Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2021

Supplementary Information: Interfacial Photoinduced Carrier
Dynamics Tuned by Polymerization of Coronene Molecules
Encapsulated in Carbon Nanotubes: Bridging Type-I and -II

Heterojunctions

Xiao-Ying Xie,' Jia-Jia Yang,* Xiang-Yang Liu,> Qiu Fang,* Wei-Hai Fang,* and

2

Ganglong Cui”

"The Laboratory of Theoretical and Computational Chemistry, School of Chemistry and
Chemical Engineering, Yantai University, Yantai, 264005, China, *Key Laboratory of
Theoretical and Computational Photochemistry, Ministry of Education, College of
Chemistry, Beijing Normal University, Beijing 100875, China and 3College of Chemistry and
Material Science, Sichuan Normal University, Chengdu 610068, China

E-mail: ganglong.cui@bnu.edu.cn

Table of Contents

SiMulation Methods ....ceeeeeiecirririrerieieteeeeeeee ettt ettt ettt st et e e e e e sesaene 2
Nonadiabatic Dynamics Methods.....c.coivininiininininincniiininiiiiinneiienene 2
Carrier Transfer Analysis....cuciinniiniiii et 3

AddItional FIQUIES .c.ceieuiriirieieinienienietetetee ettt ettt ste et et e et bessesse e et e e ssessennas 5

REf@IEIICES cueeverinrieiieieiente ettt ettt ettt ettt s b et ettt s b e st et et et e st se e et et eneesessetene 8

S1


mailto:ganglong.cui@bnu.edu.cn

Simulation Methods

Nonadiabatic Dynamics Methods

Nonadiabatic carrier transfer dynamics simulations are carried out using
Tully’s fewest-switches surface-hopping methods based on density functional
theory. [1-4] Time-dependent density functional theory in Kohn-Sham framework
maps an interacting many-body system onto a system of noninteracting particles in
which their electron densities equals to each other. As a result, time-dependent

charge density p(7,t) of an interacting system is obtained from a set of time-

dependent Kohn-Sham orbitals 1, (r,t) [5-9]

p(r,0) = ) [, (0|’
p=1

Electron density evolution finally leads to a set of single-electron equations for

evolution of Kohn-Sham orbitals 1, (r,t) [10-14]

ihaw”a—g’t) = H(r; DY, (r,t) p=12,..,N,
If expanding time-dependent electron or hole wavefunction ¥, (r,t) in terms
of interested unoccupied or occupied adiabatic Kohn-Sham orbitals ¢ (r,t)
calculated from density functional theory calculations along adiabatic molecular
dynamics trajectories
Yo, ) = ) b3 R)

k

one can obtain a set of equations of motion for expanding coefficients ¢;(t)

dc;(t
ih éi ) = z Ck(t)(gk(sjk — lhd]k)
k

where & is energy of kth adiabatic state and dj; is nonadiabatic coupling
between adiabatic states j and k. The former is directly obtained from density
functional theory calculations and the latter is calculated numerically through finite

difference methods as overlaps of adiabatic states at times t and t + At:
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i(t t+ At)) — (t + At t
e = (00| 2245 D) (b (D] i ))ZAt(qu( )| ()
in which ¢;(¢) and ¢k(t+At) are wave functions of adiabatic states j and k at

times t and t + At, respectively. Previous algorithms are primarily implemented
with plane wave basis sets; [15-16] instead, we have recently implemented this
nonadiabatic electron or hole dynamics method with Gaussian basis sets with CP2K

[17-18] and have successfully applied to studying many materials. [19-22]

Carrier Transfer Analysis

To estimate electron or hole transfer from one to another fragment in
nonadiabatic dynamics simulations, we have developed an efficient density-matrix
based method. First, we can define a density matrix D in terms of atomic orbitals
Xu

D;wi(t) = D; (t))(ui)(;i
in which p;(t) is time-dependent occupation number of the ith adiabatic state
calculated on the basis of above expanding coefficients ¢;(t); x,; isthe puthatomic
orbital coefficient of the ith adiabatic state. Similar to Mulliken charge analysis, [23]
we have then defined a population matrix P using density matrix D and atomic
overlap matrix §
Puvi = D;wiSuv
Finally, we can obtain the ath atomic charge through summing all basis functions

p belonging to that atom and all involved adiabatic states i

B\ D Bty D Bt

i UEa,VEa UEQ,VEa uéa,vea

It should be noted that if only an atomic orbital belongs to the ath atom, just half
of P,y; isused,asdone by Mulliken charge analysis method. [21] Accordingly, total
electron on a fragment A is done by summing all atomic charges belonging to that

fragment
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Py = Z pi(t)Py;
7

in which

1
Py = Z Z XuiniSva + E Z X/u')(vi'guv + Z XﬂiXViSM‘V

a€A \ u€ea,vea UEQ,VEa uéa,vea

In such a case, the differentiation of P4 is then derived as
dpPy =d Z ¢ CiPai | = Z(d(c{kci)PA + ¢ c;dPy;)
i i

in which the first term has variational occupations for adiabatic states i and the
second term has constant adiabatic state occupations but changeable electron
population. These two terms correspond to nonadiabatic and adiabatic electron
transfer contributions. The former is mainly caused by state hoppings between
different adiabatic states and the latter is primarily originated from changes of
adiabatic states induced by atomic motions. Finally, it should be noted that Gaussian
basis sets are used in our simulations, so molecular coefficients y,; are real
numbers. Adiabatic states’ expanding coefficients ¢;(t) are complex numbers, but
they are not directly used; instead, their ¢;(t)c;(t) products are used for calculating
time-dependent occupation number p;(t) of the ith adiabatic state, which is a real

number.
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Additional Figures
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Fig. S1 Schematic definition of the type-I and type-II heterojunctions widely used

in the discipline of condensed matter.?+

We have calculated time-dependent electron/hole populations for different
numbers of trajectories in NAMD simulations. The results show that it is
converged when more than 70*1000 trajectories (see Fig. S2). So our used 100*1000

trajectories are enough to get meaningful results.
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Fig. S2 Time-dependent electron amount remaining on the polymer coronene
moiety (a), and hole amount on the SWINT moiety (b) calculated based on different

numbers of trajectories in the nonadiabatic dynamics simulations.
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Fig. S3 The PDOS of corenene-polymer-encapsulated SWNT calculated at HSEo06

level (left) and PBE+D3 level (right) when it’s heated to 300 K. The schematic

heterojunction structure shown is extracted from canonical molecular dynamics

simulations at 300 K.
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Fig. S4 PBE+D3 calculated projected density of states (PDOS) of (a)
(D

polymer@SWNT, (b) monomer@SWNT,

trimer@SWNT.
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Fig. Ss Spatial distributions of ten adiabatic states involved in the interfacial
electron and hole transfer dynamics of corenene-polymer-encapsulated SWNT

calculated at PBE+D3 level.

Fig. S6 Spatial distributions of ten adiabatic states involved in the interfacial
electron and hole transfer dynamics of corenene-polymer-encapsulated SWNT

calculated at HSEo6 level.
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Fig. S7 Time-dependent state populations in electron transfer process (a) and hole

transfer process (b).
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