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1 Charge-Transfer descriptors

In Figure [1| the number of identified ICT states is plotted against the assignment threshold
using the Dcp, d®™P and S, _ descriptors for the IMOM and MOM methods. The system
under investigation is the ammonia-fluorine dimer, the XCF is LRC-wPBE and the basis is
def2-TZVP. The Dcp and d®MP descriptors produce a clearly identifiable plateau, selecting 22
ICT excitations for IMOM and 21 ICT excitations for MOM. The S, _ descriptor does exhibit
such a plateau structure, making this descriptor unsuitable for the reliable identification of
ICT excitations since the dependence on the chosen threshold is very large. In the inset, the
C. and C_ ellipsoids produced using the IMOM and MOM densities at 10 A separation are
displayed. The ellipsoids are elongated along the direction where the charge is transferred,
due to polarization of the electron density in the excited state. This effect is also present in

the reference density (see Figure 2 in the main text, panel C).
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Figure 1: Number of identified CT states vs. assignment threshold for the IMOM (panel A), and
MOM (panel B) methods. For a definition of the assignment threshold, see the main text. Inset:
iso-surface plot of the normalized C'y and C_ ellipsoids produced by Multiwfn, using IMOM and
MOM densities at 10 A separation. The isovalue is 0.0001 for C'y and -0.0001 for C_.

2 Reference excitation energies and xyz structures

Table 1: DOIs of reference ICT excitation energies and xyz structures from the literature used in

this benchmark study.

Dimer

Reference exc. energy

XY7Z structure source

acetone-fluorine (3 A)

10.1021/acs.jctc.0c00154

pyrazine-fluorine (3 A)

10.1021/acs.jctc.0c00154

acetone-nitromethane (3 A)

10.1021/acs.jctc.0c00154

ammonia-pyrazine (3 A)

10.1021/acs.jctc.0c00154

pyrrole-pyrazine (H-bond)

pyrrole-pyrazine (stacked)

ammonia-fluorine (3 A)

ammonia-oxygen-difluoride (3 A)

guanine-thymine (5’-TG-3’)

10.1021/acs.jctc.0c00154
10.1021/acs.jctc.0c00154
10.1021/acs.jctc.0c00154

10.1021/acs.jctc.0c00154

10.1021/acs.jctc.0c00154 | |10.1021/acs.jctc.0c00154
10.1021/acs.jctc.0000154__10.1021/acs.jctc.0c00154_
10.1021/acs.jctc.0(:00154__10.1021/acs.jctc.0000154_
10.1021/acs.jctc.0000154__10.1021/acs.jctc.0(:00154_

10.1021 /acs.jete.0c00973| | 10.1021/acs.jcte.0c00973
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Table 1: DOIs of reference ICT excitation energies and xyz structures from the literature used in

this benchmark study.

Dimer

Reference exc. energy

XY7Z structure source

guanine-thymine (5-GT-3)

ammonia-fluorine (6 A)

benzene-tetracyanoethylene

toluene-tetracyanoethylene

o-xylene-tetracyanoethylene

naphthalene-tetracyanoethylene

anthracene-tetracyanoethylene

9-cyano)anthracene-tetracyanoethylene

9-chloro)anthracene-tetracyanoethylene

9-carbo-methoxy)anthracene-tetracyanoethylene

9-nitro)anthracene-tetracyanoethylene

9.10-dimethyl)anthracene-tetracyanoethylene

9-formyl)anthracene-tetracyanoethylene

(
(
(
(9-methyl)anthracene-tetracyanoethylene
(
(
(
(

9-formyl 10-chloro)anthracene-tetracyanoethylene

ammonia-nitrous acid (3.7, 6.1, 8.6, 11, 13.5, 15.9,
18.4, 23.3 and 25.8 A)

10.1021/acs.jctc.0c00973

10.1021/jp066479k
10.1021 /1006582012

10.1021/j100658a012

10.1021/j100658a012

10.1021/j100658a012
10.1139/v84-436
10.1139/v84-436
10.1139/v84-436
10.1139/v84-436
10.1139/v84-436
10.1139/v84-436
10.1139/v84-436
10.1139/v84-436
10.1139/v84-436

10.1021 /acs.jctc.5b00456

10.1021/acs.jctc.0c00973

10.1021/jp066479k

10.1021/ja8087482

10.1021/ja8087482

10.1021/ja8087482

10.1021/ja8087482

10.1021/ja8087482

10.1021/ja8087482

10.1021/ja8087482

10.1021/ja8087482

10.1021/a8087482

10.1021/ja8087482

10.1021/ja8087482

10.1021/ja8087482

10.1021/ja8087482

10.1021/acs.jctc.5b00456

10.1063/1.4928736

10.1021/acs.jctc.0c00154

beryllium-fluorine (3.5, 4.25, 5, 8, 10 A) this work
ammonia-fluorine (3.5, 4.25, 5, 8, 10 A) this work
tetrafluor-ethylene-ethylene (3.5, 4.25, 5, 8, 10 A) | this work

10.1021/acs.jctc.5b00456

The xyz structures for the beryllium-fluorine, ammonia-fluorine, and tetrafluor-ethylene-

ethylene dimers were prepared by shifting one of the dimers in the structure indicated in the

references.
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3 Discussion of the singlet-triplet energy gap in ICT ex-
citations

Consider a system of two atoms, A and B, positioned at a large separation distance and two
electrons, 1 and 2. Consider further a set of two localized MOs {1, 2}, such that one is
centered on atom A and another is centered on atom B.

We start by defining the wavefunction for the electronic ground state, which consists of

a Slater determinant constructed from the doubly-occupied ¢; molecular orbital.

T2 '

\Iles(l,2):i p1(Da(1) @1(1)B8(1)
p1(2)a(2) ¢1(2)8(2)

>

- % (DL, (2)8(2) — ¢,(2)al2),(1)B(L)]

By exciting one electron from ¢, to ¢o the following singly-excited determinants D; to

D, can be constructed:



Since Dy and D, are not spin-separable (they are not eigenfunctions of the spin operator

S), their normalized linear combinations are the lowest excited singlet wave function or part

of the excited triplet manifold, respectively
1
\I/Tl —_ = (D2 + D4)

V2

1
Vg, = —= (D2 — Dy)

V2

One can factor out symmetric and anti-symmetric spin functions, respectively. The three

triplet microstates (D, D3 and Dy + Dy) are characterised by the spatial function

1

wpeel(1,2) = 7 [o1(1)ea(2) — ¢1(2)e2(1)] -

and hence, they have the same energy. The singlet state Dy — Dy (S7) has the following

spatial function

PP (] 9) = % o1(Dg2(2) + ¢1(2)02(1)]

The energy expectation value can be calculated as

(U H|U) = E

with H being the standard quantum-chemical Coulomb Hamiltonian. Using standard
notation for Coulomb- and exchange integrals, we evaluate the energies of singlet and triplet

determinants to

Eg =¢e1+e3+ Jia+ Kio

and

Epn =e1+ea+ Jig— Kia.



The singlet-triplet energy gap is simply a function of the exchange integral
AEST = 2K12 .

Since K4 is given by

K12 = (¢}(1ga(1)] i 3(2)01(2)) |

we see that this term vanishes when the molecular orbitals do not overlap which is the case
for localized fragment orbitals at large separation distances.

In the special case of inter-molecular CT this means that A Fg7 = 0, meaning the singlet
and triplet states are degenerate.

The same is true for a many-electron Hamiltonian and wave function which is numerically
confirmed by a computation of excitation energies as shown in Fig. [2|

Here, the 20 lowest-lying singlet and triplet excited states were computed for the ammonia-
fluorine dimer at various separation distances using the TDA method, LRC-wPBE XCF, and
def2-SVP basis set. The ICT states were selected by comparing the Dcr descriptor to the
donor-acceptor distance Rpa, as explained in the manuscript. TDA produces identical exci-
tation energies for all singlet and triplet states for all ICT excitations. The same holds true
for the IMOM method. In Figure |3 the 5th-lowest-lying ICT state was computed by using
a spin-broken determinant (panel A), to approximate the singlet wavefunction, and a triplet
determinant (panel B). Converged calculations show no significant difference for the singlet

and triplet energy at each distance.
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Figure 2: Excitation energies of the ICT states in the ammonia-fluorine dimer at various separation
distances. The ICT states were selected among the 20 lowest-lying singlet (panel A) and triplet
(panel B) excited states.
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Figure 3: Excitation energies of the 5th-lowest-lying ICT state in the ammonia-fluorine dimer at
various separation distances using IMOM. The ICT states were computed by using the gound-
state MOs guess and the dominant configurations from the TDA calculations. Panel A shows the
energy computed for a spin-broken determinant, whereas panel B shows the energy for a triplet

determinant.



4 Calculation of a large supramolecular system

As mentioned in section 3, we tested CPU times on a supramolecular system previously

investigated by Clever et al..

Figure 4: Balls-and-sticks representation of the supramolecular system computed to test the CPU
times.
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1.65254
2.01525
1.67033
1.79117
2.05112
.13541
.85136
.28136

NolE G s T )

.28741
—7.26338
—7.93095
—7.47450
—6.07018
—5.56999
—6.26592
—6.30563
—7.51328
—8.02239
—5.65016
—6.19695
—7.39468
—7.65353
—8.82013
—4.65274
—4.73178
—7.82333
—8.92577
—5.37587
—5.55474
—4.98966
—4.76572
—4.07154
—4.36181
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.64055
.25982
.68472
59739
.31839
.20467
.18918

—0.48847

1
1

2.

43236
.61159
.72551
.09085
.88782
.29284
.38172
.48293
17452
.87154
47981
.14366
.84554
.10015
33308

—0.27518

—0.07818

2.
2.

o o o

37901
44848
.76258
.09091
.02986
.64463
.b1588
.95571
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—7.31086
—8.54366
—9.70124
—9.61516
7.16924
9.47455
8.27349
9.47542
—8.57739
—10.66719
10.41066
8.24052
—8.43678
8.33644
—10.50665
—6.37310
6.26750
10.40291
—0.20558
—0.10403
—0.22422
—1.23393
0.20025
0.34733
—0.82412
0.74888
0.62113

—2.68253
—4.72725
—3.98849
—2.61324
—2.97998
—3.03683
—5.08181
—4.41029
—5.79571
—4.46589
—4.93835
—6.14680
—1.98567
—2.34802
—1.99831
—2.12982
—2.37846
—2.47378
—8.17537
—5.60723
—9.61153
—9.96463
—9.81702
—10.10800
9.65797
9.77467
9.48456
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33172
57355
43765
.26364
.74406

o o o o o o

79637
1.09333
1.00368
71751
.46803
1.09509
1.26108
.21819
67568
.15633
.28030
63123

o o o o o o

.72301

—_

.18251
—0.49410
1.42435
1.39769
2.38482
0.66821
1.42030
0.66855
2.38686
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