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Interaction of tetrakis-Schiff base compounds with carbon
nanostructures from DFT: implications for charge transfer.

Sergey V. Pyrlin'; Nicholas D.M. Hine?; Marta M.D. Ramos?; Martha V. Escarcega-
Bobadilla®*4, Gustavo A. Zelada-Guillén®.

1. Group of Computational and Theoretical Physics, Center of Physics and Department of
Physics, University of Minho, Campus de Gualtar, 4710-057 Braga, Portugal;
2. Cavendish Laboratory, University of Cambridge, JJ Thomson Avenue, Cambridge CB3
OHE, United Kingdom;
3. Institute of Chemical Research of Catalonia (ICIQ), Av. Paisos Catalans 16, 43007 -
Tarragona, Spain;
4. Polymaterials AG. Innovapark 20, 87600 Kaufbeuren, Germany.
pyrlinsv@fisica.uminho.pt

Development of polymer composites by addition of nano-sized inclusions to matrix attracts
increasing attention in the last decades as a potential way to prepare functional materials, the
properties of which could be fine-tuned by varying the nanoadditives' concentration and
alignment inside polymer. Carbon nanotubes (CNTs) and graphene nanoribbons (GNRS) are
widely used as highly promising additives when high mechanical strength and good electrical
conductivity are desired [1]. However their poor interaction with surrounding matrix and
tendency to form agglomerates lead to decline of material properties’ improvement with
increasing concentration [2]. To tackle this problem surface functionalization is applied.
However, as chemical bonding interrupts continuous sp2-bonded outer layer, the electrical
properties could be severely damaged by grafting of functional groups. For this reason, there is a
high demand for non-bonding functional molecules.

This work is focused on the interaction between CNT/GNR and tetrakis-Schiff base
compounds. As it was shown previously [3], the later can form continuous networks of
interconnected micrometer sized rings and rods with rim thickness of a few nanometers both on
the surface and in the bulk of polymer. It was also noticed, that CNTs could be incorporated into
these molecular networks and aligned along the rings and rods. Here we report the investigation
of the interaction between tetrakis-Schiff bases and the surface of carbon nanotubes and
graphene nanoribbons by means of density functional theory and molecular dynamics and its
influence on the composite electrical properties studied by meso-scale Monte Carlo modeling.

Using the ONETEP [4] and SIESTA [5] density functional packages the relaxed structures of
molecular complexes, consisting of CNT/GNR fragment and tetrakis-Schiff base molecule, were
obtained both with and without van der Waals correction and the orientation dependant
interaction energy were studied. A special attention is devoted to the frontier orbitals of the
molecular complexes. It is shown, that HOMO and LUMO orbitals of the neighboring molecules
and CNT/GNR surface level can overlap in the proximity of frontier orbitals of CNT/GNR thus
facilitating charge transfer. For single base tetrakis-Schiff molecules with flat geometry a
ballistic conduction channel appears for stacked molecular wire. For wedge-like double base
molecules, forming the mentioned above ring-rod networks, with smaller overlap of frontier



orbitals and more complex mutual arrangement, the electron hopping model is proposed to
investigate the effect of this peculiar interaction on the entire composite electric properties.

Final impact of CNT/GNR incorporation into self-assembled rings-and-rods molecular
networks on the percolation threshold and conductivity of polymer composite is assessed by
evaluation of resistivity of a model sample with molecular network, simulated with Monte Carlo
method using the experimental data on rings distribution, sizes and connectivity. The resistivity
of CNTs uniformly distributed, agglomerated and arranged in ring-rod network is compared.

a)

Left to right: Molecular ring, self-assembled from dual tetrakis-Schiff base compounds by MD simulation; a stack of
single base tetrakis-Schiff base compounds sandwiched between two GNRs; MC simulated network of rings and
rods in plane.
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Self-assembling tetrakis-Schiff base compounds
for CNT reinforced composites:
combined MD, DFT & charge transfer study
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ITN “CONTACT”: http://www.contactproject.eu/

The research aim of ITN “CONTACT” is the tailored industrial
supply-chain development of CNT-filled polymer composites with
improved mechanical and electrical properties
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% CONT Outline:

1. Introduction to CNT composites’ problems:

- Why do we bother?
- Why conventional way fails?
- Any other way?

2. Computer study of self-assembly in double base

compounds:
- DFT&MD study of a single molecule and dimer
- MD study of molecular ring self-assembly

3. Charge transfer properties of Schiff-base compounds

- single molecule electronic structure
- electron transfer in single tetkaris-Schiff base molecular system
- double tetrakis-Schiff base systems [work in progress]
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N Introduction to CNT composites’
1, CONT : ) R
problems: fantastic possibilities

Z. Spitalsky et al. Prog. in Polymer Sci. 2010, vol. 35, p. 357-401

Young modulus & Tensile strength increase ~10x by adding 1 vol% i
Conductivity increase ~16 orders of magnitude

Percolation threshold ~0.003 wt%
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g% Introduction to CNT composites’ problems:
L CONT so why do we bother?

Anna Y. Matveeva, Ferrie W.J. van Hattum
I3N - Institute for Nanostructures, Nanomodelling and
Nanofabrication, Portugal;

Tensile tests (CNF/Epoxy) — experimental
observation

S 3,5
O,
g 3,3
=
©
o 3,1
€
& 2.9
3
>
2,7
25
1% 0% 1% 2% 3%
wt%

More — is not better!
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Pl Introduction to CNT composites’ problems:
% CONTACT
N so why do we bother?

What happened to my nanotubes???

? This project has received funding from the European Community’s Seventh
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Introduction to CNT composites’ problems:
Why conventional way fails?

- I've made a composite with
2 W.% of nanotubes!

- Indeed... and looks
like all of them are here.

This project has received funding from the European Community’s Seventh
Framework Programme (FP7/2007-2013) under grant agreement no. 238363
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L. Why conventional way fails?

Introduction to CNT composites’ problems:

Jyri Tiusanen — sample preparation
Bernadeth Kiss-Pataki — microscopy

Anna Y. Matveeva — image analysis

Agglomerate size was determined from microscopy analysis of PC
samples containing 3 vol. % of 1,5 um long CNTSs.

Code average agglomerate Volume resistivity (pv)
= agglomerate [radiusdispersion| average stdev
= radius x_, um W, Um O.cm O.cm

; : e F1 0.28 1.55 78,908 3,965
2 S A ST F2 0.40 1.47 6171,026 | 2205,548
"‘ g F3 0.41 0.85 27,934 2,025
e s | Fa 0.10 0.66 46,451 6,973
et SR R F5 0.14 0.53
A R ,100,pm . 156,873 28,616
ol b 5 L, F6 0.10 0.76 23,274 4,244

Series of samples with close agglomerate parameters can exhibit 2
orders of magnitude difference in resistivity.

This project has received funding from the European Community’s Seventh
Framework Programme (FP7/2007-2013) under grant agreement no. 238363
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Introduction to CNT composites’ problems:
Why conventional way fails?

Resistor network model:

fo}- = n+2 n+2
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orientation distribution width

Conclusion: the 2 order of magnitude difference cannot be attributed solely to
agglomerate size - should be attributed to different degree of CNT alignment

? This project has received funding from the European Community’s Seventh g ,{,.,

Imperial College ~
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C Introduction to CNT composites’ problems:
CONTESS Any other way?

Self-assembling molecular networks:

Nature Commun. 2013;4:2648. doi:

10.1038/ncomms3648.

Nanorings and rods interconnected
by self-assembly mimicking an
artificial network of neurons.
Escarcega-Bobadilla MV1, Zelada-Guillén
GA, Pyrlin SV, et al.

Imperial College |32

This project has received funding from the European Community’s Seventh impe!
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Framework Programme (FP7/2007-2013) under grant agreement no. 238363
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g% Introduction to CNT composites’ problems:
L GONT Any other way?

Self-assembling molecular networks: Monte Carlo study
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volume per ring (um3/ring)
Diameter 5,5+/-2,0 ym;
Rim 0,11+/-0,01 pm; _
Rods per ring 2,8+/-0.7 Percolation threshold:
: :
CNT aspect ratio 65 - 2D down to ~0,06 surf. % (vs ~0,1 theory);

\ / - 3D down to ~10° vol. % (vs ~1,0 theory); Q > 4
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Computer study of self-assembly in double
base compounds:

DFT study of single tetrakis-Schiff molecule
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*ONETEP: http://www?2.tcm.phy.cam.ac.uk/onetep/
*SIESTA: http://departments.icmab.es/leem/siesta/
*NWCHEM: http://www.nwchem-sw.org/
LAMMPS: http://lammps.sandia.gov/
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Computer study of self-assembly in double
base compounds:

DFT & MD study of tetrakis-Schiff molecule dimer

Bimolecular configuration | van der Waals binding | Coulomb binding energy | Total binding energy
energy (kcal/mol) (kcal/mol) (absolute values, kcal/mol)
a) | Back-to-back ~-40 +6 t0 +7 > 30
b) | Face-to-face ~-20 -6 to -7 ~ 30
C) | Stacked ~-30 4100 ~30
d) [Side contact ~ 20 ~-7t00 ~ 15 to 30

This project has received funding from the European Community’s Seventh
____ Framework Programme (FP7/2007-2013) under grant agreement no. 238363
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'-:;":_,._c.::' NT~CT MD study of tetrakis-Schiff molecular rings:

DREIDING force-field + DFT derived charges

Single and multi-molecular thick strings collapse into ring-like structures
show no structural changes over microsecond simulation times

7 This project has received funding from the European Community’s Seventh
il Framework Programme (FP7/2007-2013) under grant agreement no. 238363
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£ CONT Electron transfer in single tetkaris-Schiff
base molecular system

Flexible wedge-like structure:

- consists of 2 symmetric bases;

- provides stability in multi-molecular
systems ;

- Is a hell to optimize!

Single base compound:

- easier to optimize;

- features the basic phenomenon:
cation-pi interaction;

7 This project has received funding from the European Community’s Seventh
__lill—— Framework Programme (FP7/2007-2013) under grant agreement no. 238363
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c NT Single molecule electronic structure
Graphene Double Single BPA (PC
tetrakis- tetrakis- building
Schiff Schiff block)
compound compound 1
A 1,44 eV
0,25 eV
Ef(G) i 0,6 EVV
e R I Sl I €
2,24 eV 267 eV 2,62 eV
7 \ 4

J. Klimes et al. J. Phys.: Cond. Matter 22 (2010) 022201

Imperial College [F=%%

-l Framework Programme (FP7/2007-2013) under grant agreement no. 238363 London
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C"-‘- NT Electron transfer in single tetkaris-Schiff
base molecular system
single tetrakis-Schiff base
sgesge.  COmMpound stack o
S g

-0,2 0 0,2 0,4 0,6 0,8 1
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C"'-'- NT Electron transfer in single tetkaris-Schiff
base molecular system

single tetrakis-Schiff base
compound stack

-0,2 0 0,2 0,4 0,6 0,8 1
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£ CONT Electron transfer in single tetkaris-Schiff
base molecular system

single tetrakis-Schiff base
compound stack

-0,2 0 0,2 0,4 0,6 0,8 1
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c:::' NT Electron transfer in single tetkaris-Schiff
base molecular system

i=(E;—E, )+(E®, —E_,) 146,4 meV
f—sfj{Eﬁ + Ejj}ﬂ
V= — 3 152,3 meV
K |Tf"'|z(lTI )153 ( A ) 2,5%1014 g1
= ! S
io\akeT/) TP \ajLT

1 2

B el)
 kgT

2.33*102 cm?/s

It 0,9 cm?/Vs

¢4 88l

R. Marcus Rev. Mod. Phys. 65, 599, 1993.

Framework Programme (FP7/2007-2013) under grant agreement no. 238363

? This project has received funding from the European Community’s Seventh m

EEEEEEEEEEEEEEEE
RRRRRRRRR



&, CONT Work in progress:

*Constrained DFT study of
charge transfer in double-
base compounds;

This project has received funding from the European Community’s Seventh
____ Framework Programme (FP7/2007-2013) under grant agreement no. 238363
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&, CONT Work in progress:

*MC study of charge transport in

*Constrained DFT study of CNT-tetrakis-Schiff base

charge transfer in double-

base compounds; compounds;

Mult-chain arangement ||

7 This project has received funding from the European Community’s Seventh

Framework Programme (FP7/2007-2013) under grant agreement no. 238363
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