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Methods

Semi-Classical Absorption Spectra Simulation

Absorption spectra are simulated with a semi-classical method proposed by Barbatti et al."? On the
basis of ground-state ensembles composed of N structures Ry, we can calculate photoabsorption cross

section with time-dependent perturbation theory at the first-order level

o (E) = 2mcgoz Zle (Ry) g (E — AEy (Ry), 0) (S1)

where ¢¢ is vacuum dielectric constant; ¢ is speed of light; e and m are electron charge and mass;
fu(Ry) and AE;(Ry) are oscillator strength and transition energy from initial 7 to final [ state at
structure Ry; g (E — AE; (Rg),d) is a normalized line shape function that is peaked at transition
energy AE;(Ry) and broadened by a phenomenological constant 0. In practical applications, there

are two kinds of shape functions used to model line shapes. The first one is Gaussian shape function

2\ % n —2(E — AEy)?
9Gauss (E - AEila 5) = (;) gexp ( 52 l) (SZ)

the second one is Lorentzian shape function

-1

(F - AE)? + (gﬂ ($3)

in which % is reduced Planck constant. Our group has recently implemented this method for absorption

ho
9Lorentz (E - AEih 5) = 5

spectra simulations.>® In the present work, Gaussian shape function is used for simulating absorption

spectra from ground to excited state (z = 0).

Fewest-Switches Surface-Hopping Method

The trajectory-based fewest-switches surface-hopping dynamics simulation approaches by Tully et al.”

has been extensively employed to simulate a variety of ultrafast excited-state relaxation processes in
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chemical/biological systems and materials.®'® In the following, a brief presentation is given.
Treating nuclear coordinates R(¢) as variables, the time-dependent electronic Schrodinger equation

can be written as

i (r, R(t),t) = Ho(r, R(t))¥(r,R(t), 1) (S4)

where ﬁo(r,R(t)) is the zero-order electronic Hamiltonian while r represents the electronic coordi-
nates. The time-dependent electronic wavefunction is then expressed in terms of a linear combination

of adiabatic zero-order electronic spatial wavefunctions:
U(r,R(t),t) = Y Ci(t)Wy(r,R(t)) (S5)

in which ¥;(r, R(t)) is an eigenfunction of zero-order Hamiltonian Ho(r, R(t)) at nuclear coordinates
R(t). Substituting Eq. S5 into Eq. S4, multiplying by W7 (r, R(Z)) and integrating over the electronic

coordinates, we obtain
C;(t) = —ih1C4(t Z(J )7t (S6)

where 7;;(t) = <\I/j|%\lli> is the time derivative nonadiabatic coupling between adiabatic states 7 and
J. Tji(t) can also be expressed as v(¢) - d;;(R(¢)) in which v(¢) and d;;(R(¢)) are the nuclear

velocities and the adiabatic derivative couplings, respectively. Thus, Eq. S6 can also be written as

C;(t) = —ih1C4(t Z Ci(t d;;(R(1)) (S7)

which is the central equation of the fewest-switches surface-hopping method and may describe radia-
tionless transitions between electronic states with the same spin. The fewest-switches criterion finally
yields the transition probability from state i to j as

RG(O;CJ'TZ'J’)

T (S8)
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This method has been implemented in our own GTSH package'” and widely used to simulation pho-

toinduced ultrafast processes of molecular, biological and materials systems.'8-23

Time-Derivative Nonadiabatic Couplings

The time derivative nonadiabatic couplings 7;;(¢) can be calculated from the adiabatic derivative cou-
plings dj;(R(t)) and the nuclear velocities v(¢), and there are also some analytical expressions for
d;;(R(t)).%**® In addition, there are two types of numerical algorithms available to directly compute
75;(t) in the framework of LR-TDDFT.#"?® Our present work uses the recently developed algorithm. A
brief presentation is given below, in which the subscripts {a, b, c} denote the virtual orbitals, {i, j, k}
the occupied orbitals, and {p, ¢, 7} for any type of orbitals.

In LR-TDDFT the total electronic wave function of an electronically excited state ¥ is approximately

written as a linear combination of singly-excited Slater determinants,

occ unocc

Be=303 wlys (59)

in which w’ is the coefficient of the singly-excited Slater determinant ¢)¢. The determinant ¢¢ = a/ G,
is constructed through the electronic excitation (substitution) operation of the ground-state determinant

1. Thereby, the time derivative nonadiabatic coupling 7x; = (\IJK\%LT/J), can be further written as

s = 3 (Wi o (W [88) + whw, (vf |0h)) (S10)

ijab

a

The first term simplifies to > wX*d,w; due to the orthogonality condition for the molecular orbitals
ia

(MOs) (¢p |¢q) = Opq. The time differentiation on ¥} gives
Oty =D ik} + (S11)
k#j

where ¢)¢{r}" denotes a determinant originated from ¢! but with the MO ¢, (r # p) replaced by its

time derivative 0;¢,, and z/zg/ denotes a determinant originated from ¥ but with the MO ¢, replaced
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by the time derivative 0;¢,. Therefore, the 2nd term in formula S10 becomes

o)+ (v

in which the last term above is reduced to d;; (¢, |O.®s ), while only one term with £ = ¢ and @ = b from

(e oty = > (s

k#j

wt ) (512)

sum over k survives due to orthogonality conditions ({¢, |0:¢,) = 0 for real orbitals; (¢, |dg) = 0pq)-

Then, we arrive at

<¢? ‘at¢?> = 0ij (Pa |0:06) — PijOab (@5 |0sb:) (S13)

where P;; is an additional phase factor that depends on the ordering convention for the orbitals used
in the Slater determinants.

Finally, the computational expression for the time derivative nonadiabatic couplings is written as

TKJ = Zw atwm + Zwm Wiy ¢CL ’at(bb ZPijm Wiq ¢] ‘at¢1> (514)

iab ija

in which the terms related to the time derivatives of MOs can be calculated using a finite-difference

scheme

(60104680 = 57 (6 (1) 16 (£ + ) (515)

where ¢, (t) and ¢, (t + At) represent MOs at ¢ and ¢ + At times, respectively. The corresponding

algorithm has been independently coded into a standalone module in our developed GTSH package.*?®

Fragment-Based Exciton Analysis

There are several analysis methods capable of examining the excited-state characters, intra- and inter-
molecular electron and energy transfers of complex systems and in particular the donor-acceptor systems.
One of the most popular methods is based on analyzing one-electron transition density matrices, which
can be implemented in different atomic orbital representations, e.g. nonorthogonal atomic orbitals? or

Lowdin orthogonalized atomic orbitals.*® Recently we have implemented a similar analysis method using
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Lowdin orthogonalized atomic orbital representation.> Within such, the one-electron transition density

matrix T 1o is expressed as
Tio = (S0)"* Tao (Sa0)"* = (Sa0)"? (CTmoCY) (Sa0)™” (S16)

where C and S 40 are the MO coefficients and AO overlap matrices, and T 4o and T ;0o represent the
one-electron transition density matrices in the AO and MO representations, respectively. Due to the

orthogonal property of Lowdin atomic orbitals, the transition contribution from atom @ to b becomes
Da= Y_ (Two);, (S17)

where ¢ and j are the indices of the atomic orbitals, and a and b are the indices of the atoms. Thus,

transition contribution from a fragment D to another fragment A in a system is given by

Qpa= Y Da (S18)

aceD,be A

in which D = A and D # A represent the local excitation (LE) within fragment D and the charge
transfer (CT) excitation from D to A, respectively. Accordingly, contributions of LE and CT to an excited
state of interest can be quantitatively obtained. These 254 can also be regarded as weights of different
fragment-based LE and CT excitons. Moreover, time-dependent electron and hole counts on a fragment
can also be calculated.*® The hole count on a fragment D, as a result of electron transfer from D to all

fragments A, is computed as

hp =Y Day=» Qpa (S19)

a€eD A

while, the electron count of a fragment A transferred from all fragments D is defined as

€4 = ZDab = ZQDA (S20)

beA D
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Electron-Hole Density

Electronic excitation always results in many pairs of hole and electron, which are represented as singly
excited Slater determinants ¢ in LR-TDDFT calculations (see above). These electron-hole pairs can
be described by occupied and unoccupied MO indices. However, such kind of analysis could be complex
if many pairs of MOs are involved. Instead, analyzing spatial distribution of electron and hole produced
by all pairs of involved MOs is more useful. In such scheme, hole and electron densities are written as

follows 332

P (x) = ppete (x) + plele (1) =) (wia)? i (1) 61 (1) + > ) wiawjagi (r) @5 (x) (S21)

i—a i—a jEi—a

Pt () = piet T (1) 4 plen ™ (1) = ) (wia)* da (1) G (1) + ) Y wiawia (v) (1)
i—a i—a i—b#a

(S22)

in which 3>, =37 and 3, . D itisa = Di D SOV g, is coefficient of excited

Slater determinant ¢ in an electronically excited electronic state; ¢; (r) and ¢; (r) are MOs that hole

occupies; ¢, (r) and ¢y (r) are MOs that electron occupies. In these equations, the first and second

terms stand for contributions of local and cross terms. It is clear that these two electron and hole

densities satisfy [ p"' (r)dr =1 and [ p®®“™" (r) dr = 1 due to orthonormality properties of MOs

and total sum of squares of all configuration coefficients is 1.0, which means that only one electron is

excited leaving one hole. On the basis of electron and hole densities, useful parameters to characterize
electron-hole separation can be defined, such as distance of centroids of electron and hole.

Based on density distributions of hole and electron, centroids of hole and electron can be calculated

to approximately represent positions of hole and electron. In such case, centroid coordinates X, Y, and

Z of electron can be calculated as
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Xelectron = /xpelectron (I‘) dr (523)
Yeiectron = /yp6166tron (I‘) dr (824)
Zelectron = /zpelectron (I') dr (525)

where z, y, and z are Cartesian coordinate components of electron. Similarly, one can define those for

hole.
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Additional Figures and Table

Figure S1: Spatial overlap of the minimum energy structures of ZnPc-PDI dyads optimized with (red)
and without (blue) dispersion correction.
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BN (w=0.3, beta=0.75)

S, (1.74 eV) S, (1.78 eV) S, (2.73 eV)

BN (w=0.1085, beta=0.75)

S, (1.92 eV) S,(1.98 eV) S, (2.35 eV) S,(2.48 eV) S;5(3.25 eV)

Figure S2: TD-LC-PBEO calculated photoinduced electron (in red) and hole (in blue) densities of
the lowest five singlet excited states of ZnPc-PDI with default (top) and optimally tuned (bottom) w
parameter in gas while the 3 parameter keeps its original value.

GAS (w=0.1149)

S, (2.00 eV) S, (2.08 eV)

BN (w=0.1149, beta=-0.1970)

S,(2.01 eV) S, (2.04 eV) S,(2.19 eV) S5 (2.42 eV)

S, (1.50 eV)

Figure S3:  TD-wB97XD* computed photoinduced electron (electron accumulation, red) and hole
(electron depletion, blue) densities of the lowest lying five singlet excited states of the ZnPc-PDI dyads
at the Franck-Condon point in gas (top) and benzonitrile (bottom). Also shown are their corresponding

vertical excitation energies.

S10



GAS 1

ity

0.6 |

Relative probab
o
=

0 5 10 15 | 20
AE (kcal/mol)

Figure S4: Distribution of energy differences between adjacent states ( So-Sy, kcal-mol™!) and averaged
absolute value of time-derivative nonadiabatic couplings (ps~') between pairs of related excited states
of ZnPc-PDI dyads in gas.

(w=0.1085, beta=-0.2109, without PCM)

S, (1.35 eV) S, (2.06 eV) S; (2.12eV) S4(2.32eV) S5(2.55 eV)

Figure S5: TD-LC-PBEO calculated photoinduced electron (in red) and hole (in blue) densities of the
lowest five singlet excited states of ZnPc-PDI with optimally tuned w parameter in gas while the [
parameter in benzonitrile is obtained using the OT-SRSH procedure without applying PCM model.
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Figure S6: The Fourier transformation of the relevant time dependent energy differences between S,
and S; that is relevant to the charge transfer dynamics in benzonitrile.
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1547.94 cm-"
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Figure S7: The vibrational normal modes that might play significant roles for the charge transfer
dynamics.
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Cartesian Coordinates (in xyz format)
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22.92419888
26.09181871
26.89729199
2523237014
26.41844992
2262043125
2354959056
22.01309219
22.08434654
17.59563450

1512641985

S21

-8.34499615
-9.86948188
-10.65865624
-10.34876988
-9.17820256
-8.29307407
-8.70856727
-10.17158996
-11.20823952
-8.93547218
-9.80730138
-10.92487441
-9.61928111
-11.58818317
-3.18256923
-13.83077195
-14.33559752
-14.49566962
-13.51554720
-1.95840298
-1.49979936
-2.20525793
-1.28297651
-5.33684035

-4.11704750

15.44897227
9.11268713
9.57183132

10.80331949

11.51838750

10.95494766
9.79895949
8.20754273

11.31743006

12.80367146

13.27383232

12.54017696

14.22775104

12.91695963

15.02061599
8.55722861
9.08561442
8.44049296
7.56351243

15.76989049

16.11714475

16.64398706

15.10708239
4.73902031

3.37716170
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16.92683542
14.71488722
15.84506912
13.50339719
15.78448933
13.44545884
12.63897260
14.57141785
16.65722475
12.51609421
14.49164671
19.18522522
20.31383530
21.52555764
2161119403
20.46897033
19.25730827
18.10383257
19.90291747
22.38494631
20.54931177
18.38660013
20.49886848
21.25112167
22.58897886
23.15889635
22.40993496

S22

-4.22883839
-3.57517666
-3.64498063
-3.06027481
-3.20095342
-2.61658232
-3.01002273
-2.68600670
-3.25795780
-2.20995829
-2.33179500
-6.93981931
-7.01388539
-7.53211735
-7.96502678
-7.89266766
-7.38613364
-6.36120674
-6.47594856
-7.58397074
-8.25186471
-7.34255695
-5.22530691
-5.79453840
-6.14569582
-5.91561637
-5.34769451

2.03141790
2.08089097
1.23634014
1.61987488
-0.08442426
0.29822076
2.27454629
-0.54306745
-0.72740058
-0.09108806
-1.56716223
8.34298417
7.49725801
7.95398565
9.28398541
1012138141
0.66482348
754998512
6.20110030
7.29223596
11.14310626
10.31153332
1.75017598
2.80209670
2.62127880
1.36884487
0.32114068
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21.07166168
19.15521881
20.35352624
23.16039736
2419882357
22.88503532
20.48778925
14.52894164
13.77875335
12.43937510
11.86549142
12.61252729
13.95217701
15.87432563
14.67927640
11.87004753
10.82420368
12.13469553
14.53384409
15.90431405
16.44429657
19.12607792
18.58625219
14.32425334
18.15657143
16.87224798
20.70677058

S23

-4.99611063
-4.98625855
-5.89147070
-6.58402624
-6.17882141
-5.18198342
-4.55825268
-5.37010998
-4.80346175
-4.45529741
-4.68505497
-5.24968021
-5.59866656
-5.60776867
-4.70561892
-4.02038743
-4.42471596
-5.41523087
-6.03416959
-5.19523897
-4.48738361
-5.39885299
-6.10608393
-4.21549194
-4.45417140
-6.13603563
-6.37967725

0.49886355
2.27807983
3.95337760
3.43349669
1.19608375
-0.64188331
-0.30472448
7.82915221
6.77440702
6.94991918
8.20051065
9.25138867
9.07874644
7.30495558
5.62536281
6.13439873
8.36943112
10.21310350
9.88521167
5.99531968
3.28916933
3.58457757
6.29127311
4.43615244
1.57109980
8.01098614
5.14113661
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23.72988305
24.07552480
22.56158764
21.94642649
2474716228
24.22040877
26.43836662
27.32823124
25.78025258
2272382528
23.36877577
23.89638565
23.60067273
22.87686461
22.48296454
22.39363382
24.74082940
24.04748893
21.96962536
2479191834
25.14494799
25.11167587
25.74770226
23.29227066
24.34223347
24.97907273
24.57935044

S24

-4.18679728
-4.03144818
-3.25823033
-2.33469874
-11.69866247
-11.98049275
-12.27295742
-13.01878412
-12.49492585
-5.82570831

-6.91813521

-6.75024235
-5.55710895
-4.50752374
-4.63847103
-5.88365761

-7.73283153
-5.41016807
-3.81011068
-6.41662520
-7.55659005
-6.29168725
-8.31205735
-9.73841833
-10.52526695
-10.23540911
-9.08718391

15.80890393
16.97331809
13.81815224
13.30155205
8.68533253
7.61700526
10.41566932
10.80342511
9.19531715
11.05991108
11.64803920
12.97034086
13.69919753
13.08321003
11.76300407
10.03306358
13.57109864
15.03475539
11.28650758
15.62721473
14.89672739
16.65630303
15.38716474
9.07272880
9.49660819
10.72505740
11.47399286
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23.57084279
22.86363926
22.76877582
25.99993951
25.18836683
26.19319097
26.60358237
26.68798106
27.38977006
23.00514872
26.17644473
26.99853233
25.32903696
26.48396418
2270785165
23.63950476
22.13328184
2213870485
17.51462990

S25

-8.20483006
-8.60083774
-10.02546566
-11.09273700
-8.86425180
-9.73363896
-10.82978158
-9.55971125
-11.49110423
-3.18621622
-13.64891231
-14.14647587
-14.32926094
-13.31073137
-1.97789325
-1.50554205
-2.24372547
-1.30598907
-5.29739659

10.95174021
9.79261777
8.16691573

11.20070112

12.75154930

13.18341138

12.41872110

14.13175098

12.76665456

15.14886585
8.38086199
8.89027780
8.26428418
7.38859702

15.92565302

16.24697903

16.81622452

15.28723771
4.78932381



