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Theory

Implementation

The implemented restraining potentials that act on Wannier centres can be invoked in our modified CPMD
code by using the following keywords:

WAN POT {EXCI}, {LINE, REL}

Activates restraining potentials acting on Wannier centres.

The following lines contain the number of restrained centres N.
This is followed by one line per centre containing the index of
the centre I_i, the force constant K_i and the equilibrium
position X_i, Y_i and Z_i.

N

~1, K1, X1, Y 1, Z_

I 2, K2, X2, Y 2, Z_2

I_N, KN, XN, YN, Z_N

The keyword EXCI is used to restrain the c.o.m. of the specified
orbitals instead of the individual orbitals.

The keyword LINE defines a reaction coordinate as the lien connecting

the c.o.m.s of two groups of atoms, read from the next lines. The line
containing the number of atoms M is followed by two lines, each containing
M indices of the atoms AT_i comprising the respective group. The number of
atoms in each group has to be the same.

M

AT 1, AT_2, ..., AT_M

AT M, AT M+1, ..., AT_2M

note: if LINE is specified, only the X coordinate of the orbital
restraining input is used and corresponds to the 1D reaction coordinate.
The lines specifying the groups of atoms have to appear before the lines
specifying the orbitals.

The keyword REL indicates that the specified X, Y and Z coordinates are
to be taken relative to the c.o.m. of the molecule.

“ Institute of Solid State Theory and Center for Multiscale Theory and Computation, Westfdlische Wilhelms-Universitdt Miinster, 48149 Miinster, Germany
* E-Mail: nikos.doltsinis@wwu.de



Example input for a simulation of Di-P3MT with an intermolecular distance of d = 4.0A and an exciton
restraint at &.¢ = 0.5 with force constant Kz = 0.2a.u.:

&CPMD
RESTART COORDINATES WAVEFUNCTION VELOCITIES NOSEP LATEST
QUENCH BO
MOLECULAR DYNAMICS CP
ROKS
SUBTRACT COMVEL ROTVEL
100
NOSE IONS
300 2500
CONVERGENCE ORBITALS
1.0D-7
MAXSTEP
10000
VDW CORRECTION ON
TRAJECTORY XYZ
TIMESTEP
4.0
EMASS
400
PCG MINIMIZE
ANDERSON MIXING
0.4
BROYDEN MIXING
0.5 350 0.01 5 50
REAL SPACE WEN KEEP
DIPOLE DYNAMICS WANNIER
WANNIER REFERENCE
-1.09389937 1.63228834 -1.33474410
WAN POT LINE EXCI
5
2 16 17 18 19
7 47 50 52 54
2
152 0.2 0.5 0 0
153 0.2 0.5 0 0
NOSE ELECTRONS
0.07266 30835
NOSE PARAMETERS
412 4 9 91
&END

&VDW
VDW PARAMETERS
ALL GRIMME
S6GRIM
PBE



&END

&DFE'T

FUNCTIONAL PBE
GC-CUTOFF

1.0d4-06

&END

&SYSTEM

ANGSTROM
SYMMETRY

8

CELL ABSOLUTE

28.0 19.0 16.0 0.0 0.0 0.0

CUTOFF
70

&END

&ATOMS

CONSTRAINTS
RESTRAINTS

20

DIST 1 37
DIST 1 38
DIST 2 52
DIST 2 54
DIST 3 45
DIST 3 48
DIST 4 58
DIST 4 59
DIST 5 44
DIST 5 46
DIST 6 32
DIST 6 33
DIST 7 17
DIST 7 18
DIST 8 12
DIST 8 13
DIST 9 26
DIST 9 27
DIST 10 21
DIST 10 22

*S_MT_PBE.psp KLEINMAN-BYLANDER
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-5.335231780
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END CONSTRAINTS
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.154891010
.749285940
.707389830
.767149930
.899220470
.114495990
.521377090

6.570835110

*C_MT_PBE.psp KLEINMAN-BYLANDER

.155884980

LMAX=P

50

.874449970
.204583170
.573928830
.375994210
.286045070
.577074050
.171637060
.746613980
.028003000
.379547000
.898998020
.359126090
.920820000
.138638020
.236975190
.613279820
.941484930
.722219940
.575149060
.127130000
.793631080
.628850940
.979931830
.287369730
.211100580
.634658810
.632522110
.285267830
.840561870
.974861030
.993988040
.372260090
.458715920
.159602170
.959895010
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.473258970

3.773463010
2.178613900
0.075252000
0.617493990
2.084117890

w

.790813030
.667284010
.074179050

.745059010
.418550010
.186097990
.261808990
.792075990
.369817970
.664936070
.964303020
.793148040
.574078080
.300623060
.222293020
.515064950
.049197000
.988991020
.209552760
.586558820
.520988940
.880370140
.326170920
.387627960
.606873040
.207859990
.847692010
.007792950
.666568040
.525336030
. 764431000
.803650020
.336192130
.204517010
.406823990
.617160020
.986698990
.309834000
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.543528020
.844807030
.470875980
.298076000
.419254060
.438569070
.656286950
.238698960
.682812930

.205227000
.057818000
.042138000
.239333000
.005262000
.209962990
.012140000
.110022000
.430754010
.804162980
.095988040
.303204060
.107223030
.567415000
.053235050
.539502980
.590417980
.997673990
.189546000
.101273000
.187169000
.030308000
.120676000
.224316000
.129824000
.425749060
.511876110
.406761880
.349548100
.476720090
.610390900
.507960080
.421325920
.238550900
.153410910



.737346170
.025558950
.334530120
9.779477120

0.413169000
1.634381060

.184770940

4.184713840
0.165864010
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.632453920
.546776060
.061333660
.391747950
.788088800
.882437230

LMAX=S

44

.794714930

1.228734020

.956309800
6.109857080
.901228900
.291023250
.859721180
.907106880
.805831910
.421809200
.608825920
.601396080
.853308920
.653570180
.398876910
.894051070
.756429020
.361420990
.815141020
.348604200
.811037060
.085174560
.236441140
.190630910
.113020000
.908233880
.964516640
.378059030
.703443530

1.659250020

0.596826970
3.521044970

.333483930

1.229241010
1.921005010

0.468039990

2.438637970

.127358000

2.390120030

.913964030

2.767497060
1.322901010
1.611106990
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0.017299000

.427817110
.420278010
.927837850
743627010
.387005810
.329580990
.896348950
.421339990
.522388940
.707510950
.744006990
.860261020
.714490060
.265920010
.893908980
.107968000
.428903100
.491393090
.136998180
.117567060
.503631110
.545306210
.516863110
.704555990
.240645890
. 772619960
. 746366020
.376661780
.466135030

.248464110
.397618060
.045892000
.341984990
.109694960
.976475000
.017817020
.835052970
.911797050
.791980980
.877405880
.005594020
.295440910
.405026910
.864794970

.161617040
.025782940
.130265000
.198608000
.405259010
.125443990
.012611000
.074329020
.332150010
.602671030
.885100010
.861608980
.092016000
.458266970
.370954040
.754801990
.539134030
.118162990
.150480000
.774276970
.786656980
.528662980
.477528100
.580482960
.887495040
.426052090
.392087940
.210920100
.745049000



-7.360874180 2.638556000 -4.309649940
3.577915910 4.597076890 -3.054653880
-2.537971020 -2.162966010 -2.645220990
0.654937980 4.295867920 -4.607505800
-6.890451910 -2.322069880 -3.084208970
-9.140380860 -4.164165970 -2.995292900
5.055496220 0.161333990 -1.155915980
9.062713620 3.175649880 -3.253566980
-10.139886860 -3.526788950 -4.396358970
0.836420000 -0.965986010 -2.595163110
-0.772214000 -2.377923010 -2.249011990
-1.377249960 -2.386991020 -3.868097070
8.508201600 0.793345990 -2.087676050
6.768142220 -0.603730020 -1.491634010
5.525424000 -0.673995020 -2.681181910

&END

Exact Exchange in ROKS
The exchange-correlation energy within ROKS is defined as""3

EROKS

2EXC [pmvprlrﬂ XC [ptavptﬁ]

for the mixed-state Slater-determinant m and the triplet determinant ¢; the spin-densities for ¢— and f—spin
are defined as:

n n—1 2
<= Y 10P, pf =T o] +]of 1)
i=1 i=1
n+1 n—1 2
* =Y 1ot P, pf =Y [of ()]
i=1 i=1

Within unrestricted Kohn-Sham (UKS) theory, the Hartree-Fock exchange (HFX) contribution of hybrid den-
sity functionals has the form
EHFX Z f‘l f] lGJ ‘]O'ZO')

7](5

with occupation numbers f¢ for spin c%in{a,} and the shorthand notation

(kD) = [ arar' 67 (r)gs(r) ——-0: (")),

[r—r|
for two—electron integrals. The HFX energy expression for the mixed and triplet densities is then

n 1 n—1
L =5 Y. (@RI

i,j=1

EHFX[
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1 n+1 n—1
E"Xpf pf) =2 ¥ (i#°15%%) — 5 ¥ P P1P#),
i,j=1 i,j=1

where all occupation numbers were set to f; = 1, as each orbital contains exactly one electron within UKS.
In the ROKS formulation all orbitals except the two SOMOs are doubly occupied and have the same spatial
wavefunction for both spins. Therefore, the expressions containing the doubly occupied orbitals can be
reduced to the restricted Kohn-Sham (RKS) formulation:

08(r) =0P () = ¢i(r) Vie {1,..,n+1}
—1 1n—l 1
éEEg)és:** Z (ijlji) — 5 Z(in|m')** Y (njljn) — 5 (nn|nn)
i,j=1 =1 2/=1 2
1n—1 ) ) 1
—5Z(z(n+1)|(n+1)z)+§(n(n+1)|(n+1)n)

i=1

n—1
~3 £ (6 D170 D)+ 500+ Dnlato-+1)

— %((n+ D(n+1)|(n+1)(n+1)).

Using the symmetry of the two—electron orbitals*
(ij1ji) = (jilij)

the terms can be further simplified:

HFX n—1 1n+1n+1 1n nt+ln+1
ERoks =— 3, (ij|ji)*§ ) Z (ij1ji) 5 ) Z (ij1ji)
i,j=1 i=1 j=n j=1li=n
n+1 n+1
—qu|u + = Z (ij]ji)
j n
i#j

or using the shorthand notation a,b € {1,...,n —1}:

ERSYs =~ X (ablba) — 3 ¥ (aklka) 5 Y- (Kalak)

a,b a,k a,k

1
2;:‘ kk|kk) + 3 kZﬂ(klUk).

N\*—*

Here, the terms containing doubly occupied orbitals (« and b) have been separated from the SOMO terms (k
and 1) for clarity. Now the occupation numbers



are explicitly substituted:

1 1 1
Epf\l(};)és __ Zz;;f“fb (ab|ba) — Zz]‘;fafk (aklka) — Zz;,fkfa (kalak)

1 1
— > Y S fi (kklkk) + = Y fi fi (Ki|1K)
2% 2

Y. fafo(ablba) + Y fu fi (aklka) + Y fi fu (kalak)
a,b ak ak

FN -

+2) fi fu (kklkk) =2 Y fi fi (kL|1K) | -
% k2l

The differences between doubly and singly occupied orbitals can be summarized in the prefactor matrix P:

HEX 1 n+1
Eroks = — Y Pjififi(ijlii)
=
with

Pn,n = In+1n+1 = 27
Pn,n+1 = Pn+1,n = _27
P =1, else.

These prefactors correspond to the Roothaan parameters for excitations without specified symmetry within
the restricted open-shell Hartree-Fock method®.

The implementation and performance of ROKS with hybrid functionals is verified by calculating vertical
excitation energies for various organic molecules. For all molecules structures were relaxed in the ground
state before single point calculations with ROKS were performed. The vertical excitation energies are then
the difference between S; and Sy energies (see Tab. . The excitation character is determined from the
shape of the SOMOs.

Table S1 ROKS vertical excitation energies for various organic molecules compared with literature results from ROKS calculations(RO-
PBE0/6-31G*®), as well as benchmark ab initio results ((d) CASPT2, CC2, CCSD und CC3 best estimates®?) and experimentally
determined energies ((b) experiment, in solution®2 and (f) experiment121),

Excitation energy AE / eV

Molecule Type BLYP PBE B3LYP PBEO Reference Estimate
Diazene n—nm*  2.68 268 287 2.88 3.54¢ 3.50
Azobenzene n—nm* 221 218 2.34 2.43 2.61¢ 2.79°
Formaldehyde n—n* 3.57 354  3.65 3.62 3.67¢ 3.884
Acetone n—n* 394 396 4.08 4.09 4.10¢ 4.404
Guanine n—a* 402 396 430 4.42 4.87¢ 4.55f
Thymine T—n" 410 4.12 4.67 4.82 4.96¢ 4.824
Cytosine n—n* 413 4.18 4.58 4.71 4.63¢ 4.664
Uracil T 425 427 4.84 4.99 5.06¢ 4.804
Adenine - 411 415 4.69 4.93 4.94°¢ 5.254

The results are consistent with previous implementations and deviations can be attributed to basis set
differences®. Hybrid functionals alleviate the usual shortcomings of ROKS especially in the case of 7 — &*
excitations.



Results and Discussion

Investigated Molecules

In the Di-P3MT system intermolecular distances are restrained by fixing the bonds between sulfur and carbon
atoms of thiophene rings which lie on top of each other. The interatomic distances ¢’ which lead to the
specified intermolecular distances d are shown in Tab.

Table S 2 Restrained S—C bond distances d’ resulting from the defined intermolecular distances d between P3MT monomers in the
Di-P3MT system.

d/A d /A
30 331
35 376
40 424
45 471
50 519

Without restraining the intermolecular distance, the monomers drift apart in longer simulations. Fig.
shows the intermolecular distance measured during a 2.9 ps simulation of Di-P3MT without restrained bonds,
but with the exciton coordinate restrained to &.¢ = 0.5. The resulting structure is shown in Fig.

o

Intermolecular distance d / A
[o)}
T

- L - | f - | - L | - L | - L - | L - | -
00 02 04 06 08 10 12 14 16 1.8 20 22 24 26 28 30

Time ¢ / ps

Fig. S1 Time evolution of the intermolecular distance from a simulation of Di-P3MT over 2.9ps. The exciton coordinate is kept at
&rer = 0.5 with a harmonic potential with force constant Kz = 0.2a.u. and no bonds between P3MT monomers are restrained.



Fig. S2 Structure of Di-P3MT after a 2.9 ps simulation without restrained bonds, but with the exciton coordinate restrained to & = 0.5.

Restraining Potentials
The effect of the restraining potentials depends on the force constant K¢, as larger force constants restrict

deviations of the exciton coordinate from the reference coordinate. Fig. §3|shows the average deviations for
different force constants.

0.06

0.04

0.02 -

Average deviation A

0.00 ‘ ‘ ‘

| | | | | | |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Force constant Kg / a.u.

Fig. S3 Average deviation of the exciton coordinate averaged over time and windows, i.e. AE = L ¥V, |(&i) — &ret;| for different force
constants K. The error bars indicate the average standard deviation ¢ = IV o

As restraining potentials acting on Wannier centres induce low frequency oscillations in the orbital system,
energy can be transferred from the ions, increasing the orbital temperature. An exemplary temperature
profile from a 1ps simulation of Di-P3MT with an intermolecular distance d = 4.0A and with Ke =0.2a.u.
and &¢ = 0.0 is shown in Fig.

10



10 7 B
5 | i
<
~ 8 -
E-\
£ 5 B
S
6 N
5
9]
& | i
9]
E 41 |
Q
=
2 | -
5 | |
=
o L i
0 ! ! ! ! ! ! ! 4

|
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Time ¢ / ps

Fig. S4 Time evolution of the total orbital kinetic energy of the from a simulation of Di-P3MT over 1ps. The exciton coordinate is kept
at &ef = 0.0 with a harmonic potential with force constant Kz = 0.2a.u. and the P3MT monomers are kept at an intermolecular distance

of d = 4.0A.

The vibrational spectrum of Di-P3MT was calculated for the un-restrained, optimized structure in the
harmonic approximation. As intensities are not calculated by default in the CPMD code, the intensities for
each mode are normalised to 1. Lorentzian broadening with a width of Aw =20cm™! is applied to the line
spectrum for visualisation (see Fig. S5).
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Fig. S5 Harmonic vibrational spectrum of optimized Di—-P3MT. The intensities for each mode are normalised to 1. Lorentzian broadening
with a width of Aw = 20cm™! is applied to the line spectrum.
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