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Influence of molecular weight of polycation PDADMA and carbon

nanotube content on electric conductivity of layer-by-layer films

Sven Neuber', Annekatrin Sill', llias Efthymiopoulos’, Peter Nestler?, Katja Fricke® and Christiane
A. Helm™

1 Institute of Physics, University of Greifswald, Felix-Hausdorff-Strae 6, D-17489 Greifswald,
Germany

2 ZIK-HIKE - Biomechanics, University of Greifswald, Fleischmannstr. 42, D-17489, Germany,

3 Leibniz Institute for Plasma Science and Technology, Felix-Hausdorff-Stralle 2, D-17489
Greifswald, Germany;

* helm@uni-greifswald.de

Abstract: For biological and engineering applications, nm-thin films with high electrical
conductivity and tunable sheet resistance are desirable.  Multilayers  of
polydimethyldiallylammonium chloride (PDADMA) with two different molecular weights (322
and 44.3 kDa) and oxidized carbon nanotubes (CNTs) were constructed using the layer-by-
layer technique. The surface coverage of the CNTs was monitored with a selected Vis-NIR
absorption peak. Both the film thickness and the surface coverage of the CNTs increased
linearly with the number of CNT/PDADMA bilayers deposited (film thickness up to 80 nm).
AFM-Images showed a predominantly surface-parallel orientation of CNTs. Ohmic behavior
with constant electrical conductivity of each CNT/PDADMA fiim and conductivity up to
4 - 103 S/m was found. A change in PDADMA molecular weight by almost a factor of ten has
no effect on the film thickness and electrical conductivity, only the film/air roughness is
reduced. However, increasing CNT concentration in the deposition solution from 0.15 up to
0.25 mg/ml results in an increased thickness of a PDADMA/CNT bilayer (by a factor of three).
The increased bilayer thickness is accompanied by a decreased CNT coverage and a
decreased electrical conductivity (by a factor of four). The respective influence of polymer

molecular weight and adsorption conditions on conductivity are discussed.




Introduction

Electrically active implants are often isolators covered by an electrically conducting coating." 2
Ultrathin organic films as coatings were investigated. For applications, the sheet resistance Rs
of the coating needs to be low and adjustable. For very thin films to be sufficient, high electrical
conductivity is required.®* One way to reduce the sheet resistance of an organic film is to make
a composite material with electrically conductive carbon nanotubes (CNTs). Electrically
conductive films of carbon nanotubes have been made many different ways. However, the
influence of film composition on electrical conductivity is far from clear. We used the layer-by-
layer technique and found constant electrical conductivity above a certain number of layers.
With constant electrical conductivity, it is possible to tune the sheet resistance within an order

of magnitude by adjusting (i) the preparation conditions and (ii) the thickness of the film.

In the LbL technique, films are prepared by the consecutive adsorption of oppositely charged
polyions.5® The film thickness can be controlled by the number of deposition steps. To identify
the composition of the film, absorption spectra of one component can be used. At first glance,
the visible and near infrared absorption spectroscopy (Vis-NIR)absorption spectrum of CNTs
is complicated:'® Depending on the preparation of CNTs different absorption spectra are
observed, and the correlation between CNT absorption spectrum and other physical properties
of CNTs is not yet established. However, we find that for a specific preparation procedure

typical absorption peaks can be identified.

Kotov and coworkers® showed that it is possible to form electrically conductive LbL films by
using polyelectrolytes (PE) and CNTs (PE/CNT multilayers). CNTs have interesting electrical
properties: Due to freely moving electrons, the electrical conductivity of a single nanotube is
large (~107 S/m). However, even for um-thick films consisting of CNTs only, the conductivity
is reduced by a factor of 10 to 100 (up to 6.7 - 10° S/m)."® '" Between CNTs, electrons are
transferred by a Faradaic process.® # Compared to a single nanotube, the charge transfer
between CNTs reduced the conductivty of that film'? by one to two orders of magnitude.® *

Multilayers consisting only of organic polyelectrolytes have a low elelctrically conductivity; it is




fourteen to sixteen orders of magnitude smaller than that of a a CNT, 107° — 1077 S/m.".
Therefore, high electrical conductivity in LbL films can only by achieved by CNTs which touch
at cross-over points and allow the electrons to hop from one CNT to the next (Faradaic

transport).

For LbL film assembly, the dispersion of hydrophobic CNTs in water is necessary. In the past,
this was achieved by chemically modifying the CNTs with functional groups or by wrapping
them in polyanions, usually poly(styrenesulfonate sodium salt) (PSS)."> ' LbL films prepared
from two kinds of chemically modified CNTs (one kind of CNT was positively charged, the other
negatively) showed a low conductivity (200 - 800 S/m), three orders of magnitude lower than
found in films prepared of pure CNTs."® LbL films made from single-wall CNTs wrapped in PSS
and a second polyelectrolyte exhibited a somewhat larger conductivity: 430 S/m with CNTs
and laminin® or 1000 S/m with CNTs and polyvinyl alcohol.'® We shall show that oxidation of

the CNTs and close packing leads to a larger conductivity.

To complement the Vis-NIR absorption measurements, the film surface is imaged by atomic
force microscopy (AFM) and the film thickness is determined by ellipsometry. We modified the
CNTs (single-walled/double-walled mixture; carbon nanotubes ratio > 90 %, diameter 1-2 nm,
length 5-30 um) by chemical oxidation to obtain negatively charged CNTs. To achieve a high
packing density of the film, a strong linear polycation (polydimethyldiallylammonium chloride,
PDADMA) was used. To adjust the CNT surface coverage per deposition step, the CNT
concentration in solution was varied. To influence the thickness per polycation adsorption

layer, the molecular weight of PDADMA was varied by almost a factor of ten."”

2. Materials and Methods

Chemical Modification of CNTs. To obtain negatively charged CNTs, they were treated with
a mixture of concentrated acid. This process is necessary to reduce the hydrophobicity of the
CNT sidewalls and thus, to increase the dispersion of the CNTs in water. The acid treatment
presumably leads to the formation of holes and oxidative etching along the wallls of the CNTs."®-

20 The acid mixture of concentrated H,SO4 and HNO; produces electrophilic groups like NO2*,




which can attack the -C=C- double bonds. This creates new defects. In addition, the H2SO4
molecule can attack the created and existing defect sites. A C-OSO.OH bond is formed which,
when reacted with water, leads to a -OH bond.?!

Hydrophobic CNTs (512 mg, single-walled/double-walled mixture; CNT ratio > 90 %, diameter
1-2 nm, length 5-30 ym, abcr GmbH, Karlsruhe, Germany) were treated with 50 ml of a
volume/volume ratio (1:3) of a HNO3 (60-68 %)/H2SO4 (98 %) acid mixture at 80°C for 3.5 h
according to the procedure proposed by Lopez-Oyama.'®

The obtained solution was filtered under vacuum and washed with deionized water until the
pH of the rinsing water became neutral. The solvent was removed with the use of a liquid
nitrogen rotary evaporator and modified CNTs were dried overnight via lyophilization. After the
chemical treatment, 65 mg of dry CNTs were obtained, which could now be better dispersed
in water and to some extend were negatively charged in aqueous solution. This allowed the
CNTs to be used as polyanions. For a fine dispersion in water, raw CNTs were dissolved in a
solution containing 2 wt % sodium dodecyl sulfate (SDS) in 100 ml deionized water, purchased

from Carl Roth GmbH+Co.KG, Karlsruhe, Germany. Concentration of raw CNT was

0.15 mg/ml.

Film preparation. Single side polished silica wafer (Silicon Materials, Kaufering, Germany)
and microscope slides (76 mm x 26 mm, Carl Roth GmbH + Co.KG, Karlsruhe, Germany) were
cleaned according to a RCA treatment protocol? and used as substrate. The polyelectrolyte
multilayers (PEM) in combination with freshly modified CNTs were prepared by the LbL-
method,?® sequential adsorption of oppositely charged polyelectrolytes (PE) and CNTs from
solution with the help of a dipping robot (Riegler & Kirstein GmbH, Potsdam, Germany) and a

refrigerated circulation thermostat (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) at 20 °C.




As polycations poly(ethylenimine) (PEI, branched, M,, = 750 kDa, PDI = 12.5 and PDADMA
(M, = 44.3 and 322 kDa,PDI = 2.19) were used. As polyanions we used PSS (M,, =
666 kDa, PDI < 1.2) and modified CNTs. PEI was purchased from Sigma Aldrich Chemie
GmbH (Steinheim, Germany), PDADMA and PSS from Polymer Standards Service (Mainz,
Germany). For the polyelectrolyte solutions, the composition of the adsorption solution was 1
mM PE with respect to the monomer concentration solved in 100 mM NaCl (Merck KGaA,
Darmstadt, Germany). The modified CNT concentration was 0.15 and 0.25 mg/ml suspended
in ultrapure water. The adsorption time for each deposition step was 30 min with three
subsequent washing steps (each step 1 min) with ultrapure water (Merck Millipore, Burlington,
Massachusetts, US; Sartorius Lab Instruments, Géttingen, Germany) to remove the loosely
bond polycations or polyanions. For all films the first adsorbed layer was PEI followed by a

PSS layer. Then the PDADMA and the CNTs were absorbed in an alternating sequence.

Atomic Force Microscopy (AFM). Surface morphology was determined with a DI Multimode
AFM using NanoScope llla software from Veeco (Santa Barbara, CA, USA). As cantilever a
RTESP-300 model (BRUKER, Billerica, MA, USA) was used with a tip radius < 10 nm. All
measurements were done in the AFM tapping mode with dry samples at ambient conditions.
At least 3 different positions of each sample were imaged with a scan size of 5 um x 5 um. For
data analysis, the NanoScope Analysis (version 1.90, 32 bit) software from BRUKER (Billerica,
MA, USA) was used. Beside imaging AFM is also used to quantify sample surface roughness,

which is calculated via root mean square (RMS) deviation from measured height profiles.

Vis-NIR Absorption Spectroscopy. Vis-NIR spectra of the dry films were recorded with a
Lambda 900 UV-vis spectrometer from Perkin-Elmer (Wiesbaden, Germany). The films were
measured directly with the microscopic slides (76 mm x 26 mm, Carl Roth GmbH + Co.KG,
Karlsruhe, Germany) at ambient conditions (= 21 °C and relative humidity = 30 %). The slide
was covered at both sides due to preparation conditions. To obtain the absorbance of one film,
the obtained values were divided by two. The determination of the extinction coefficient was

done with a CNT solution in a cuvette (Rotilabo®-single-use cells, 4 ml, Carl Roth GmbH + Co.




KG, Karlsruhe, Germany). According to the Beer-Lambert law the absorbance is given by A =
—log (’L) = ¢ -d - c. Theincident intensity is I, (at a particular wavelength), I is the transmitted
0

intensity after passing through a sample with a thickness d, containing a concentration c of the
absorbing species with a wavelength-dependent extinction coefficient €. Absorption was

measured from 400 nm - 1800 nm with 5 nm/s steps and an integration time of 1s per step.

Ellipsometry. PE/CNT film thickness drym Was determined by null-ellipsometry (Multiskop,
Optrel GbR, Sinzing, Germany). A He-Ne laser (power 4 mW, wavelength A = 632.8 nm)
serves as light source. A PE/CNT film is described by a homogeneous film thickness as well
as its complex refractive index ngyy, — i kpym. Here, ngyy, is the real part of the refractive
index, i the imaginary unit and k;,, is the extinction coefficient indicating the light attenuation
while passing the non-transparent PE/CNT film. Effects of surface roughness are neglected.
By measuring the ellipsometric angles W and A of a PE/CNT film the three film parameters
deim: Npam and ke are fitted using a slab model.* However, determining three film
parameters based on two independently measured values (W and A) may leave the resulting
values vulnerable to parameter cross-coupling.

Therefore, all ellipsometric measurements were carried out at several angles of incidence
(66° - 72° in 1° steps).2® Moreover, for each sample condition light absorption Afym Was
measured independently by Vis-NIR absorption spectroscopy (Lambda 900, Perkin-Elmer,
Wiesbaden, Germany) at the wavelength 635 nm. According to Beer-Lambert law the
absorption Ag;;,, is connected to the attenuation coefficient @ = In(10) * Ag, /dfiim Which is in
turn connected to the extinction coefficient kg, = a - A/(4m). Thus, for ellipsometric data
analysis  Kry,, Wwas always determined by the condition  kgim(Afiim dfiim) =
In(10) - AfiimA/ (47 - dgim ) reducing the effective number of free fitting parameters to two (dyjym
and ny;,,). dim is required to quantify the sheet resistance Rs. Therefore, the reliability of dfim
determination by ellipsometry is confirmed by AFM. AFM-based thickness determination is

purely mechanically and serves as an independent method to gain the film surface height




distribution relative to the substrate. Ellipsometry derived film thickness (with neglected

roughness) matches the mean value of the surface height distribution within 1 nm error.

Electrical conductivity. Electrical properties of PE/CNT films at ambient conditions
(10 % - 15 % r.h.) were measured with an ELNEOS FIVE multimeter (Ernst Fischer GmbH +
Co.KG, Freudenstadt, Germany). The device includes a waveform generator and a digital

ampere — and voltmeter. The set-up is shown in scheme 1: a glass slide is covered by an
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