[runeberg@c309 job GEO 4]$ cd numforce/

[runeberg@c309 numforce]$ NumForce -ri -ex 1 &> NumForce.out&

[1] 35976

[runeberg@c309 numforce]$ cat vibspectrum

$vibrational spectrum

# mode symmetry wave number IR intensity selection rules
# cm**(-1) km/mol IR RAMAN
1 a -621.32 0.00000 YES YES
2 -0.00 0.00000 - -
3 0.00 0.00000
4 0.00 0.00000 - -
5 0.00 0.00000 - -
6 0.00 0.00000 - -
7 0.00 0.00000 - -
8 a 840.37 4.28666 YES YES
9 a 1230.44 32.87024 YES YES
10 a 1328.63 0.11252 YES YES
11 a 2977.91 13.33534 YES YES
12 a 3085.26 7.52104 YES YES
$end
[1]+ Done NumForce -ri -ex 1 &>NumForce.out

[runeberg@c309 numforce]$ aoforce2g98 numforce/aoforce.out >g98.out
[runeberg@c309 numforce]$ module load jmol

Jmol version 14.2 is now in use

[runeberg@c309 numforce]$ jmol g98.out
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Jmol
Launch Jmol using the data in g98.out: jmol g98.out

98 out - 998 (on c309) oo 12 7A-621.3200 cm -1, (on <309) )
g

Select the imaginary frequency: model 2/13

Activate animation: Vibration: O0On
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Excited state optimization, new try

Since the mode corresponds to an umbrella motion where the planar structure is
balancing on the ridge of folding the umbrella either left or right) we want to distort the
new starting structure in that direction. Open the 3D Builder, select the carbon atom
and distort it in the y-direction. Then redo the optimization.

oo
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Q@ %% s W QORIO @ ||\ cradions [ vin. Modes | int. Coords [ Builder & orbita
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Objects | Atom C (2)
Atom e
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Building blocks | Atoms
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From the "Gradients" menu confirm that this is a new stationary point corresponding
to a pyramidal structure

TiolX visaliaton oo

3003 gimol

Dusible

Ciazerais

Copy the new optimized structure to taito-shell and redo the Numforce.
Copy directory: scp -r job_GEO_5 taito-shell:/wrk/<username>
Login: ssh -X taito-shell -1 <username>
Go to directory: cd /wrk/<username>/job_GE0_5

N. Runeberg SSCC19 — 19-22 March 2019 CSC — IT Center for Science



NumForce

e kb GEO- S 0o

R — o
SHOME and SUSERAPPL is 250.00 GB and your usage is 259.45 GB. You have 1wdd1h4emsSs time to

[runebergvihertikka gc_int]s scp -r job_GEO_5/ taito-shell.csc.fi:/wrk/runeberg/qc_int
100% 764  15.2KB/s  00:00 clean your SUSERAPPL and SHOME directory.

job.start
exspectrum 100% 4690  101.1KB/S  00:00
start-job 100% 968  34.4KB/S  00:00 https://research.csc.fi/taito-disk-environment
energy 100% 608  21.4KB/S  00:00
control 100% 2272 78.5KB/S  00:00 [runeberg@c31o ~]$ cd /wrk/runeberg/qc_int/job_GEO 5/
Job_Ended 100% © 0.0KB/s  00:00 [runeberg@c31o job GEO 5]$ module load turbomole/7.3
s1urm-41910540.out 100% 164 5.8KB/s  00:00 Turbomole version 7.3 environment loaded
start-job.out 100% 29 1.1KB/s  00:00 For an example jobfile, see
coord 100% 1505  50.5KB/s  00:00 /appl/chem/TH7 .3/ job-tm73-taito. job
job.last 100% 50KB 426.5KB/S  00:00 [runeberg@c31e job GEO 5]$ cpc numforce
GEO OPT CONVERGED 100% 1166  38.1KB/S  00:00 File control is copied to numforce
message..output 00% © 0.0KB/s  00:00 File energy is copied to numforce
auxbasis 100% 1784  63.6KB/S  00:00 File coord is copied to numforce
kill-job 100% 1020  36.0KB/S  00:00 File auxbasis is copied to numforce
gradient 100% 4492  145.4KB/S  00:00 File gradient is copied to numforce
converged 100% 321 11.7KB/S  00:00 File basis is copied to numforce
mos 100%  23KB 369.5KB/S  00:00 File out.cosmo does not exist
basis 100% 1067  37.4KB/S  00:00 File mos is copied to numforce
File coord is copied to numforce

[runeberg@vihertikka qc_int]s ssh -X taito-shell.csc.fi -1 runeberg
File forceapprox does not exist
File optinfo does not exist
File hessapprox does not exist
[runeberg@c310 job GEO 5]$ cd numforce/
[runeberg@c310 numforce]$ NumForce -ri -ex 1 & NumForce.out&

[1] 24182
[runeberg@cs1o nunforce]s ||

Load turbomole environment: module load turbomole/7.3

Copy inputs to a new directory: cpc numforce

Go to new directory: cd numforce

Start NumForce: NumForce -ri -ex 1 &> NumForce.out&

Check results: cat vibspectrum
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Task 5: Calculate the emission spectrum of the first

excited state

The optimized exited state geometry corresponds to a true minimum. At that geometry,

redo the exitation spectrum "Start Job"

Do it for singlet states and 10 excitations

N. Runeberg

TextViewer - escfout °
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Results

N. Runeberg

Tabulate all relevant data such as RS, RES EGS EES a5 well as E2bse, Efluo padia
and E?9a,p\e

Compare your results with experimental data found in the literature

Compare your results with computational results obtained at more sofisticated
levels of theories

If you have time, apply the efficient ricc2 implementation in Turbomole on the
system

If you have time, extend the study to include solvent effects (COSMO)
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Possible issues?

» Is the basis set sufficient?

» What is the ultimate choise of functional?

» For this particular physical problem is tddft the method of choise?
» How does the environment interact?

» Should we be more careful when treating dispersion (intra, inter)?
» Relativity?

» Temperature and dynamics?
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