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Abstract

Functionalization of nanotubes with donor and acceptor partners by the Bingel reaction
leads to formation of charge-transfer dyads, which can operate in organic photovoltaic devices. In
this work, we theoretically examine the mechanism of the Bingel reaction for (6,5)-chiral, (5,5)-
armchair, and (9,0)-zig-zag single-walled carbon nanotubes (SWCNTSs), and demonstrate that the
reaction is regioselective and takes place at the perpendicular position of (6,5)- and (5,5)-
SWCNTs, and oblique position of (9,0)-SWCNT. Further, we design computationally the donor-
acceptor complexes based on (6,5)-SWCNT coupled with partners of different electronic nature.
Analysis of their excited states reveals that efficient photoinduced charge transfer can be achieved
in the complexes with exTTF, ZnTPP, and TCAQ. The solvent can significantly affect the
population of the charge separated states. Our calculations show that electron transfer (ET) occurs
in normal Marcus regime on sub-nanosecond time scale in the complexes with exTTF and ZnTPP,
and in inverted Marcus regime on picosecond time scale in the case of TCAQ derivative. The ET

rate is found to be not very sensitive to the degree of functionalization of the nanotube.
Introduction

Organic photovoltaics (OPVs) is a relatively new and promising area of research due to such their
advantages as low cost, light weight and mechanical flexibility. In OPVs, the absorbing material
is a thin-layer organic semiconductor that is sandwiched between two electrodes. In order to
increase the efficiency of solar cells, it is important to choose a semiconductor material with
appropriate properties. Carbon nanotubes are very appealing in this field. However, single-walled
carbon nanotubes (SWCNTs) are insoluble in water and organic solvents due to strong n-m
interactions and tend to form agglomerates. For this reason, their chemical functionalization is

used.? Further coupling of functionalized nanotubes with photochromic molecules allows one to
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construct novel donor-acceptor materials with advantageous optical and electrical properties.#°>®
To date, a number of donor-acceptor SWCNT-based hybrids are known, particularly, with
porphyrins,  ferrocenes, perylene diimides, phthalocyanines, and polyaromatic
hydrocarbons.”8°101112 photoactive molecules can be attached to the nanotube via covalent or
noncovalent interactions. Noncovalent functionalization preserves m-electron conjugation of the
sp? carbon network but it is difficult to provide environmental and long-time stability of systems.
In turn, covalent binding is strong, but usually generates sp® carbon sites on CNTs, which disrupt

the transitions of m-electrons, leading to loss of desired properties.

Insolubility of nanotubes and low charge mobility between donor and acceptor parts can be
overcome by functionalization of nanotubes using Bingel cycloaddition reaction.'® Nowadays, this
reaction is successfully applied to fullerenes for their chemical modification.!41516:17.18.1920 p
classical Bingel reaction is a type of nucleophilic addition reaction introducing a cyclopropane on
the fullerene cage. Despite a widespread use of this reaction in fullerene chemistry,? only a few
reports have appeared for the functionalization of SWNTs?22% and other carbon materials, such as

nanodiamond,?* graphene®>?¢ and carbon nanohorns.?’

The first example of SWCNTSs functionalization via the Bingel reaction was reported in 2003
by Coleman and co-workers.?? They confirmed the successful cyclopropanation of SWNTs by
AFM in conjunction with chemical tagging techniques. Later, structures and spectroscopic
properties of functionalized SWNTs were examined in detail.?®> Resonant Raman and UV-vis-NIR
absorption spectroscopies revealed that the electronic properties of SWNTs are well preserved

even after significant degree of sidewall modification by the Bingel reaction.

Results of theoretical investigations of [2+1] cycloaddition reactions are in perfect agreement

with experimental findings. The calculations showed that the strain of three-membered ring formed



during the reaction with carbenes or nitrenes leads to sidewall bond cleavage, recovering sp?
hybridization of two carbon atoms, and thus preserving electronic properties of SWCNTs, 28293031
It was also found that isomerization between open and closed forms depends strongly on the
chirality and curvature of the metallic nanotubes. The open isomer is predominant in high
curvature CNTs, whereas in large nanotubes, which are greater that (18,18)-CNT, the closed

isomer becomes lower in energy.®?

The Bingel reaction can be a good approach for functionalization of nanotubes with donor or

acceptor partners forming charge-transfer dyads, which can operate in OPV devices. In this work,

we studied the mechanism of this reaction for armchair, zig-zag, and chiral SWCNTSs, and designed
computationally the donor-acceptor complexes based on chiral (6,5)-SWCNT coupled with
selected partners of a different electronic nature: tetrathiafulvalene (TTF), its n-extended analogue
(exTTF), and zinc tetraphenylporphyrin (ZnTPP) as electron donors, and anthraquinone (AQ) and

tetracyanoanthraquinodimethane (TCAQ) as electron acceptors.

Results and discussion

Quantum-chemical modeling of the mechanism of the Bingel reaction for SWCNTs was
performed for (6,5)-chiral, (5,5)-armchair, and (9,0)-zig-zag SWCNTSs consisting of 3 Clar unit
cells (C110H20, C108H24, and CoeH22, respectively). The donor-acceptor complexes were designed
by using 5 Clar unit cells (Ci60H22) in the model of (6,5)-SWCNT. The Clar cell model of a
SWCNT?® is a fully benzenoid structure with closed-shell singlet ground state. Clar models of

SWCNT guarantee faster convergence of electronic properties with the model length.

Depending on the type of nanotube, the formation of cycloadduct with bromomalonate can

take place via attacks to different carbon atoms forming products with parallel (par), perpendicular



(per) or oblique (obl and obl2) orientation with respect to the nanotube axis. The Clar unit cells

and different available reaction sites for the studied reaction are depicted in Figure 1.
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Figure 1. Clar unit cell of the studied SWCNTs and non-equivalent C-C bonds relative to the

nanotube axis: per (blue), obl (red), par (green), and obl2 (magenta).

Mechanism of the Bingel reaction

In the first reaction step, the base abstracts the acidic proton of the bromomalonate to generate
a carbanion. Then, it attacks the nanotube forming a carbanion intermediate with negative charge
on the nanotube. In the final step, the intermediate undergoes the three-membered ring closure
with displacement of the bromide (Scheme 1). Since an initial attack on the C-C bond of the
nanotube can be carried out from different sides, adjacent carbon atoms were denoted as C, and

Cs, and all stationary points related with these positions were labeled with subscript a or .



Scheme 1. General mechanism of the Bingel reaction for SWCNTS.

Thus, we will consider two reaction pathways, with the initial attack on the C, or Cg, for each non-
equivalent C,—Cg bond leading to the cycloadduct in open form with d(C,—Cg) = 2.20 A or closed
form with d(C,—Cg) =~ 1.57 A (Table 1). The products with open cyclopropane bridge are regularly
more stable than their closed analogs. In the case of Ceo, an open [5,6] cycloadduct is formed,
whereas for [6,6] bonds the closed isomer is favored.>* This behavior is caused by the deformation
energy difference. It is much easier to deform a [5,6] bond in Ceo to make it opened than a [6,6]
bond, because the former is longer and has a smaller double bond character.® For (6,5)- and (5,5)-
SWCNTSs, the open product is formed in perpendicular orientation of cyclopropane ring, whereas
for (9,0)-SWCNT it is built when the bridge is in oblique position to the nanotube axis. Selective
formation of the open adducts with the binding configuration perpendicular to the nanotube axis
was also found for (8,8)- and (10,5)-SWCNTSs in an earlier computational study.3® Therefore, this

reaction can lead to the nanotubes functionalized in the position different from the observed in the
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[4+2] or [2+2] cycloaddition reactions,®”*® and in the Pauson-Khand reaction.®® Moreover, the
experimental study on the sidewall functionalization of HiPco SWNTSs using the Bingel reaction
showed that the degree of the sidewall functionalization (one group per 75-300 carbon atoms of

SWNTSs) can be controlled by changing the output power of microwave heating.?®

Table 1. Selected characteristics for possible Bingel products of SWCNTS.

Position ~ of AEr, AGrel, d(Co—Cp)™2  d(Co—Cp), Angle Type  of
cycloaddition  kcal/mol  kcal/mol A A (CoCyCp), ° Cycloadduct
(6,5)-SWCNT

per 0.0 0.0 1.417 2.183 93.3 open

obl 19.2 18.5 1.424 1.566 62.3 closed

obl?2 16.8 16.9 1.416 1.565 61.9 closed
(5,5)-SWCNT

per 0.0 0.0 1.430 2.217 94.9 open

obl 26.2 25.5 1.422 1.569 62.1 closed
(9,0)-SWCNT

par 8.2 53 1.414 1.527 60.7 closed

obl 0.0 0.0 1.435 2.198 94.4 open

3 d(Cy—Cp)™ refers to the initial C,—Cp bond in the pristine SWCNTSs

(6,5)-chiral SWCNTSs
Gibbs energies in toluene for the formation of intermediates (Int), transition states (TS) and
cycloaddition products (P) relative to the separated reactants (pristine nanotube + dimethyl

bromomalonate) are shown in Figure 2. Dimethyl bromomalonate was taken instead of diethyl



bromomalonate used in the experiment?? to simplify the theoretical model. Taking into account
non-equivalent C-C bonds in (6,5)-SWCNT, three products are possible: per, obl and obl2. There
are two possible reaction pathways leading to each product: (i) first goes through Int, and TS,; (ii)
second follows the formation of Intg and TSg. In all cases, the geometries of Int, and Intg are very
similar. Thus, we can observe two cases depending on the relative stability of Int and P. In the first
case, when the product is more energetically stable than Int, and Intg both reaction pathways will
lead to the formation of the cyclopropanated CNT. This case is realized when reaction takes place
in per position. The formation of the Bingel product (AG(Pper) = -10.8 kcal/mol) with open
cyclopropane bridge is more preferred that the formation of the intermediates by 9.1 and 10.5
kcal/mol. The reaction proceeds with energy barrier of 21-23 kcal/mol. When attacking the obl2
position, bromomalonate forms stable intermediates with nanotube (AG(Intosi2) = -6 kcal/mol). In
such case, when both intermediates, Int, and Intg, are energetically more favorable with respect to
the product, the reaction will not lead to the cycloadduct despite the lower energy barrier than for
the per product. This case is observed during the formation of obl or obl2 products with energy
barriers between 13 and 15 kcal/mol. For the obl position, the product is less stable than the
intermediates by 7.8 and 6.8 kcal/mol, whereas for the obl2 position this difference is 12.3 and
12.5 kcal/mol. Their destabilization are most likely explained by formation of closed three-
membered ring on the side of nanotube with high ring strain (d(C,—Cp)=1.57A,
angle(C«C,Cp)=62°). Thus, we can conclude that during the Bingel reaction in (6,5)-SWCNTSs the
only product with the perpendicular orientation of the cyclopropane bridge with respect to the
nanotube axis can be formed with the energy barrier accessible under mild conditions. Along with
this product, two singly bonded derivatives corresponding to the intermediates for obl2 position

can be also observed experimentally. Prevalence of the thermodynamically favorable open product



in per position with higher energy barrier was previously reported for functionalization of (10,5)-

SWCNT.36
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Figure 2. Gibbs energy profiles of the Bingel reaction in toluene for (6,5)-SWCNT with formation
of a cycloadduct in perpendicular (per, black) or oblique (obl, red and obl2, blue) orientations with

respect to the nanotube axis.

(5,5)-armchair SWCNTs

For (5,5)-SWCNT, the reaction proceeds via two intermediates (Int, and Intg) when
bromomalonate interacts with a nanotube. As in previous case, the reaction can start from two
different sides of C-C bond, C, and Cg. Orientation of bromomalonate with respect to the nanotube
to form per or obl products does not change much the stability of the intermediates, which are
more stable by 7-10 kcal/mol than the reactants (Figure 3). Stable intermediates were previously
observed for (8,8)-SWCNT using B3PW91 functional, whereas B3LYP results indicated that the
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energy of Int is comparable to the energy of the reactants.®® The following formation of the per
product goes through TS, or TSg with energy barriers of 22.2 and 24.9 kcal/mol, respectively. In
turn, the formation of the obl product requires lower energy, in particular 15 and 19.4 kcal/mol to
reach TS, and TSg. However, high angle and torsional strains of the formed cyclopropane ring in
the obl product make it lower stable than the intermediates (Table 1). In general, energy barriers
that lead to open adducts are higher because the bond attacked needs to be stretched to a greater
extent. This result is also supported by energy profiles computed for (8,8)-SWCNT.% The obtained
results indicate that for (5,5)-SWCNT the Bingel reaction leads to the stable singly bonded
intermediates and per product with open cyclopropane bridge, which is very similar to (6,5)-

SWCNT.
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Figure 3. Gibbs energy profiles of the Bingel reaction in toluene for (5,5)-SWCNT with formation
of a cycloadduct in perpendicular (per, black) or oblique (obl, red) orientations with respect to the

nanotube axis.
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(9,0)-zig-zag SWCNTs

The mechanism of the Bingel reaction for (9,0)-SWCNT is similar to the previously considered
for (6,5)- and (5,5)-SWCNTSs. A distinctive feature of this type of nanotubes is a possibility of
formation of the reaction product with parallel orientation of cyclopropane bridge with respect to
the nanotube axis, in addition to the oblique one. For example, the sidewall (4 + 2) cycloaddition
reaction of zig-zag SWCNTSs leads to the addition of benzyne in the parallel position to the
SWCNTSs axes.®” The parallel product is also formed in the [2 + 2 + 1] cycloaddition Pauson-
Khand reaction.®® The computed Gibbs energies of all stationary points for the formation of par
and obl products of the Bingel reaction are presented in Figure 4. In contrast to (6,5)- and (5,5)-
SWCNTSs, the preferable product of the (9,0)-SWCNT cyclopropanation is the obl product with
open cyclopropane bridge (d(C.—Cp)=2.20A). The reaction starts from creation of singly bonded
intermediates at C,, or Cg positions. Int, and Intg are more stable than reactants by 5 kcal/mol. Then
they need to overcome the energy barrier of 26 kcal/mol to from the obl product, which is a slightly
more favored than the intermediates. The relative energetic stabilities of intermediates and product
for the reaction in par position suggest that the (9,0)-SWCNT cannot be experimentally
cycloprotonated in par position, because Ppar is higher in energy than Int, and Intg. Interestingly,

Int,, for par position is energetically comparable with the obl product.
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Figure 4. Gibbs energy profiles of the Bingel reaction in toluene for (9,0)-SWCNT with formation
of a cycloadduct in parallel (par, black) or oblique (obl, red) orientations with respect to the

nanotube axis.
Complexes with electron donor and electron acceptor molecules

We designed several donor-acceptor complexes of (6,5)-SWCNTs, because enriched
semiconducting (6,5)-SWCNTSs are commercially available and according to the Gibbs energy
profile are more reactive in the Bingel reaction than (5,5)- and (9,0)-SWCNTs. It can be expected
that functionalization of the enriched (6,5)-SWCNTSs will be more efficient than that of standard
HiPco SWCNTs?22® because of a lower energy barrier required to produce an open cycloadduct
for (6,5)-SWCNTSs compared to other types of nanotubes. However, further experimental studies
are needed to prove this. In Raman spectra, the ratio between D and G bands reflecting a fraction
of sp? carbon atoms*® is expected to be similar to that in the pristine material. This will indicate
that no conversion of sp? to sp® carbon atoms occurs. However, some increase in the D/G ratio can

be observed due to formation of stable singly bonded intermediates.
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Note that in donor-acceptor dyads, (6,5)-SWCNT can act either as an efficient electron
donor or electron acceptor depending on the partner. Let us consider several (6,5)-SWCNT dyads
with typical donor and acceptor moieties attached through the Bingel reaction. As a typical electron
acceptor, we took anthraquinone (AQ) and its derivative 11,11,12,12-tetracyano-9,10-
anthraquinodimethane (TCAQ). As electron donor, we considered tetrathiafulvalene (TTF), its z-
extended analogue 9,10-di(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene (exTTF), and zinc
tetraphenylporphyrin (ZnTPP). These molecules are shown in Figure 5 and their HOMO/LUMO
energies are listed in Table 2. It is worth noting that very similar HOMO and LUMO energies of
the pristine and functionalized SWCNT indicate that the w-electron system of the pristine species
is well-preserved in the open adducts. This agrees well with the experimental data that the
electronic properties of SWNTSs are maintained after sidewall modification by the microwave-
assisted Bingel reaction,? and with theoretical findings that the open cycloadduct affects only

slightly the orbital energies of the pristine nanotubes.®

- PARTNERS
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Figure 5. Donor-acceptor complexes of (6,5)-SWCNT with different partners (electron donors are

marked with green and electron acceptors with red).
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Table 2. Energies of HOMO and LUMO for (6,5)-SWCNT and electron donor and electron

acceptor partners at the CAM-B3LYP/def2SVP level of theory.

Molecule HOMO, LUMO, eV AHOMO-  Electronic property
eV LUMO], eV

pristine SWCNT -5.54 -2.41 3.13 donor or acceptor

functionalized -5.58 -2.45 3.13 donor or acceptor

SWCNT

TTF -5.89 0.54 6.44 donor

exTTF -6.13 -0.53 5.60 donor

ZnTPP -6.19 -1.71 4.48 donor

AQ -8.80 -1.95 6.85 acceptor

TCAQ -8.43 -2.65 5.78 acceptor

First, we checked a 3 Clar cell model of the nanotube and found that a substituent can interact with
the end of the nanotube (Figure S1 in Sl) leading to an artificial structure. To avoid this end effect
we extended our model to 5 Clar cells. Next, we studied different orientations of the partner
molecules in the (6,5)-SWCNT-TTF complex (Figure S2 in Sl). Structures with TTF curved
around the nanotube are found to be most stable due to stronger interaction with the nanotube
surface. This is also true for other partner molecules with the exception of ZnTPP, the planar
structure of which is difficult to deform (Figure 6). In addition, we checked if the partner molecule
can affect a relative stability of functionalized nanotube isomers. We compared the complexes
with per and obl functionalization positions, and found that for all donor-acceptor complexes the

per isomers are energetically more favorable than the obl isomers at least by 10 kcal/mol (Table
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S1in Sl). Because of that, we studied electron transfer (ET) processes only in the most stable per

isomers.
-2 <5 %?il &<, S
-TTF -exTTF -AQ -TCAQ

Figure 6. Complexes of (6,5)-SWCNT with curved partner molecules .

Singlet excited states

In order to describe the nature of excited states, each complex was divided into two fragments:
(6,5)-SWCNT including cyclopropane bridge, and electron-donating or electron-accepting
partner. Exciton delocalization and charge transfer (CT) contributions were analyzed for the 50
lowest excited states of each complex. Three types of excited states were identified: locally excited
states (LE) where exciton is mostly localized on single fragment (charge separation value <0.1e);
CT states with electron density transferred between two fragments (charge separation >0.9¢); and
mixed states with significant contributions of both LE and CT (charge separation is between 0.1e
and 0.9e).

50 lowest singlet excited states computed for each complex in the gas-phase belong to the
energy range of 1.6 to 3.5 eV (Table 2). In all systems, the lowest LE state is found on (6,5)-
SWCNT. Its excitation energy is computed to be ~1.76 eV with an exception for TCAQ, 1.94 eV.

The LE state on ZnTPP lies by 0.58 eV higher in energy, whereas LE states on other partners are
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not found within the considered excited states. The most intense absorption with the oscillator
strength from 1.39 to 1.58 is due to electronic transitions in (6,5)-SWCNT.

There are two types of CT states: (i) with electron transfer from a partner molecule to (6,5)-
SWCNT (CT1), and (ii) with opposite direction of electron transfer, i.e. from (6,5)-SWCNT to the
partner (CT2). The energy of CT states is determined by the electron-donating or accepting nature
of (6,5)-SWCNT and the partner, as well as by the ability of these fragments to efficiently
delocalize the separated hole-electron pair. The excited states (Table 2) can be divided into 3
groups. Group 1 includes 2 complexes with TTF and exTTF, for which only the CT1 is observed.
Group 2 contains the AQ and TCAQ complexes with states of CT2-type. Finally, Group 3 includes

the ZnTPP complex where both CT1 and CT2 states of similar energy are found.

Table 2. Excitation energies (Ex, eV), major single-electron excited configuration (HOMO(H)-
LUMO(L)) and its weight (W), oscillator strength (f), charge separation (CS), charge transfer (CT)

and exciton localization () quantities

(6,5)-SWCNT - Partner

Partner
TTF exTTF ZnTPP AQ TCAQ
LE1 ((6,5)-SWCNT)

Ex, eV 1.756 1.757 1.760 1.772 1.935
transition (W) TR (046) H-—L+1(0.51) Aot Aot

(0.48) (0.46) (0.77)
f <0.001 0.002 0.001 0.003 0.014
X 0.989 0.986 0.994 0.977 0.921

LE2 (Partner)

Ex, eV n/f n/f 2.337 n/f n/f
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. H-2 - L+2
transition (W)

(0.56)
f 0.036
X 0.998

Most absorptive transition ((6,5)-SWCNT)
Ex eV 2.797 2.794 2.795 2.810 2.823
H-3 - L+1
transition (W) H-6-L (0.35) H-4-L(033) H-4-L(0.33) H-3-L(0.36) 0.41)
f 1.575 1.523 1.575 1.388 1.424
X 0.981 0.957 0.992 0.963 0.927
CT1 (Partner — (6,5)-SWCNT)

Ex eV 2.542% 2.640 3.115
transition (W) H-2—L (0.19) H-2-L (0.70) et

(0.95) n/f° n/f°
f 0.011 0.115 <0.001
CSICT 0.39/0.40 0.90/0.90 0.99/1.00

CT2 ((6,5)-SWCNT — Partner)
Ex eV 3.176 2.338* 1.599
transition (W) H— L+4 (0.91) Hobee H - L (0.60)
n/f° n/f° (0.62)

f 0.001 0.135 0.026
CSICT 1.00/1.00 0.38/0.38 0.89/0.90

& State with significant contributions of LE and CT and formally should be considered as mixed

state. P n/f — states of interest are not found within considered number of excited states.

CT states in group 1 are found at 2.54 and 2.64 eV for complexes with TTF and exTTF,
respectively. These states can be described as HOMO-2 to LUMO transition (Figure S3, SI). In
the TTF derivative, 0.4 e is transferred from TTF to (6,5)-SWCNT. It is a mixed state with a
significant contribution of LE. In the exTTF derivative, almost complete charge transfer occurs —
CS value is 0.9e. A similar situation is found for group 2. In the AQ complex, only 0.38 e is

transferred whereas a complete CT is predicted in the TCAQ derivative. This CT state is the lowest
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excited state of the (6,5)-SWCNT-TCAQ complex. In the ZnTPP complex, CT1 (HOMO-2 —
LUMO+1) and CT2 (HOMO — LUMO+4) are characterized by complete electron transfer (Figure

S3, SI).
Solvent effects

It is widely accepted that solvation may significantly influence both ground and excited states.
Usually, the solvation effect is relatively weak for LE states, whereas CT states are strongly
stabilized by a polar solvent.*! In order to assess the solvent effects, a COSMO-like solvation
model with dichloromethane (DCM) as a solvent was applied. The dependence of photoinduced
ET processes on the environment were recently reported for covalent donor-acceptor complexes
of fullerene.*2434445 The dipole moment of the studied complexes in the ground state varies from
1.28 to 7.12D. Despite the difference in dipole moments, the complexes have similar solvation
energies ranging from -0.41 to -0.51 eV. Note that the fragments are electrically neutral in the
ground state of the complexes.

In LE states, the overall picture is similar to that in the ground state. The LE transition
energies remain almost unchanged by passing from the gas phase to solution. The dipole moment
difference between the LE and GS states is found to be less than 1.0D, regardless of the complex.
In the ZnTPP derivative, a similar situation is found also for LE2 excitation, Au-t2 is 0.15D.
Detailed data for all complexes are given in Table S2, SI.

As expected, changes in the dipole moments associated with CT excitations are
significantly larger compared to the LE transitions. The largest values of Au®™=59.3D and

An€T?=62.3D were observed for (6,5)-SWCNT-ZnTPP complex. Smaller values are found for the

exTTF (Ap°™ =33.8D) and TCAQ (AuC™ = 26.0D) derivatives. The smallest values of Au“™ and

18



Ap°T? were observed for TTF (Au°™ = 13.6D) and AQ (Au®™ = 13.8D) complexes. This large
range of A is directly related to an extent of charge transfer between the fragments. In the ZnTPP
complex, both CT1 and CT2 states are characterized by complete electron transfer. In the exTTF
and TCAQ complexes, CT is about 0.9 e, whereas it does not exceed 0.4 e in the TTF and AQ
derivatives. Solvation data for all complexes are collected in Table S2, SI. Figure 7 shows the GS,

LE, and CT energies for the lowest lying singlet excited states in the gas phase and DCM solution.
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(6,5)-SWCNT - Partner complexes

Figure 7. Relative energies (in eV) of the ground state (GS), the first LE state (LE1), and the CT
states (CT1, CT2) for the TTF, exTTF, ZnTPP, AQ, and TCAQ derivatives of (6,5)-SWCNT

computed in the gas phase (VAC) and dichloromethane (DCM).
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As seen from Figure 7, the GS and LE states are stabilized similarly by solvent. The solvation
energy of the CT states is sensitive to the dipole moments (it should be is proportional to Ap?).
The solvent stabilization of CT states in the TTF and AQ derivatives are relatively small and the
LE1 state remains the lowest one in solution. The solvent effect is significantly stronger in the
eXTTF and TCAQ complexes. In the ZnTPP derivative, the closely lying CT1 and CT2 states
becomes split by passing from the gas phase to solution (the solvation energy is estimated to be -
1.96 and -1.73 eV for CT1 and CT2, respectively). The difference in solvation is associated with
distinct charge localization. In particular, the charge is more localized in the CT1 state as compared
to CT2. Stabilization of CT1 state is strong enough to shift it below LE1, while CT2 remains still

higher than the LE1 state.
Electron transfer rates

The absorption of light by a system leads to the generation of excited states, which interconvert
extremely fast to the lowest lying excited state. The oscillator strength of CT states in the studied
complexes is very weak preventing their direct population. The CT1 or CT2 states can be generated
by the decay of the LE1 state when the CT states have a similar or lower energy than the LE1 state.
The rate of electron transfer is controlled by three parameters: the electronic coupling Vij between
the initial LE and the final CT states; the reorganization energy A, and the Gibbs energy of the
reaction AGo. The reorganization energy is usually divided into two parts, A = Ai + As, including
the internal and solvent terms. The internal reorganization energy A; for ET process corresponds
to the energy required to deform neutral-state geometries of fragments to charged-state geometries
—anion and cation radicals, respectively. The solvent reorganization energy is the energy required

to move solvent molecules from positions they occupy in the GS to the locations they will have in

20



the CT state but without charge transfer. The A for particular CT states is computed as a difference
between equilibrium and non-equilibrium solvation energies.

Using computed data listed in Table 3, we estimated ET rates for charge separation (CS)
in the exTTF, ZnTPP, and TCAQ complexes. Since the ET processes in the TTF and AQ
derivatives are thermodynamically unfavorable (AG® = 0.48 and 0.34 eV, respectively), their ET

rates were not calculated.

Table 3. Electron transfer parameters and ET rates for charge separation (CS) reactions in

complexes of (6,5)-SWCNT (DCM solvent).

Complex of Reorganization  Rate constant
Type AGP, 2 eV Vi, eV

(6,5)-SWCNT energy A, eV ker, sec?t
-eXTTF LE1 —» CT1 0.012 0.0046 0.381 1.12-10%
LE1 > CT1 -0.101 0.0023 0.361 2.39-10%

-ZnTPP
LE1 —» CT2 0.192 0.0021 0.336 3.98-107
-TCAQ LE1 —» CT2 -0.958 0.0807 0.525 4.68-10?

2 the free energy difference between the final and the initial states in solution.

The photoinduced ET from exTTF and ZnTPP to (6,5)-SWCNT (CT1) occurs in the normal
Marcus regime (JAG?| < ). The rates is predicted to be on the sub-nanosecond time scale. Unlike
CT1, ET from (6,5)-SWCNT to TCAQ (CT2) takes place in the inverted Marcus regime (JAG®| >
A). Its rate is found on the picosecond timescale. Charge separation leading to CT2 in the ZnTPP

complex is much slower because of its slightly negative driving force.

Effect of functionalization degree on electron transfer
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A degree of sidewall functionalization of HiPco SWNTSs by the Bingel reaction is found to be low
at room temperature (one diester unit forms per 300 carbon atoms of the SWNT sidewall within
24 h).22 However, it can be increased using microwave irradiation. One diester unit can be
introduced per 140 and even per 75 carbon atoms of SWNT with irradiation power of 50 and 60

W, respectively.

To get more insight into the effect of the degree of sidewall functionalization of SWCNTs
on the electron transfer processes, we considered a series of TCAQ coupled with (6,5)-SWCNT of
different length because this donor-acceptor complex has quite fast charge separation (on
picosecond timescale). To simulate systems with different degrees of functionalization, we
gradually increased the length of the nanotube by 2 units, from 5 to 11 Clar unit cells. The smallest
system can be consider as a model with a high degree of the functionalization (one group per 160
carbon atoms of the SWCNT), whereas the largest system contains one group per 352 carbon
atoms (low degree of functionalization). In each model, we extended the nanotube by 1 Clar cell

on each side and did not change the relative position of TCAQ.

First, we examined the influence of the system size on its electronic properties. Let us
consider the dependence of the HOMO and LUMO energies (located on SWCNT and TCAQ,
respectively), and the HOMO-LUMO gap on the number of Clar cells (Table S3). Increasing the
length of the nanotube only slightly influences the electronic properties of the donor-acceptor
complex. The HOMO and LUMO energies show a slight increase or decrease, respectively, which
leads to a monotonous decrease in the HOMO-LUMO gap, similar to the pristine nanotube.* The
change in the HOMO-LUMO gap is less than 0.2 eV when going from the 5 to 11 Clar cells model.
Then, we performed excited state calculations for the systems. The properties of several relevant

excited states are given in Table 4. When going from the smallest (5 Clar cells) to the largest (11
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Clar cells) system, the energy of an excited state LE1 (located on nanotube) decreases by 0.14 eV,
whereas the energy of the CT2 state increases by the same amount. The degree of charge separation
decreases with increasing length of the nanotube, from 0.9e in 5 Clar cells model to 0.7e in 11 Clar

cells model.

Table 4. Excited states properties and the rate of charge separation in the (6,5)-SWCNT-TCAQ

complex in DCM

(6,5)-SWCNT-TCAQ

5 Clar cells 7 Clar cells 9 Clar cells 11 Clar cells
LE1 ((6,5)-SWCNT)
E., eV 1.922 1.900 1.848 1.783
Transition (W) H-L+1(0.77) H-L+1(0.79) H - L+1 (0.55) H — L+1 (0.40)
f 0.014 1.210 1.898 2.495
x 0.921 0.988 0.990 0.984
CT2 ((6,5)-SWCNT — TCAQ)
Ex, eV 0.963 0.971 1.055 1.101
Transition (W) H - L (0.60) H-L (0.61) H-L (0.61) H-L (0.61)
f 0.026 0.028 0.073 0.190
CS/ICT 0.89/0.90 0.81/0.81 0.76/0.76 0.72/0.72
ET parameters and rates

AG® =Ecs — Ee, eV -0.958 -0.929 -0.793 -0.682
[Vil, eV 0.0807 0.0456 0.0484 0.0223
Reorganization 0.525 0.514 0.473 0.448
energy A, eV
Rate constant 4.68-10%? 1.87-10% 6.96-10%2 2.55-10%2
ke, sect

Finally, we calculated the rate of the ET reaction as a function of the number of Clar cells. In all
cases, the ET occurs on the picosecond timescale. The observed changes in the ET rate are quite
small as a decrease in the (AG+1) term in the Marcus equation (Eq. S7), which would increase
the rate, is compensated by decreasing electronic coupling |Vjj|. Thus, we propose that even with a

low degree of functionalization, an efficient population of the CT state should be possible.
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Conclusions

The Bingel reaction on nanotubes leads to the formation of three-membered ring on their
sidewall. We have studied the reaction mechanism for three types of nanotubes. It has been
suggested that chiral (6,5)-SWCNTSs are more reactive than armchair and zig-zag nanotubes. The
energy barrier required to functionalize (6,5)-SWCNT is 21-23 kcal/mol, whereas for (5,5)- and
(9,0)-SWCNTs it amounts to 22-25 and 26 kcal/mol, respectively.

The isomers with open cyclopropane bridge are found to be more stable than their closed
analogs. The Bingel reaction is regioselective and takes place particularly at the perpendicular
position of (6,5)- and (5,5)-SWCNTs and oblique position of (9,0)-SWCNT. In addition, singly
bonded intermediates are well stabilized and even compete with the obl product in zig-zag
nanotubes.

In donor-acceptor complexes, (6,5)-SWCNT can act as electron donor or acceptor
depending on the partner. The solvent effect is crucial for the effective population of charge
separated states. The efficient photoinduced charge transfer was found in the complexes with
exTTF, ZnTPP, and TCAQ. For ZnTPP, charge transfer may occur in both directions, either from
CNT to ZnTPP or from ZnTPP to CNT. The last process is shown to be faster in DCM. In the
complexes with exTTF and ZnTPP, electron transfer takes place in the normal Marcus regime on
sub-nanosecond time scale, whereas in the TCAQ derivative, the electron transfer reaction occurs
in the inverted Marcus regime on the picosecond time scale. No significant effect of the nanotube

length on the ET rate was found.

Experimental Section

Computational Methods
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DFT calculations were carried out using the ADF (Amsterdam Density Functional) program*®
and QUILD code.*” Geometries of the reactants, intermediates, transition states and products were
optimized without any constraints using BP86 functional*®4° with D3(BJ) correction®®! and DZP
basis set.>? Inclusion of dispersion corrections is essential in computational studies of reaction
mechanisms involving fullerenes or nanotubes.>® Solvent effect was treated with the COSMO
model®* applying toluene as solvent with e=2.38. We checked that solvent was not present inside
the SWCNT when performing calculations. QUILD code implemented in ADF was used for
stationary points search. Vibrational frequency analysis was performed for all of them. For
reactants, intermediates, and products the imaginary frequencies were not found, whereas for
transition state structures the only imaginary frequency which reflects the desired transition was
detected. Relative Gibbs energies were determined from electronic energies together with
corrections of zero-point energies, thermal contributions to the internal energy, and entropy. The

structures were visualized with Chemcraft 1.8.%°

Vertical excitation energies of the BP86-D3(BJ)/DZP structures were calculated using TDA-
TDDFT formalism®® with the range-separated CAM-B3LYP functional®” and Ahlrichs’ Def2-SVP
basis set>®* including solvent effects of a dichloromethane solution with the COSMO method by
means of the Gaussian 16 (rev. A03) program.®® Full computational details are available in the

Supporting Information.

Supporting Information

Optimized structures of (6,5)-SWCNT-TTF complex using 3 and 5 Clar cells models, different
orientations of TTF molecule with respect to the nanotube, frontier molecular orbitals representing
LE and CT states, excitation energies, dipole moments and solvation energies, HOMO/LUMO
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energies for (6,5)-SWCNT-TCAQ complex using 5, 7, 9 and 11 Clar cells models, methodology

for investigation of charge-transfer complexes, Cartesian coordinates.
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