
University of Wisconsin Milwaukee
UWM Digital Commons

Theses and Dissertations

May 2013

Functional Organic Nanomaterials
Ryan R. Kohlmeyer
University of Wisconsin-Milwaukee

Follow this and additional works at: https://dc.uwm.edu/etd
Part of the Chemistry Commons, and the Nanoscience and Nanotechnology Commons

This Dissertation is brought to you for free and open access by UWM Digital Commons. It has been accepted for inclusion in Theses and Dissertations
by an authorized administrator of UWM Digital Commons. For more information, please contact open-access@uwm.edu.

Recommended Citation
Kohlmeyer, Ryan R., "Functional Organic Nanomaterials" (2013). Theses and Dissertations. 711.
https://dc.uwm.edu/etd/711

https://dc.uwm.edu/?utm_source=dc.uwm.edu%2Fetd%2F711&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dc.uwm.edu/etd?utm_source=dc.uwm.edu%2Fetd%2F711&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dc.uwm.edu/etd?utm_source=dc.uwm.edu%2Fetd%2F711&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/131?utm_source=dc.uwm.edu%2Fetd%2F711&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/313?utm_source=dc.uwm.edu%2Fetd%2F711&utm_medium=PDF&utm_campaign=PDFCoverPages
https://dc.uwm.edu/etd/711?utm_source=dc.uwm.edu%2Fetd%2F711&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:open-access@uwm.edu


 

 

 

FUNCTIONAL ORGANIC NANOMATERIALS 

 
by 

 
Ryan R. Kohlmeyer 

 
A Dissertation Submitted in  

Partial Fulfillment of the  

Requirements for the Degree of 

 
 

Doctor of Philosophy 

in Chemistry 

 
at  

The University of Wisconsin-Milwaukee 

May 2013 

 

 

 

 

 

 
 



 

 

ii 

 

ABSTRACT  
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Under the Supervision of Professor Jian Chen 

 
 
 

π-Conjugated polymers have a wide range of applications such as photovoltaics, light-

emitting diodes, and sensors. To gain a better understanding of these systems, 

monodisperse oligomers can be used as a more simplistic model to generate predictive 

structural and physical properties of corresponding polymers. A divergent/convergent 

synthetic approach to synthesis of monodisperse π-conjugated oligomers has been 

developed. These well-defined, thiophene-containing molecular building blocks have 

been successfully coupled to a ferrocene hinge, which has been found to be highly 

efficient in the transport of gold atoms using a gold scanning tunneling microscopy tip. 

 

Carbon nanotubes (CNTs) represent a rare class of materials, which exhibit a number of 

outstanding properties in a single material system, such as high aspect ratio, small 

diameter, light weight, high mechanical strength, high electrical and thermal 

conductivities, and near-IR optical and optoelectronic properties. Aerogels are highly 

porous, low-density materials comprised of a solid, three-dimensional (3D) nanoscale 

network fully accessible to ions and molecules. By combining the extraordinary 

properties of CNTs with those of aerogels, a new class of materials becomes accessible 
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with unique multifunctional material properties. CNT aerogels that are mechanically 

stable and stiff, highly porous, and exhibit excellent electrical conductivity and large 

specific surface area have been developed. 

 

CNTs are recognized as the ultimate carbon fibers for high-performance, multifunctional 

materials, where an addition of only a small amount of CNTs, if engineered 

appropriately, could lead to simultaneously enhanced mechanical strength and electrical 

conductivity. For the first time, using core-shell multi-walled CNTs as a filler to increase 

the dielectric constant and reduce the dielectric loss of nanotube-polymer composites has 

been demonstrated. 

 

While most efforts in the field of CNT-polymer composites have been focused on passive 

material properties such as mechanical, electrical, and thermal, there is growing interest 

in harnessing active material functions such as actuation, sensing, and power generation 

in designed CNT-polymer materials. The synergy between CNTs and the polymer matrix 

has been judiciously exploited to create highly desirable active material functions in 

smart material systems. By incorporating CNTs in a Nafion matrix, multi-shape memory 

healable composites capable of reversible remote, local, and chemical programming have 

been developed. 
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Chapter 1: Synthesis and Length-Dependent Properties of Monodisperse Oligo[(p-

phenyleneethynylene)-alt-(2,5-thienyleneethynylene)]s 

 

1.1 Introduction 

π-Conjugated polymers have a wide range of applications such as photovoltaics, 

thin-film transistors, light-emitting diodes, optoelectronic memory devices, 

electrochromic windows, photochromic devices, electrochemical capacitors, and 

sensors.1-3 Poly(aryleneethynylene)s (PAEs) are a class of polymers in which arene 

groups are separated by alkyne linkers.4 The unique optical and electronic properties of 

PAEs make them promising candidates for chemical- and bio-sensors, and light-emitting 

diodes.5,6 The incorporation of thiophene moieties into a poly-p-phenyleneethynylene 

main chain leads to better electron delocalization and therefore lower band gap 

materials.7-10 Recently, monodisperse π-conjugated oligomers have attracted increasing 

interest, because they represent model systems to generate predictive structural and 

physical properties of corresponding polymers and also serve as conductive wires in 

molecular electronics.11-18  

We are interested in using monodisperse thienyl iodide terminated oligo[p-

phenyleneethynylene)-alt-(2,5-thienyleneethynylene)]s (OPETEs, Scheme 1.1) as 

molecular building blocks to construct more complex, well defined π-conjugated 

architectures. Li and coworkers reported the first synthesis of OPETEs via an iterative 

divergent/convergent doubling strategy in solution as well as on Merrifield’s resin.19 

Although this method could prepare monodisperse oligomers in high yields, it only 

produces phenyl iodide terminated OPETEs. Li and coworkers also tried to prepare 
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thienyl iodide terminated OPETEs, but “failed because the products of the iodination 

reaction were too complicated to purify”.19 Here we report the first synthesis of thienyl 

iodide terminated OPETEs and the subsequent coupling of the tetrameric OPETE to a 

1,1’ ferrocene derivative to synthesize a molecular hinge.  The length-dependent optical 

and electrochemical properties of OPETE family and molecular hinge were studied. 

a b
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Scheme 1.1. Divergent/convergent approach used in this study.  (a) KOH, THF, H2O, 
MeOH; (b) LDA, THF, -78 ˚C followed by I2, THF, -78 ˚C; (c) PdCl2(PPh3)2, CuI, Et3N, 
THF.  
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1.2 Results and Discussion 

1.2.1 Oligomer Synthesis 

 The synthetic route to thienyl iodide terminated OPETEs is given in Scheme 1.2. 

All of the target oligomers were found to be stable towards air and moisture and are 

soluble in many common organic solvents such as CHCl3, CH2Cl2, and THF. The 

monomeric unit 3 was prepared in 87% yield by a Sonogashira coupling reaction of 2-

ethynyl-3-methylthiophene (2) and 2,5-dihexyloxy-4-[(trimethylsilyl)ethynyl] 

iodobenzene in the presence of PdCl2(PPh3)2  and CuI. The synthetic strategy of our 

method  for  doubling  oligomer  length  was  based  on  a  previous divergent/convergent 

Approach  to produce thiophene-ethynylene oligomers.11 Monomer 3 was partitioned into 

two parts. One portion was deprotected in 94% yield to give deprotected monomer 4.  

S Br S TMS S

I

OC6H13

C6H13O

TMS

S

OC6H13

C6H13O

TMS

S

OC6H13

C6H13O

S

OC6H13

C6H13O

TMS

I

S

OC6H13

C6H13O

TMS

H 2

S

OC6H13

C6H13O

H

H 2

S

OC6H13

C6H13O

TMS

I 2

S

OC6H13

C6H13O

TMS

H 4

S

OC6H13

C6H13O

TMS

I 4

10

6

7

8

9

6

3

4

5

31 2

TMSA, Pd(PPh3)4,

CuI, Et3N, 70
oC, 15 h
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96% 89%
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PdCl2(PPh3)2,

CuI, Et3N,
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94%

PdCl2(PPh3)2,
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76%
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rt, 2 h

96%

1) LDA, THF, -78 oC, 1 h
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Scheme 1.2. Synthesis of monodisperse thienyl iodide terminated OPETEs; TMSA = 
trimethylsilylacetylene, LDA = lithium diisopropylamide, TBAF = tetrabutylammonium 
fluoride. 
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Another portion was selectively iodinated in the presence of LDA followed by the 

addition of iodine in THF to give iodinated monomer 5 in 96% yield. Deprotected 

monomer 4 and iodinated monomer 5 were then coupled via a Sonogashira reaction to 

produce dimer 6 in 94% yield. This divergent/convergent approach was continued to 

double dimer 6 into tetramer 9, which was then successfully converted to iodinated 

tetramer 10 in 56% yield. There was a decrease in iodination reaction yield as oligomer 

length increased (96% for monomer 5, 58% for dimer 8, 56% for tetramer 10).   Although 

the thiophene α-position is significantly more reactive than the β-position, there are more 

β-sites present in larger oligomers, which is one likely cause of the decreased yield in 

compounds 8 and 10.20 

1.2.2 Deprotected 1,1΄-ditetramericferrocene Synthesis 

 After synthesizing the family of thienyl iodide terminated OPETEs, a plan to 

couple tetrameric oligomer arms to ferrocene in a 1,1΄ fashion was devised, creating a 

large conjugated molecule that takes advantage of ferrocene’s hinge.  The initial thought 

was to couple a tetrameric oligomer directly to either 1,1΄-diiodoferrocene or 1,1΄-

diethynylferrocene.  Both of these routes were avoided due to the low reactivity of 1,1΄-

diiodoferrocene and the likely [4]ferrocenophane formation from 1,1΄-

diethynylferrocene.21,22  Therefore, the chosen route to synthesize 1,1΄-

ditetramericferrocene is outlined in Scheme 1.3. A Sonogashira coupling of iodinated 

tetramer 10 and 11 catalyzed by PdCl2(PPh3)2 and CuI gave the protected 1,1΄-

ditetramericferrocene    12   in   69%   yield.    TBAF   deprotection  of   12   afforded  the  

deprotected 1,1΄-ditetramericferrocene 13 in 92% yield. 
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Scheme 1.3. Synthesis of Deprotected 1,1΄-ditetramericferrocene.  

 
 

Figure 1.1. Photographs of CH2Cl2 solutions of 3 (1.6 mM), 6 (0.8 mM), 9 (0.4 mM), and 
13 (0.2 mM) without excitation (a) and under 365 nm UV light (b). Different 
concentrations were used to keep the number of benzene rings, thiophene rings, and 
alkyne linkers constant for a better comparison of the conjugation effect. 
 

1.2.3 Optical Properties 

 The length-dependent optical properties of monomer 3, dimer 6, tetramer 9, and 

deprotected 1,1’-ditetramericferrocene 13 are shown in Figure 1.1. Unlike the 

monodisperse OPETEs, deprotected 1,1΄-ditetramericferrocene 13 appears dark when 
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irradiated under 365 nm UV light.  This is likely because of fluorescence quenching due 

to charge transfer from the central ferrocene unit to its conjugated arms.23,24   

1.2.4 Cyclic Voltammetry 

 The electrochemical properties of iodinated monomer 5, iodinated dimer 8,  

1.0 0.8 0.6 0.4 0.2 0.0

-30

-20

-10

0

10

20

 5

 8

 10

 11

 13

Potential (V, vs. Fc/Fc+)

C
u

rr
e

n
t 
(µ

A
)

 

Figure 1.2.  Cyclic voltammograms of 5 (1.6 mM), 8 (0.8 mM), 10 (0.4 mM), 11 (0.5 
mM), and 13 (0.2 mM) in CH2Cl2 containing 0.1 M Bu4NPF6 at a scan rate of 0.1 V s-1.  
All potentials were referenced to the internal standard Fc/Fc+.   

 

Table 1.1.  Oxidation potentials (E0
΄) and anodic-cathodic potential peak separation (∆E) 

of various oligomers and ferrocene compounds.a 

Compound First oxidation 

E
0
΄ (V) 

∆E 

(V) 

Second oxidation 

E
0
΄ (V) 

∆E 

(V) 

5 0.824 0.139   

8 0.697 0.124 0.895 0.109 

10 0.549 0.063   

11 0.250b 0.099   

13 0.221b 0.077 0.468 0.060 
a Measurements were carried out in CH2Cl2 with a glassy carbon working electrode, a 
platinum wire auxiliary electrode, and a Ag/AgCl wire quasi-reference electrode using 
supporting electrolyte 0.1 M Bu4NPF6.  Experiments were run at room temperature at a 
scan rate of 0.1 V s-1. 
b Oxidation due to ferrocenyl core. 
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iodinated tetramer 10, 11, and deprotected 1,1΄-ditetramericferrocene 13 were measured 

using cyclic voltammetry.  The results are summarized in Table 1.1 and Figure 1.2.  All 

of the compounds summarized showed fully reversible redox behavior when scanned in 

the in the regions shown in Figure 1.2.  Iodinated monomer 5 shows a quasi-reversible 

oxidation peak at 0.824 V vs Fc/Fc+ due to the thiophene unit.  As conjugation length 

increases, the first oxidation potential has been reported to decrease.25 This held true for 

our system, as the first oxidation peak of dimer 8 and tetramer 10 were 0.697 V and 0.549 

V respectively.  The tetrameric arms of deprotected 1,1΄-ditetramericferrocene 13 showed 

a first oxidation peak at 0.468 V.  Although not fully understood at this time, dimer 8 was 

the only oligomer found to have more than one thiophene based oxidation, with a second 

quasi-reversible oxidation peak at 0.895 V.  Surprisingly, tetramer 10 and deprotected 

1,1΄-ditetramericferrocene 13 only showed one thiophene based oxidation peak.  

Tetramer 10 was probed past 1 V vs Fc/Fc+, but the voltammogram became complex 

with the formation of a new compound likely due to oxidative electropolymerization.26,27 

Both 11 and deprotected 1,1΄-ditetramericferrocene 13 have a ferrocenyl core oxidation 

of 0.250 and 0.221 V, respectively.  This shows an anodic shift for both compounds 

compared to pure ferrocene, suggesting that ferrocene is acting as an electron donor to 

the conjugated arms.28,29  Interestingly, the increased conjugation length of deprotected 

1,1΄-ditetramericferrocene 13 compared with 11 has little effect on the oxidation potential 

of the ferrocenyl core.   

1.3 Conclusion 

 Monodisperse thienyl iodide terminated OPETEs were successfully synthesized 

by a divergent/convergent doubling approach using a series of iodination, deprotection, 
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and Sonogashira coupling reactions. We have reported the first synthesis of thienyl iodide 

terminated OPETEs and the subsequent coupling of the tetrameric OPETE to a 1,1’ 

ferrocene derivative to synthesize a molecular hinge.  The length-dependent optical and 

electrochemical properties of OPETE family and molecular hinge were studied. By 

incorporating ferrocene as a molecular hinge, a longer structure can be synthesized 

without interrupting the conjugation length.  

1.4 Experimental  

1.4.1 General 

 All reagents and solvents were used as received unless otherwise noted. THF was 

distilled under nitrogen from Na-benzophenone, triethylamine was distilled under 

nitrogen from CaH2, and diisopropylamine (NiPr2H) was distilled under nitrogen from 

KOH. Compound 11 was prepared according to literature procedures.3,30 All Pd-catalyzed 

cross-coupling and iodination reactions were carried out under an atmosphere of argon 

using standard Schlenk and vacuum line techniques. Flash column chromatography was 

performed on silica gel (Silicycle, 40-63µm). Thin layer chromatography (TLC) was 

performed on 200 micron silica gel F254 plates. All reported 1H and 13C NMR spectra 

were collected in CDCl3 using a Bruker Spectrospin 300 MHz or Bruker 500 MHz 

instrument (13C were obtained at 125 MHz) with shifts recorded relative to CHCl3. 

Electrospray Ionization (ESI) mass spectrometry was performed using an Applied 

Biosystems Voyager-PE SCIEX QSTAR mass spectrometer. Matrix-Assisted Laser 

Desorption/Ionization-Time of Flight (MALDI-TOF) was performed using an Applied 

Biosystems Voyager-DE STR mass spectrometer. All MALDI-TOF samples used the 

matrix 2,4,6-trihydroxyacetophenone (THAP), except compounds 9, 10, and 12 used 2,5-
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dihydroxybenzoic acid (DHB), and  compound 13 used anthracene. Cyclic voltammetry 

was carried out using a BASi Epsilon three-electrode potentiostat in CH2Cl2 containing 

0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) as the supporting 

electrolyte. Experiments were performed at room temperature at a scan rate of 0.1 V s-1 

with a three electrode cell containing a glassy carbon working electrode (0.07 cm2), a 

platinum wire auxiliary electrode, and a Ag/AgCl wire quasi-reference electrode. Cyclic 

voltammetry was conducted under nitrogen and the CH2Cl2 solution was deoxygenated 

by bubbling with nitrogen for at least 10 min. The internal standard Fc/Fc+ was used to 

correct all potentials. 1H-NMR, 13C-NMR, and mass spectra of compounds 1, 3-10, 12, 

13 can be found in Appendix A. 

          

1.4.1.1. 3-methyl-2-[(trimethylsilyl)ethynyl]thiophene (1)  

Et3N (75 mL) and trimethylsilylacetylene (3.60 g, 36.65 mmol) were added to a 

degassed mixture of 2-bromo-3-methylthiophene (5.00 g, 28.24 mmol), Pd(PPh3)4 (1.00 

g, 0.87 mmol), and CuI (0.20 g, 1.05 mmol) under argon. The mixture was stirred at 70 

oC for 15 h, poured into CHCl3, and washed with saturated NH4Cl aq, HCl aq, NaHCO3 

aq, and water. The mixture was dried over MgSO4 and solvent was removed via rotary 

evaporation. The residue was purified via flash column chromatography (silica gel, 

hexanes, Rf = 0.30) giving the title compound as a colorless liquid (5.25 g, 96%). 1H 

NMR (500 MHz, CDCl3) δ 7.11 (d, J = 5.5 Hz, 1H), 6.81 (d, J = 5.0 Hz, 1H), 2.33 (s, 

3H), 0.28 (s, 9H). 13C (125 MHz, CDCl3) δ 143.71, 129.32, 126.11, 119.01, 101.16, 

97.85, 15.23, 0.37. MS (ESI): m/z calcd for C10H14SSi [M+H]+: 195.0664, found: 

195.0663.  
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1.4.1.2. 2-ethynyl-3-methylthiophene (2)
31,32   

KOH (8.00 g, 142.58 mmol) in H2O (70 mL) was added to a solution of 1 (5.54 g, 

28.50 mmol) in THF (100 mL). Methanol was added until the solution was homogenous. 

After stirring for 2 h at room temperature, the mixture was washed with water and dried 

over MgSO4. Solvent was removed carefully by rotary evaporation to give the title 

compound as a yellow liquid (3.10 g, 89%). 1H NMR (500 MHz, CDCl3) δ 7.14 (d, J = 

5.1 Hz, 1H), 6.83 (d, J = 5.1 Hz, 1H), 3.45 (s, 1H), 2.33 (s, 3H). 

 

1.4.1.3. Monomer (3)  

Et3N (15 mL) and THF (30 mL) were added to a degassed mixture of 2,5-

dihexyloxy-4-[(trimethylsilyl)ethynyl]iodobenzene (2.70 g, 5.39 mmol), 2 (0.87 g, 7.12 

mmol), PdCl2(PPh3)2 (0.0840 g, 0.120 mmol), and CuI (0.0450 g, 0.236 mmol). The 

mixture was degassed at -78 ˚C and refilled with argon three times, then stirred for 12 h 

at room temperature. Solvent was removed and the resulting brown residue was dissolved 

in CHCl3 and washed with saturated NH4Cl aq and water. The mixture was dried over 

MgSO4 and solvent was removed via rotary evaporation. A pale yellow solid (2.32 g, 

87%) was obtained by recrystallizing from CHCl3/CH3OH. 1H NMR (300 MHz, CDCl3) 

δ 7.17 (d, J = 5.5 Hz, 1H), 6.93 (s, 1H), 6.92 (s, 1H), 6.86 (d, J = 5.0 Hz, 1H), 3.98 (t, J = 

6.5 Hz, 4H), 2.40 (s, 3H), 1.84-1.77 (m, 4H), 1.55-1.49 (m, 4H), 1.37-1.32 (m, 8H), 0.93-

0.87 (m, 6H), 0.26 (s, 9H). 13C (125 MHz, CDCl3) δ 154.51, 153.51, 143.05, 129.58, 

126.42, 119.20, 117.27, 116.78, 114.56, 113.85, 101.59, 100.36, 92.31, 88.32, 69.91, 

69.81, 31.98, 29.71, 29.68, 26.13, 26.06, 22.99, 22.97, 15.34, 14.42, 14.40, 0.33. MS 

(MALDI-TOF): m/z calcd for C30H42O2SSi [M+H]+: 495.2753, found: 495.2432.  
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1.4.1.4. Deprotected Monomer (4) 

KOH (0.85 g, 15.15 mmol) in H2O (9 mL) was added to a solution of 3 (1.50 g, 

3.03 mmol) in THF (30 mL). Methanol was added until the solution was homogenous. 

The mixture was stirred at room temperature for 2 h, then washed with water and dried 

over MgSO4. Solvent was removed via rotary evaporation to afford the title compound as 

a yellow solid (1.20 g, 94%). 1H NMR (500 MHz, CDCl3) δ 7.18 (d, J = 5.0 Hz, 1H), 

6.96 (s, 2H), 6.87 (d, J = 5.5 Hz, 1H), 4.02-3.97 (m, 4H), 3.33 (s, 1H), 2.40 (s, 3H), 1.84-

1.79 (m, 4H), 1.53-1.48 (m, 4H), 1.37-1.33 (m, 8H), 0.93-0.87 (m, 6H). 13C NMR (125 

MHz, CDCl3) δ 154.61, 153.60, 143.11, 129.59, 126.46, 119.22, 117.99, 117.03, 115.14, 

112.93, 92.19, 88.38, 82.52, 80.50, 70.19, 69.99, 31.98, 31.90,, 29.74, 29.54, 26.13, 

25.97, 22.94, 15.32, 14.34. MS (MALDI-TOF): m/z calcd for C27H34O2S [M+H]+: 

422.2280, found: 422.2346.  

 

1.4.1.5. Iodinated Monomer (5)  

LDA (6.54 mmol, 3.63 mL, 1.8 M) was added dropwise into degassed solution of 

3 (1.08 g, 2.18 mmol) in THF (17 mL) at     -78˚C under argon. After stirring for 1 h at -

78 ˚C, a separate solution of iodine (1.66 g, 6.54 mmol) in THF (12 mL) was added 

slowly. The mixture was stirred for an additional 1 h at -78 ˚C, poured into water, and 

extracted with THF. The organic layer was washed with Na2S2O3 aq and water, then 

dried over MgSO4. Solvent was removed by rotary evaporation, and a yellow solid (1.30 

g, 96%) was obtained by recrystallizing from CHCl3/CH3OH. 1H NMR (300 MHz, 

CDCl3) δ 7.01 (s, 1H), 6.92 (s, 1H), 6.90 (s, 1H), 3.99-3.95 (m, 4H), 2.35 (s, 3H), 1.85-

1.75 (m, 4H), 1.54-1.49 (m, 4H), 1.36-1.32 (m, 8H), 0.93-0.87 (m, 6H), 0.26 (s, 9H). 13C 
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NMR (125 MHz, CDCl3) δ 154.48, 153.54, 144.49, 139.40, 125.31, 117.17, 116.70, 

114.19, 114.03, 101.49, 100.60, 94.01, 86.96, 74.22, 69.91, 69.74, 31.97, 29.67, 26.12, 

26.05, 22.98, 14.99, 14.41, 0.31. MS (MALDI-TOF): m/z calcd for C30H41IO2SSi 

[M+K]+: 659.1278, found: 659.1262.  

 

1.4.16. Dimer (6)  

Et3N (15 mL) and THF (30 mL) were added into a degassed mixture of 4 (0.75 g, 

1.77 mmol), 5 (1.10 g, 1.77 mmol), PdCl2(PPh3)2 (0.0246 g, 0.035 mmol), and CuI 

(0.0135 g, 0.071 mmol). The mixture was degassed at -78 ˚C and refilled with argon 

three times, then stirred at room temperature for 12 h. The brown solid obtained after 

removing solvent was dissolved in CHCl3 and washed with saturated NH4Cl aq and 

water. The mixture was dried over MgSO4 and solvent was removed via rotary 

evaporation. The residue was purified by flash column chromatography (silica gel, 

CH2Cl2/hexanes = 1/2, Rf = 0.24) giving the title compound as a yellow solid (1.53 g, 

94%). 1H NMR (300 MHz, CDCl3) δ 7.18 (d, J = 5.1 Hz, 1H), 7.02 (s, 1H), 6.97 (s, 1H), 

6.95 (s, 1H), 6.93 (s, 2H), 6.87 (d, J = 5.1 Hz, 1H), 4.04-3.96 (m, 8H), 2.41 (s, 3H), 2.36 

(s, 3H), 1.88-1.76 (m, 8H), 1.57-1.48 (m, 8H), 1.40-1.32 (m, 16H), 0.93-0.87 (m, 12H), 

0.28 (s, 9H). 13C NMR (125 MHz, CDCl3) δ 154.49, 153.94, 153.66, 153.62, 143.12, 

142.95, 134.02, 129.61, 126.48, 123.73, 120.96, 119.20, 117.16, 116.81, 116.73, 116.48, 

114.64, 114.17, 114.12, 113.56, 101.53, 100.63, 93.50, 92.38, 91.24, 88.61, 88.38, 88.05, 

70.07, 69.91, 69.84, 69.75, 31.96, 29.71, 29.67, 29.62, 26.14, 26.11, 26.07, 22.98,  15.33, 

14.41, 0.31. MS (MALDI-TOF): m/z calcd for C57H74O4S2Si [M+H]+: 915.4876, found: 

915.4835.  



13 

 

 

1.4.1.7. Deprotected Dimer (7)  

TBAF (1.70 mmol, 1.70 mL, 1M in THF) was added to a solution of 6 (1.30 g, 

1.42 mmol) in CH2Cl2 (80 mL) and stirred for 2 h at room temperature. The mixture was 

passed through a short silica plug, and solvent was removed to afford a yellow solid (1.18 

g, 99%). 1H NMR (500 MHz, CDCl3) δ 7.18 (d, J = 5.0 Hz, 1H), 7.02 (s, 1H), 6.97 (s, 

1H), 6.96 (s, 2H), 6.956 (s, 1H), 6.87 (d, J = 5.0 Hz, 1H), 4.03-3.97 (m, 8H), 3.35 (s, 1H), 

2.41 (s, 3H), 2.37 (s, 3H), 1.85-1.81 (m, 8H), 1.53-1.48 (m, 8H), 1.39-1.33 (m, 16H), 

0.93-0.88 (m, 12H). 13C NMR (125 MHz, CDCl3) δ 154.46, 153.92, 153.63, 153.57, 

143.13, 143.05, 134.02, 129.61, 126.49, 123.80, 120.84, 119.16, 117.60, 116.75, 116.70, 

116.42, 114.63, 114.50, 113.49, 112.99, 93.27, 92.35, 91.26, 88.63, 88.34, 88.10, 82.77, 

80.39, 70.04, 69.81, 69.77, 31.98, 31.94, 31.88, 29.70, 29.65, 29.61, 29.46, 26.14, 26.11, 

26.07, 25.94, 22.97, 15.33, 14.41. MS (MALDI-TOF): m/z calcd for C54H66O4S2 [M+H]+: 

843.4481, found: 843.4449.  

 

1.4.1.8. Iodinated Dimer (8)  

LDA (3.28 mmol, 1.82 mL, 1.8 M) was added dropwise to a degassed solution of 

6 (0.75 g, 0.82 mmol) in THF (72 mL) at     -78 ˚C under argon. After stirring for 1 h at -

78 ˚C, a separate solution of iodine (0.83 g, 3.28 mmol) in THF (6 mL) was added 

slowly. The mixture was stirred for an additional 1 h at -78 ˚C, poured into water, and 

extracted with CHCl3. The organic layer was washed with Na2S2O3 aq and water. The 

mixture was dried over MgSO4 and solvent was removed via rotary evaporation. A 

yellow solid (0.49 g, 58%) was obtained via flash column chromatography (silica gel, 

CH2Cl2/hexanes = 1/2, Rf = 0.32). 1H NMR (500 MHz, CDCl3) δ 7.02 (s, 2H), 6.95 (s, 
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2H), 6.93 (s, 2H), 4.02-3.97 (m, 8H), 2.36 (s, 6H), 1.85-1.79 (m, 8H), 1.55-1.49 (m, 8H), 

1.38-1.33 (m, 16H), 0.93-0.88 (m, 12H), 0.26 (s, 9H). 13C NMR (125 MHz, CDCl3) δ 

154.48, 153.90, 153.69, 153.62, 144.55, 142.96, 139.41, 134.08, 125.30, 123.64, 121.03, 

117.15, 116.73, 116.37, 116.33, 114.18, 114.09, 113.92, 101.51, 100.64, 94.07, 93.54, 

91.16, 88.58, 88.02, 87.24, 74.29, 70.07, 69.90, 69.75, 31.96, 29.67, 29.60, 26.12, 26.06, 

22.99, 15.32, 15.00, 14.41, 0.31. MS (MALDI-TOF): m/z calcd for C57H73IO4S2Si 

[M+H]+: 1041.3842, found: 1041.3870. 

 

1.4.1.9. Tetramer (9)  

Et3N (25 mL) and THF (50 mL) were added to a degassed mixture of 7 (0.59 g, 

0.70 mmol), 8 (0.72 g, 0.70 mmol), PdCl2(PPh3)2 (0.0098 g, 0.014 mmol), and CuI 

(0.0053 g, 0.028 mmol). The mixture was degassed at -78 ˚C and refilled with argon 

three times, then stirred at room temperature for 19 h. The brown solid obtained after 

removing solvent was dissolved in CHCl3 and washed with saturated NH4Cl aq, and 

water. The mixture was dried over MgSO4 and solvent was removed via rotary 

evaporation. The residue was purified by flash column chromatography (silica gel, 

CH2Cl2/hexanes = 1/2, Rf = 0.05) giving the title compound as an orange solid (0.92 g, 

76%). 1H NMR (500 MHz, CDCl3) δ 7.18 (d, J = 5.0 Hz, 1H), 7.034 (s, 1H), 7.030 (s, 

1H), 7.026 (s, 1H), 6.97-6.96 (m, 6H), 6.93 (s, 2H), 6.87 (d, J = 5.0 Hz, 1H), 4.03-3.97 

(m, 16H), 2.41 (s, 3H), 2.38 (s, 6H), 2.37 (s, 3H), 1.87-1.78 (m, 16H), 1.57-1.50 (m, 

16H), 1.38-1.34 (m, 32H), 0.93-0.88 (m, 24H), 0.27 (s, 9H). 13C NMR (125 MHz, 

CDCl3) δ 154.52, 153.96, 153.82, 153.69, 143.12, 143.01, 142.95, 134.08, 129.61, 

126.48, 123.82, 123.75, 123.68, 121.06, 120.97, 119.22, 117.58, 117.22, 116.82, 116.53, 
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116.42, 114.70, 114.25, 114.14, 113.96, 113.60, 101.54, 100.64, 93.64, 93.60, 92.39, 

91.30, 91.22, 88.62, 88.35, 88.02, 70.11, 69.95, 69.84, 31.96, 29.68, 29.63, 26.13, 26.08, 

22.98, 15.34, 14.40, 0.31. MS (MALDI-TOF): m/z calcd for C111H138O8S4Si [M+H]+: 

1755.9122, found: 1755.9132.  

 

1.4.1.10. Iodinated Tetramer (10) 

LDA (0.95 mL, 1.71 mmol, 1.8 M) was added dropwise to a degassed solution of 

9 (0.50 g, 0.29 mmol) in THF (15 mL) at     -78 ˚C under argon. After stirring for 1 h at -

78 ˚C, a separate solution of iodine (0.43 g, 1.71 mmol) in THF (10 mL) was added 

slowly. The mixture was stirred for an additional 3 h at -78 ˚C, poured into water, and 

extracted with CHCl3. The organic layer was washed with Na2S2O3 aq and water. The 

mixture was dried over MgSO4 and solvent was removed via rotary evaporation. A dark 

orange solid (0.30 g, 56%) was obtained by flash column chromatography (silica gel, 

CH2Cl2/hexanes = 1/2, Rf = 0.07). 1H NMR (500 MHz, CDCl3) δ 7.032 (s, 1H), 7.029 (s, 

1H), 7.02 (s, 2H), 6.97 (s, 2H), 6.962 (s, 1H), 6.960 (s, 1H), 6.952 (s, 1H), 6.949 (s, 1H), 

6.93 (s, 2H), 4.04-3.97 (m, 16H), 2.38 (s, 6H), 2.37 (s, 6H), 1.87-1.79 (m, 16H), 1.54-

1.50 (m, 16H), 1.38-1.33 (m, 32H), 0.93-0.89 (m, 24H), 0.27 (s, 9H). 13C NMR (125 

MHz, CDCl3) δ 154.48, 153.90, 153.77, 153.68, 153.61, 144.56, 143.03, 142.97, 139.42, 

134.09, 125.29, 123.70, 123.64, 121.03, 117.11, 116.72, 116.33, 114.15, 114.09, 114.06, 

113.88, 101.50, 100.65, 94.07, 93.62, 93.54, 91.25, 91.21, 88.63, 88.59, 88.33, 88.03, 

87.26, 74.31, 70.06, 69.88, 69.77, 31.96, 29.67, 29.61, 26.13, 26.07, 22.99, 15.34, 15.01, 

14.42, 0.31. MS (MALDI-TOF): m/z calcd for C111H137IO8S4Si [M+H]+: 1881.8088, 

found: 1881.8071.  



16 

 

 

1.4.1.11. Protected 1,1΄-ditetramericferrocene (12)  

THF (1.7 mL) and NiPr2H (0.4 mL) were added to a degassed mixture of 11 (10.42 mg, 

0.024 mmol), iodinated tetramer 10 (100.00 mg, 0.053 mmol), PdCl2(PPh3)2 (0.68 mg, 

0.00097 mmol), and CuI (0.18 mg, 0.00097 mmol). After cooling to -78 ˚C, the mixture 

was degassed and filled with argon three times. The mixture was warmed to 60 ˚C and 

stirred for 19 h.  Rotary evaporation was used to remove solvent. A dark red solid was 

obtained by recrystallizing from CH2Cl2/ethanol (65 mg, 69%). 1H NMR (500 MHz, 

CDCl3) δ 7.35 (d+d, J = 8.0 Hz, 8H), 7.032 (s, 2H), 7.029 (s, 2H), 7.025 (s, 2H), 7.00 (s, 

2H), 6.97-6.94 (m, 12H), 6.93 (s, 4H), 4.56 (t, J = 1.8 Hz, 4H), 4.35 (t, J = 1.8 Hz, 4H), 

4.02-3.97 (m, 32H), 2.38-2.36 (m, 24H), 1.89-1.78 (m, 32H), 1.58-1.47 (m, 32H), 1.38-

1.34 (m, 64H), 0.93-0.87 (m, 48H), 0.26 (s, 18H). 13C (125 MHz, CDCl3) δ 154.5, 153.9, 

153.8, 153.6, 143.0, 143.2, 134.1, 131.6, 131.5, 124.2, 123.7, 123.6, 123.4, 122.1, 121.0, 

117.1, 116.7, 116.3, 116.2, 114.1, 113.9, 101.5, 100.6, 94.3, 93.6, 93.5, 91.3, 89.7, 88.6, 

88.3, 88.0, 87.1, 84.7, 73.3, 71.3, 70.2, 70.0, 69.9, 69.7, 67.5, 32.0, 29.7, 29.5, 26.13, 

26.08, 26.0, 23.0, 15.3, 14.4, 0.3. MS (MALDI-TOF): m/z calcd for C252H290FeO16S8Si2 

[M]+: 3939.8533, found: 3939.4543.   

 

1.4.1.12. Deprotected 1,1΄-ditetramericferrocene (13)  

12 (70.00 mg, 0.018 mmol) was dissolved in CH2Cl2 (16.8 mL). TBAF (0.043 mmol, 

0.43 mL, 0.1 M in THF) was added and the mixture was stirred at room temperature for 1 

h. The mixture was passed through a 4 cm dry silica plug and was recrystallized from 

CH2Cl2/ethanol to give the title compound as a dark red solid (62 mg, 92%).  1H NMR 

(500 MHz, CDCl3) δ 7.35 (d+d, J = 8.5 Hz, 8H), 7.03 (m, 6H), 7.00 (s, 2H), 6.97-6.94 
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(m, 16H), 4.56  (t, J = 1.8 Hz, 4H), 4.35 (t, J = 1.8 Hz, 4H), 4.02-3.97 (m, 32H), 3.35 (s, 

2H),  2.38-2.36 (m, 24H), 1.87-1.80 (m, 32H), 1.56-1.49 (m, 32H), 1.38-1.33 (m, 64H), 

0.93-0.89 (m, 48H). 13C (125 MHz, CDCl3) δ 154.5, 153.9, 153.8, 153.6, 143.0, 134.2, 

134.1, 131.6, 131.5, 124.2, 123.7, 123.4, 122.1, 121.1, 121.0, 120.9, 117.6, 117.5, 116.7, 

116.35, 116.28, 114.5, 114.20, 114.16, 113.9, 113.0, 94.3, 93.6, 93.3, 91.3, 89.7, 88.6, 

88.3, 88.1, 87.1, 84.7, 82.8, 80.4, 73.3, 71.3, 70.3, 70.1, 69.8, 67.5, 32.0, 31.9, 29.7, 29.6, 

29.5, 26.13, 26.09, 26.0, 23.0, 15.3, 14.4. MS (MALDI-TOF): m/z calcd for 

C246H274FeO16S8 [M]+: 3795.7742, found: 3795.8464. 
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Chapter 2: Efficient Transport of Gold Atoms with a Scanning Tunneling 

Microscopy Tip and a Linker Molecule 

 

2.1 Introduction 

 The controlled manipulation of atoms and molecules is crucial to fabricating 

nanoarchitectures. One approach has been to use scanning probe microscopy to achieve 

such manipulation.1,2 It has been found that features such as islands, mounds, and pits on 

metallic surfaces often coarsen naturally because of adatom, cluster, and vacancy 

diffusion. These processes have strong temperature dependences, and a significant 

amount of experimental work3-8 and kinetic modeling9-11 has been carried out to 

understand them. An extensive review of the research on collective and single-particle 

diffusion has been published by Ala-Nissila et al.12 The restructuring of Au(111) steps to 

form so-called “gold magic fingers” under the influence of a scanning tunneling 

microscope (STM) tip by using high tip voltages to produce a high electric field has been 

reported by Guo et al.13,14 Monte Carlo simulations of the formation of these structures 

reported by Totó et al. have suggested that the high electric field between the tip and 

substrate induces the detachment of atoms from steps to deposit adatoms close to the 

step, which then nucleate to form the gold fingers when the experiment is carried out at 

∼300 K.15,16  

It has also been found that the presence of molecules on the surface can affect the 

coarsening mechanism as demonstrated for the formation of silver islands when there is 

sulfur present on the surface, which is facilitated by the formation of sulfur—silver 

complexes.4 Also, the etching of terraces to form pits has been reported when sulfur is 
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deposited on gold.17 This is not surprising considering that there is a large amount of 

literature showing that sulfur bonds strongly to coinage metals. A well-known example of 

this is the formation of thiolate self-assembled monolayers (SAMs) on gold surfaces that 

induces the formation of pits and islands,18 and the extraction of gold atoms from the 

surface to form thiolate—gold adatom complexes has been recently demonstrated.19 This 

raises the possibility of being able to drag metallic atoms across a surface using a 

functionalized tip, and something similar has been accomplished recently by using an 

STM tip to push molecules with gold atoms attached.20,21 Here, it was found that the 

preadsorption of a HS-ssDNA self-assembled monolayer (SAM) on Au(111) enhances 

the formation of gold fingers when the surface is subsequently scanned with an STM 

tip.20 This was achieved using a Pt/Ir tip, and it was proposed that the tip penetrates the 

molecules in the SAM and mechanically pushes them, thereby dragging the attached gold 

atoms and enhancing the formation of the gold fingers, similarly to what was previously 

proposed by Keel et al. for dodecanethiol on Au(111).21 The following proposes an 

alternative approach, which involves manipulating surface gold atoms by using an STM 

tip that has been functionalized by a sulfur-containing molecule as the gold atom 

transporter. To accomplish such a manipulation, the Au—S bond has to be sufficiently 

strong that when the tip moves laterally it causes the Au—Au bonds to break rather than 

cleaving those between the gold and sulfur or between the molecule and the tip. Kiguchi 

et al. demonstrated qualitatively by means of break-junction experiments that the Au—Au 

bond is in fact weaker than the Au—S bond.22 The strength of the S—Au interaction will 

also depend on the chemical state of the sulfur. Sulfur in an alkylthiolate formed by either 

the deprotonation of an alkylthiol18,19,23,24 or by S—S bond scission of a dialkyl disulfide25  
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Figure 2.1. (a) Structure of the CTFH molecule and (b) 100 nm × 100 nm2 image of the 
functionalized ferrocene molecules adsorbed on Au(111) and imaged with a Pt/Ir tip. Vb 
= -102 mV, It = 7.4 pA, and scanning speed = 500 nm/s. Different shapes and sizes are 
observed, corresponding to some of the many different conformations expected for the 
molecule. (c) A 30 nm × 30 nm2 image from which height profiles were obtained to 
estimate the apparent dimensions of the molecules. Vb = -102 mV, It = 7.3 pA, and 
scanning speed = 150 nm/s. (d, e) Profiles corresponding to sections A and B, 
respectively, in c. The average length and width measured at half-height of the 
protrusions are 5.2 ± 0.8 and 4.6 ± 0.3 nm, respectively. The average height is 180 ± 11 
pm. 
 

binds with a strength of 1.31 eV to gold.26 For sulfur in a dialkyl sulfide, where no S—S 

bond scission occurs, the S—Au interaction is weaker although still significant.26,27 Thus, 

for gold atoms to be redistributed during scanning, energetically allowed pathways must 

also be available to redeposit the gold atom on the surface, presumably at surface defects 
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such as steps. It is proposed, on the basis of the above considerations, that this can occur 

when gold is bonded to sulfur in a thiophene molecule, and this process is discussed in 

some detail below on the basis of our experimental observations. Experiments are carried 

out using a functionalized ferrocene molecule that contains eight thiophene groups, each 

contributing one sulfur atom (a conjugated thiophene-containing ferrocene hinge, CTFH, 

shown in Figure 2.1a) as the transporter molecule with a Au(111) surface as the metal 

substrate. Although thiophenes adsorbed on Au(111) surfaces have been extensively 

reported in the literature, this effect has not been previously explored.27-40 The rationale 

for choosing this molecule will be discussed in greater detail below. 

2.2 Experimental 

 A Au(111) single crystal (Princeton Scientific) was cleaned with cycles of ion 

bombardment using 1 keV argon ions for 30 min (1 µA/cm2), annealing to 900 K for 5 

min and then to 600 K for 30 min. Cleanliness was verified by obtaining a perfectly 

defined herringbone reconstruction by STM. The experiments were carried out in an 

ultrahigh vacuum (UHV) chamber operating at a base pressure of 2 × 10-10 Torr 

following bakeout. After being cleaned, the Au(111) sample was removed from the 

chamber and dipped for 30 s in a 0.2 µM solution of a functionalized ferrocene molecule 

containing eight thiophene groups (CTFH: conjugated thiophene-containing ferrocene 

hinge) in its structure. Chloroform was used as a solvent. The structure of the molecule is 

shown in Figure 2.1 and was synthesized as reported by Chen et al.41 The sample was 

dried by gently blowing with dry nitrogen gas and immediately reinserted into the 

vacuum chamber. The transfer both in and out of the chamber was achieved without 

breaking vacuum in the STM chamber by means of a load-lock cell. The same procedure 
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was used for the experiment using the molecule shown as an inset in Figure 2.5, except 

that the concentration was 0.4 µM. STM images were acquired at a sample temperature 

of 300 K. During scanning, the tip rasters back and forth, and each image consists of 512 

scan lines. Experiments were performed using a scanning tunneling microscope (RHK 

UHV350 dual AFM/STM) as described elsewhere.42 The gold-coated tip was fabricated 

by dipping a sharp tungsten tip a controlled distance of 10 nm into a clean gold sample. 

Gold is much softer than tungsten, and plastic deformation of the substrate occurs when 

the tip indents the surface. When the tip is pulled away from the surface, a significant 

number of gold atoms remain attached to the tip. This procedure is widely used for tip 

conditioning. A simulation of this process has been recently reported for a Ni tip on a Cu 

substrate.43 This is analogous to the W/Au system in the sense that a hard tip indents a 

softer material producing plastic deformation in the latter and carrying along some of the 

soft material when the tip retracts from the surface. The W STM tip was fabricated from 

a recrystallized tungsten wire by electrochemical etching with 4 M NaOH(aq), and the 

oxide was removed by Ar+ bombardment.44 The Pt/Ir tip was prepared with pliers by 

simultaneously pulling and cutting a Pt/Ir wire at a ∼15° angle with respect to the long 

direction of the wire. The results of the experiments were reproduced with two different 

gold-coated tips made using identical methods and with two different Pt/Ir tips. Image 

analysis was done either with WXSM5.0 software or with XPMPro 2.0 software, 

including plane subtraction and noise filtering for easier visualization of the features of 

interest. Some of the thermal drift corrections were also made using WSXM5.0 

software.45 

2.3 Results and Discussion 
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Typical STM images of CTFH on the Au(111) surface taken with a Pt/Ir tip are 

shown in Figure 2.1. Figure 2.1b shows a 100 × 100 nm2 image, where protrusions with 

different shapes and sizes are observed, presumably corresponding to the many expected 

conformations of this molecule. Figure 2.1c shows a smaller region, 30 × 30 nm2, from 

which height profiles of the molecules were obtained in order to estimate their 

dimensions. Two of these profiles, corresponding to sections A and B of inset c, are 

shown in insets d and e, respectively. The average apparent dimensions are 5.2 ± 0.8 nm, 

4.6 ± 0.3 nm, and 180 ± 11 pm for the length, width, and height, respectively. These are 

assigned to the presence of CTFH deposited on the surface from solution. Control 

experiments using the pure solvent alone were carried out, and no such features were 

detected by STM, excluding the possibility that the features are due to the solvent or 

impurities. In addition, the number of such features increases with increasing solution 

concentration.  

When the surface is scanned using a gold-terminated tip, not only are the particles 

that were observed using the Pt/Ir tip not seen but also the surface within the scanning 

area is eroded as a result of scanning. This is shown in the sequence of images in Figure 

2.2 where a peninsula, denoted by a blue (dark-gray) dashed oval, and a screw 

dislocation, denoted by a red (light-gray) solid oval in Figure 2.2a, are sequentially 

etched by repeated scans over that area.  Some of the atoms that are removed from the 

scanned area are deposited at the line defined by the points at which the tip changes its 

scanning direction (i.e., at the edges of the images). In the following text, this line is 

referred to as the turning-point line (TPL). This effect is clearly seen in Figure 2.3. After 

subsequent scans over the area shown  in  Figure 2.3a,  an image was  taken  to include  
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Figure 2.2. Series of 21 consecutive scans of a 100 × 100 nm2 region showing the 
coarsening of a peninsula by scanning the surface with a gold-covered tungsten tip. 
Imaging conditions: Vb = -11 mV, It = 9 pA, and scanning speed = 1 µm/s. 
 
the TPL, and this is displayed in Figure 2.3b.  

A deposit of connected islands of gold atoms can be observed at the TPL. 

Moreover, this deposit is thicker at the upper part of the image, where it connects to a 

step edge. When the TPL coincides with a step edge (step down, Figure 2.4), the growth 

of stripes of gold originating from the step edge toward the lower terrace is observed. The 

substrate lattice directions were obtained from images taken on the clean Au(111) 

surface, and by comparison, it was found that the stripes always grow along one of the 

<110>  directions (data not shown). Experiments were also carried out by adsorbing only 

the sulfur-containing oligomer (molecular structure shown in Figure 2.5) to gauge the 

effect of changing the number of thiophene groups and the effect of the ferrocene hinge. 

The transport of gold atoms was also observed, but at a much lower rate than when the 

longer chain was used under similar imaging conditions. Only when using tunneling 

currents 10 to 30 times larger than that used for CTFH was a significant transport of 

atoms observed. Figure 2.5 shows the variation of the area of a terrace (labeled B in the 
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Figure 2.3. (a) When the surface is scanned with a gold-covered tungsten tip, the 
molecules cannot be observed. (b) An area that includes the turning points of the tip when 
scanning the area shown in image a. It can be observed that gold atoms are deposited 
along the line defined by the turning points. The height of these deposits corresponds to 
islands of gold atoms. Imaging conditions: Vb = -7.63 mV, It = 29.4 pA, and scanning 
speed = 500 nm/s. 
 
image in the top-left corner) as a function of the number of image scans. A linear rate of 

terrace-area growth of 993 nm2/scan is observed. Also, control experiments were carried 

out by performing identical experiments with only the pure solvent, and no mobility of 

gold atoms or growth of stripes was observed, thereby excluding effects due to the 

solvent alone. Experiments were also carried out to test the influence of the bias on the 

transport of atoms, and it was found that positive and negative bias showed the same 

effect for both molecules (data not shown). 

 It is postulated that it is possible to transport gold atoms mechanically and 

efficiently on a surface using a sulfur-containing molecule as the transporter. The CTFH 

molecules  are necessary  for  this  to  occur,  as  at  low  tip bias voltages the herringbone 
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Figure 2.4. A 100 nm × 100 nm2 image showing the growth of stripes (gold magic 
fingers) from a step edge formed when previous scans are made such that the line defined 
by the turning points in the image coincides with a step edge. Imaging conditions were 
Vb = -100 mV, It = 9.16 pA, and scanning speed = 500 nm/s.  
 
reconstruction of the surface is clearly visible and no evidence of step flow is seen on the 

Au(111) surface without adsorbed CTFH molecules (not shown). The conductivity of the 

clean surface is much larger than that of a CTFH-covered surface, indicating that the tip 

has been functionalized. Note that the thiophene functionalities of the hinge molecule are 

linked by acetylide groups, thus maintaining π conjugation throughout the molecules and 

facilitating electron transport through the molecule. The molecule itself is reasonably 

flexible  because  of  the  ability  to rotate around the acetylide—thiophene bonds, and the 
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Figure 2.5. Area (9) of terrace labeled B in the inset at the top left as a function of the 
number of scans. The measurements correspond to the even numbered frames of the 
series of images shown in the inset below the curve. The growth rate of terrace B (slope 
of the curve) is 993 nm2/scan. The images in the inset are 150 nm × 150 nm2 scans taken 
under the following tunneling conditions: Vb = 102 mV, It = 280 pA, and scanning speed 
= 0.76 µm/s.  
 
ferrocene “hinge” imparts additional flexibility to facilitate the thiophene’s bonding both 

to the tip and the surface.  

The presence of CTFH molecules on the Au(111) surface is verified from images 

using a Pt/Ir tip (Figure 2.1), finding an average particle size of 5.2 nm in length and 4.6 

nm in width. Note that no such features are detected on surfaces exposed to the solvent 

alone. On the basis of standard bond lengths, the CTFH molecule would be expected 

have a size of 12.8 × 2.2 nm2 in a linear anti conformation in which the organic moieties  
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rotate about the thiophene hinge so that they are opposite to each other. This is clearly 

larger than the longest distance measured by STM (Figure 2.1). Rotation around the 

hinge in a linear syn conformation suggests that the size would be 6.5 × 2.2 nm2, which is 

also somewhat different from the experimental value. The formation of an almost circular 

conformation would yield an elliptical backbone with dimensions of 4.5 × 4.9 nm2, which 

are somewhat closer to the measured values. These structures are illustrated in Figure 2.6. 

However, this measurement does not account for the alkyl chains that extend outside this 

perimeter.  The motions of the side chains will be rapid compared to the STM collection 

time at the temperature at which the surface was imaged (∼300 K), so they are unlikely 

to be resolved by STM. In addition, it has been found that the STM images of large 

molecules tend to be somewhat smaller than would be anticipated on the basis of their 

expected molecular sizes, as exemplified by recent studies of human insulin adsorbed on 

gold. (See ref 46 and references therein.)  

When this surface is scanned using a gold-terminated tip, it is found that gold 

atoms are deposited at the end of the scan line when the direction of motion of the tip 

changes. A mechanism for this process is proposed in which the tip is functionalized by 

the transporter molecule (in this case, CTFH) as shown above. This is achieved by 

coating a tungsten tip with gold as described in the Experimental Section. It is proposed 

that when a gold-coated tip scans the surface the low-coordination gold atoms at the end 

of the tip can bind to some of the sulfur atoms of the CTFH. However, if all of the sulfur 

atoms of the molecule were to bind to the tip, then there would then be no sulfur atoms 

available to transport the gold atoms, whereas it is evident from Figures 2.2-2.4 that gold 

atom transport does occur. This effect is likely due to steric constraints that allow some of 
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the sulfur atoms of the molecule to remain uncoordinated and thus also be available to 

bind to surface gold atoms. 

It can be seen in Figure 2.2 that when the tip rasters the surface during image 

collection, a peninsula is subsequently eroded. For this to occur, gold atoms located at 

one edge of a peninsula must be attached to the (functionalized) tip. The scan speeds 

range from 500 to 1000 nm/s. This indicates that, considering the diameter of a gold atom 

to be ∼0.29 nm, the tip spends in average of ∼300 to 600 µs over each atom. This is 

sufficient time for the proposed Au—S bond to form because typical bond-formation 

times range from a nanosecond to a few femtoseconds.47 
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Figure 2.6. Potential conformations of CTFH molecule. 

Because the tip oscillates back and forth along each line during scanning, erosion 

could occur when a tip goes up a step, down a step, or both. This will be addressed in 

greater detail below. It can also be seen that the step edge indicated by the white arrow in 

the images (Figure 2.2) changes shape along the scans, although is it not evident whether 

it is being eroded or the atoms are just being redistributed. Again, this point will be 

addressed later. Nevertheless, it is clear that the atoms are removed from the peninsula 
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during scanning. The image in Figure 2.3, showing the surfaces after repeated scanning 

over region 3a of the TPL (3b), reveals that atoms removed from the previously scanned 

area are deposited in the region where the tip changes direction. Furthermore, this 

deposition is thicker in the upper region, where it attaches to a step edge. This implies 

that the release of gold atoms is favored by the presence of the step edge. It is therefore 

inferred that the barrier for gold atoms attached to the functionalized tip to surmount a 

step is sufficiently high that, at least in some cases, the Au—S bonds cleave and the gold 

atoms are deposited onto the step edge. Note that in the region marked with the red (gray) 

dashed oval it can be seen that no deposit is present in the TPL on the upper terraces. 

This means that none of the atoms that are carried by the tip can pass a step-up barrier 

because if that were the case some of them would be deposited on the TPL of the upper 

terraces. 

The above considerations can be summarized as follows: 

(i)  Atoms are removed from the step when the functionalized tip moves in a step-

down direction. 

(ii)  Atoms are added to the step edge when the tip moves in a step-up direction. 

(iii) Atoms that are carried by the transporter molecule can be released upon a 

change in the scanning direction of the tip even on the flat surface. 

 It is evident from the sequence of images shown in Figure 2.2 that the step edges 

change in shape from initially convex to a straight line (white arrows). This indicates that 

the average coordination number of the gold atoms increases during scanning, leading to 

an energetically more favorable structure. Also, a small step flow can be observed as the 

peninsula is etched, and this is consistent with the above postulates because the atoms 
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removed from the right side of the peninsula should be incorporated into the step edge. In 

accord with this idea, it can also be observed that the step flow stops when the peninsula 

has been completely eroded.  

When the TPL coincides with a step edge, as in the case shown in Figure 2.4, the 

formation of gold stripes oriented along the scanning direction is observed. Their widths 

are mostly between 2 and 5 nm, although in some cases stripes of widths of up to 15 nm 

were also observed (data not shown). Such features have been previously reported and 

are named gold magic fingers.13,14,20,48 A shaded rectangle is drawn on the image to show 

the TPL from which the stripes originate. It is worth noting that in none of the images 

could the herringbone reconstruction be observed. This could be due to a lifting of the 

reconstruction either by CTFH adsorption or by the presence of flexible CTFH molecules 

on the tip that could significantly degrade the image resolution. The latter is most likely 

because the low resolution is also evident from the ill-defined borders of the step edges in 

the images.  

Moving gold atoms from a step edge to form stripes has been accomplished 

previously using an STM tip by using high-field scanning conditions (with a tip voltage 

of 1.5 V and a tunneling current of 30 nA). There it was found that the fingers grew only 

along the <110> directions, and no fingers were found for scanning along the <112> 

directions.13,14 Kinetic Monte Carlo simulations of the formation of fingers induced by 

kinetic instabilities generated by this strong field were performed by Totó et al.,15 and the 

diffusion energetics of the elemental surface processes were described. In this work, 

stripes were also oriented along the <110> directions. This is not surprising because the 
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directions of the step edges of such stripes are thermodynamically more stable than for 

other directions.  

The mobility of the gold atoms on the surface and their attachment or detachment 

from step edges and terraces can be also thought of as assisted diffusion. It is therefore 

instructive to analyze the energetics of such processes compared to the strength of the 

Au—S bond. The interaction energy with which the transported gold atoms are attached to 

the thiophene sulfur must be large enough to overcome the energy needed to transit a 

stepdown barrier but small enough not to be able to surmount the step-up barrier. The 

Au—S bond should also be sufficiently strong to detach gold atoms from the step edges. 

Although alkylthiols dehydrogenate23,24 and dialkyl disulfides cleave the S—S bond25 to 

give chemisorbed thiolate species, dialkyl sulfides and thiophenes49 are thought to bond 

to the surface without bond breaking. Lavrich has reported an adsorption energy of 

thiophene on Au(111) of 0.62 eV,26 and Zhou et al. have found adsorption energies for 

thiophene ranging from 0.46 and 0.7 eV depending on the orientation of the molecules.27 

Because this is due to a Au—S interaction, this energy will be referred as EAu—S.  

Work by Kim et al. calculates the minimum-energy pathways and activation 

barriers for atomic diffusion processes on the surfaces of fcc crystals, including the 

Au(111) surface plane9,50 along both terraces and along and across steps for both step-up 

and step-down directions for different diffusion paths. For the single-adatom diffusion 

along a terrace, values of the diffusion activation energies Ediff of 0.117, 0.135, and 0.861 

eV were reported for motion along the <112> and <101> directions and exchange along 

the <211> direction, respectively. (The lattice directions are depicted in the upper-left 

corner of Figure 2.7.) On (111) surfaces, the thermodynamically most stable steps run 
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along the <110> directions. However, there are two kinds of steps along this direction, 

commonly referred as A and B. The structures of both steps are shown in Figure 2.7 

(upper left). For step-up diffusion, different mechanisms and pathways that are close in 

energy were analyzed, yielding average values of EupA = 0.680 eV for a step-up diffusion 

on type-A steps and EupB = 0.647 eV for type B. For step-down motion, barrier Edown is 

significantly smaller, being 0.164 and 0.155 eV for A- and B-type steps, respectively. 

These rationalize the observation that transported atoms are released when transiting a 

(high-energy) step-up barrier because the step-up energies are larger than the Au—S bond 

strength for thiophene. Interestingly, it was found that a gold atom exchange mechanism 

between a diffusing atom and a step atom is slightly more favorable than the more 

intuitive hopping mechanism. These energetics render thiophenes ideal for scanning-

induced gold atom transport processes. In the case of alkylthiols, the much larger 

interaction energy (1.31 eV)26 would easily overcome the step-up energy barriers (Eup ≈ 

0.66 eV) reported by Kim et al.9 and therefore would simply transport the gold atoms 

across the surface without releasing them.  

These considerations provide a plausible rationale for gold atom transport across 

steps and for atom release when moving up a step on the basis of the energy barriers for 

these processes to occur. They do not explain how gold atoms are transported when the 

erosion process begins. Totó et al. preformed kinetic Monte Carlo simulations of gold-

nanofinger formation on step edges using high tip voltages. To consider all of the 

possible events leading to this phenomenon, the energy barriers for diffusion processes 

were calculated using the Gupta potential as a function of the change in the coordination 

number.15 The cases of interest for the current study involve the  removal  of  gold  atoms  
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Figure 2.7. (Top left) Depiction of the different types of gold atoms that can be extracted 
from a step edge on the basis of the coordination number, the two different types of steps 

A and B along the <110>  surface directions, and the different directions along which an 
adatom can diffuse. The energies that are relevant to the proposed model are included 

(Au—S interaction energy EAu—S, step detachment barrier Ede, terrace diffusion barrier Edif, 

step-down diffusion barrier Edown, and step-up diffusion barrier Eup), as are the references 
from which they were taken. The energetically favorable processes are marked with 
green (light-gray) arrows, and the unfavorable, with a red (dark-gray), crossed arrow.  
 

from steps. The calculated detachment-energy barriers (Ede) ranged from 0.31 to 0.7 eV 

and were mostly lower than the gold—sulfur bond energy, EAu—S, of 0.62 eV reported for 

the thiophene S—Au bond, except for the following changes in coordination number:  

3→0, 0.7 eV; 4→1 (on type-B steps), 0.67 eV; and 4→2 (on type-B steps), 0.63 eV. The 

latter values are very close in energy so that detachment could also occur because of 

statistical fluctuations or further weakening of the Au—Au interaction induced by the 

electric field generated by the tip. Figure 2.7 summarizes these energy considerations. 

The favorable gold atom motions (detachment from a step, stepdown diffusion, and 

terrace diffusion) are illustrated by green (light-gray) arrows, and the unfavorable (step-

up diffusion) motion is marked by a red (dark-gray) arrow. The tunneling conditions 

influence the ease of gold atom detachment from the step edge, and a similar effect has 

been reported under high fields (Vb = 1.5 V, It = 30 nA) using a bare tip on Au(111).13,14 
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In our case, atom transport occurred under much lower field conditions. It is therefore 

inferred that the tip-functionalizing molecules assist the transport of atoms. However, the 

field generated by the tip does have an important effect in our experiments. Higher-field 

conditions (Vb = 102 mV, It = 280 pA) are needed to induce a rapid step atom 

detachment using the shorter oligomer (Figure 2.5) compared with CTFH (Vb = -11 mV, 

It = 9 pA) and to erode the peninsula (Figure 2.2). Thus, the nature of functional groups 

will affect the rate at which the gold atoms are transported. The ferrocene hinge is 

expected to enhance the flexibility of the CTFH molecule, which could influence its 

ability to coordinate to both the tip and the surface. However, conclusive statements 

cannot be made about the influence of the functional groups and the number of thiophene 

rings in the molecule because the shape and radius of the tip can also change between 

experiments and these morphological and size changes will significantly affect the 

number of molecules attached to the tip and therefore the rate of gold atom transport.  

A mechanism for the transport of gold atoms by pushing molecules with the tip, 

similar to the ones previously reported,20,21 could also be considered in our case. 

However, this is unlikely considering that, if that were the case, scanning using the Pt/Ir 

tip would have had the same effect. The solvent can be ruled out as being responsible for 

the transport effect because the control experiment did not show surface mobility or the 

formation of stripes.  

The average number of gold atoms transported per pass can be estimated from the 

kinetic data in Figure 2.5. Scanning back and forth 512 times to obtain the image 

increases the area of the terrace by ∼990 nm2, suggesting that an area of gold atoms 

occupying ∼1.9 nm2 is moved per pass of the tip. The average area occupied per gold 
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atom on Au(111) is 0.072 nm2, suggesting that ∼25 atoms are transported per pass of the 

tip. This indicates that gold atoms are rather efficiently transported on the surface 

irrespective of the mechanism by which this occurs. This value is also substantially larger 

than the number of thiophene groups per molecule and indicates that the tip is 

functionalized by several molecules that enable multiple gold atoms to be picked up and 

deposited while transiting the steps. It also accounts for the relatively low resolution of 

the images. The large number of transported atoms also indicates that other mechanisms, 

such as a weakening of the gold bonding at steps due to adsorption, can be excluded 

because at the relatively low coverage of the modifier molecules on the surface (Figure 

2.1) a sharp tip would not be able to move so many gold atoms. 

2.4 Conclusion 

 It was found that gold atoms can be transported on a Au(111) surface when a 

thiophene-containing molecule attached to a gold-coated STM tip is used to scan the 

surface. A model is proposed to explain this phenomenon by means of a gold atom drag-

and-drop mechanism. Using an STM tip, a molecule attached to the tip can raster the 

surface and bind to gold atoms sufficiently strongly to detach them from step sites and 

drag them along with the tip to then drop them at a different point on the surface. The 

atom, or group of atoms, can be released at a step edge when the tip is scanning in the 

step-up direction, or if there are no “up steps” in the scanning area they can also be 

dropped at the point at which the tip changes its scanning direction. The energy of the 

Au—S bond in thiophene (0.62 eV) is, in most cases, greater than that of the Au—Au 

bond, so the attachment of gold to the functionalized tip is energetically favored. 

Furthermore, this energy is greater than the diffusion barriers across a terrace (∼0.13 eV), 
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so the gold atoms will move with the tip. This bond strength is also greater than the 

energy barrier of moving down a step (∼0.16 eV) but slightly lower than that required to 

move up a step (∼0.66 eV), indicating that gold atoms attached to the thiophene-

functionalized tip will move down the steps but will be deposited on up steps. 
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Chapter 3: Preparation of Stable Carbon Nanotube Aerogels with High Electrical 

Conductivity and Porosity 

 

3.1 Introduction 

Aerogels are highly porous, low-density materials comprising a solid, three-

dimensional (3D) nanoscale network completely accessible to ions and molecules.1-5 

Aerogels have already demonstrated orders of magnitude faster response for sensing, 

energy storage, and energy conversion than other pore-solid architectures.6-8 Carbon 

nanotubes (CNTs) represent a rare material that exhibits a number of outstanding 

properties in a single material system, such as high aspect ratio, small diameter, light 

weight, high mechanical strength, high electrical and thermal conductivities, and unique 

optical and optoelectronic properties. By combining extraordinary properties of CNTs 

with those of aerogels, a new class of materials becomes accessible with unique 

multifunctional material properties, which may find applications in fuel cells, super 

capacitors, 3D batteries, advanced catalyst supports, energy absorption materials, 

multifunctional composites, chemical and biological sensors, etc.  

Bryning and coworkers created CNT aerogels from wet CNT-surfactant gel 

precursors, and they showed that polyvinyl alcohol-reinforced CNT aerogels (typical 

CNT loadings range from 25 to 33 wt.%) are strong and electrically conductive (∼10-2 

S/cm).9 Worsley and coworkers fabricated carbon- reinforced single-walled CNT 

(SWCNT) aerogels (SWCNT loading up to 55 wt.%) by pyrolysis of a dried gel mixture 

of SWCNTs, resorcinol, and formaldehyde at 1050 °C under nitrogen.10-12 These carbon-

reinforced SWCNT aerogels are mechanically robust and highly electrically conductive 
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(up to 1.12 S/cm) and show specific surface area up to 184 m2/g, which are excellent 

fillers for high-performance polymer composites.12 Worsley and coworkers were also 

able to use the similar approach to incorporate double-walled CNTs (DWCNTs) into a 

carbon aerogel, which was, however, limited in the amount of DWCNTs (up to 8 wt.%) 

that could be incorporated into the carbon aerogel framework and in its ability to achieve 

monolithic densities below 70 mg/cm3.13 Kwon and coworkers fabricated multi-walled 

CNT (MWCNT)-based aerogels with aligned porous structures using an ice-templating 

process.14 These anisotropic MWCNT aerogels are electrically conductive (up to 1.9 × 

10-2 S/cm) and have specific surface area up to 181 m2/g. Very recently, Gui and 

coworkers synthesized highly porous CNT sponges containing large-diameter MWCNTs 

(30–50 nm) by a chemical vapor deposition method.15 These MWCNT sponges display 

exceptional structural flexibility, excellent electrical conductivity (∼1.7 S/cm), and good 

specific surface area (300–400 m2/g). While this paper was in preparation, Zou and 

coworkers reported the synthesis of an ultralight MWCNT aerogel, which shows large 

specific surface area (580 m2/g) and has an electrical conductivity of 3.2 × 10-2 S/cm that 

can be further increased to 0.67 S/cm by a high-current pulse method.16  

In this article we report a new approach to the synthesis of stable CNT aerogels. 

Our method involves following two distinctive aspects: (1) 3D chemical assembly of 

CNTs in solution to form a stable gel using a chemical cross-linker such as ferrocene- 

grafted poly(p-phenyleneethynylene) (Fc-PPE, Figure 3.1),17 followed by a CO2 

supercritical drying to create stable aerogels; (2) thermal annealing of these aerogels in 

air to significantly improve their electrical and mechanical properties and enhance their 

surface area and porosity. We have demonstrated the preparation of thermally annealed 
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CNT aerogels containing small-diameter CNTs such as SWCNTs and DWCNTs, which 

are mechanically stable and stiff, highly porous (∼99%), and exhibit excellent electrical 

conductivity (∼1–2 S/cm) and large specific surface area (∼590–680 m2/g). 

3.2 Experimental  

Two chemical cross-linkers (Fc-PPE and Fc-PPETE, Figure 3.1) were synthesized 

and characterized according to literature methods.18,19 Purified SWCNTsHiPco and 

DWCNTs were purchased from Carbon Nanotechnologies Inc. and were used without 

further   purification.   Fc-PPE–CNT   and   Fc-PPETE–CNT    gels    were    prepared   in  

 

 

Figure 3.1. Chemical structures of two chemical cross-linkers used in this study: (1) 
ferrocene-grafted poly(pphenyleneethynylene) (Fc-PPE); (2) ferrocene-grafted poly[(p-
phenyleneethynylene)-alt-(2,5-thienyleneethynylene)] (Fc- PPETE). 
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Table 3.1.  Properties of CNT aerogels. 

 
 
chlorobenzene according to our previous procedure.17 The mass ratio of CNT:chemical 

crosslinker (CCL) was kept at 1, 2, and 4, respectively (Table 3.1). The freestanding 

monolithic gel was soaked in anhydrous ethanol for solvent exchange to remove the 

chlorobenzene. The resulting wet gel in ethanol was transferred to a Tousimis SAMDRI-

PVT-3D critical point dryer. The ethanol in the wet gel was exchanged with liquid CO2 

several times to remove the ethanol. The CO2 supercritical drying of the wet gel was 

carried out for 24 h above the critical temperature and pressure of CO2 (31.1 °C, 1072 

psi) and then the chamber pressure was slowly released overnight to obtain the aerogel. 

No significant sample shrinkage was observed after supercritical drying. The as-prepared 

CNT aerogels were annealed in air at 350 °C until the mass loss reached either ∼20–25 

wt.% (annealed I CNT aerogels) or ∼41–43 wt.% (annealed II CNT aerogels) relative to 

the original mass of the as prepared CNT aerogel.  

The surface and porosity data of CNT aerogel samples were calculated by 

Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH) methods based on 

N2 adsorption–desorption isotherms at 77 K obtained using an ASAP 2020 surface area 
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and porosimetry analyzer (Micromeritics Instrument Corporation). Samples were heated 

at 100 °C under vacuum for at least 12 h to remove any potential adsorbed species such 

as air, water, or organic solvents prior to the measurement. For an accurate 

characterization of the microporous region, a separate measurement was performed at 

low relative pressure (P/P0 < 0.01), and the micropore volume was calculated by t-plot 

theory. The two-point probe measurement for direct current electrical conductivity study 

was performed using a Keithley 2400 source meter instrument through the computer 

controlled LabVIEW program. Electrical contacts to aerogel samples were made with 

silver paste. The Lucas Laboratories Pro4 system was used for the four-point probe 

measurement to verify the two-point probe measurement. Scanning electron microscopy 

(SEM) was performed using a Hitachi S-4800 field emission scanning electron 

microscope (accelerating voltage: 3 kV). SEM samples were imaged without coating to 

avoid potential metal coating artifacts. Energy-dispersive X-ray spectroscopy (EDS) was 

performed with the same SEM instrument and was calibrated with ferrocenecarboxylic 

acid. Transmission electron microscopy (TEM) was performed using a Hitachi H 9000 

NAR transmission electron microscope (operated at 300 kV). Attenuated total 

reflectance-Fourier transform infrared (ATR-FTIR) measurements were obtained on a 

Nexus 670 FTIR spectrometer with a Smart OMNI-Sampler accessory containing a 

Germanium crystal. 

3.3 Results and Discussion 

3.3.1 CNT Organogels 

Stable CNT gels are critical precursors to stable, highly porous, 3D 

interconnected CNT aerogels.14,17,20–29 Pristine SWCNTs and DWCNTs are not soluble in 
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most solvents and do not form stable, freestanding monolithic gels because of weak 

physical interactions among CNTs.  

We recently developed a versatile and nondamaging chemistry platform that 

enabled us to engineer specific CNT surface properties, while preserving CNT’s intrinsic 

properties. We discovered that rigid conjugated macromolecules such as PPEs could be 

used to noncovalently functionalize and solubilize CNTs, and disperse CNTs 

homogeneously in polymer matrices.17,30–38 In an organogel, gelling agents (gelators) 

form a fibrous 3D network whose interstitial spaces solvents to form a freestanding 

organogel that cannot be redispersed in any organic solvents, indicating the robustness of 

a 3D nanotube network.17 When the concentration of the Fc-PPE–SWCNT is sufficiently 

high, the ferrocenyl groups act as “anchoring” units to cross-link SWCNTs and enable 

the formation of the 3D nanotube network, which, in turn, gelates the organic solvent. It 

appears that the strong, yet noncovalent interaction between the ferrocenyl group and the 

neighboring nanotube surface allows the concerted cross-linking among SWCNTs during 

the formation of the 3D nanotube network, therefore avoiding the nanotube precipitation 

from solution, which is a common and highly undesirable competing process in chemical 

cross-linking of nanotubes in solution.  

In this study, we used this gelation method to prepare a series of SWCNT and 

DWCNT organogels, which allowed us to investigate effects of different CCLs (Fc-PPE 

vs. Fc-PPETE, Figure 3.1) and different mass ratios of CNT:CCL on the stability of CNT 

organogels and corresponding aerogels. We found that the Fc-PPE could solubilize CNTs 

better than the Fc-PPETE at the same nanotube concentration. As a result, Fc-PPE–CNT 

organogels are more robust than Fc-PPETE–CNT organogels. We observed a strong 
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correlation in mechanical stability between the CNT organogels and corresponding CNT 

aerogels. Fc-PPE–CNT aerogels consistently show better mechanical stability than 

corresponding Fc-PPETE–CNT aerogels.  

The mass ratio of CNT:CCL has even more dramatic effects on the mechanical 

stability of CNT organogels and corresponding CNT aerogels and surface area and 

porosity of as-prepared CNT aerogels. Pristine CNTs (0 wt.% of CCL) do not form 

freestanding organogels. When the mass ratio is 4 (20 wt.% of CCL), CCL–CNT 

organogels are quite fragile. As the mass ratio decreases to 2 (33 wt.% of CCL), CCL–

CNT organogels become mechanically stable. As the mass ratio further decreases to 1 (50 

wt.% of CCL), CCL–CNT organogels become mechanically robust. Similarly, 

mechanical properties of corresponding CNT aerogels increases as the mass ratio of 

CNT:CCL decreases. 

3.3.2 As-Prepared CNT Aerogels 

The CO2 supercritical drying of CNT organogels prevents the 3D nanotube 

network from significant shrinkage and leads to low-density (7–16 mg/cm3), highly 

porous (∼99%), monolithic CNT aerogels (Table 3.1). SEM confirms the highly porous 

3D nanotube network in CNT aerogels (Figure 3.2). As-prepared CNT aerogels are quite 

conductive considering the extremely low density: ∼0.1–0.3 S/cm for CNT aerogels with 

33 wt.% of CCL and ∼0.03 S/cm for CNT aerogels with 50 wt.% of CCL (Table 3.1). 

The electrical conductivity of CNT aerogels decreases with the increase of the 

semiconducting CCL.  

The specific surface area (SBET) of an as-prepared CNT aerogel increases with the 

decrease of CCL loading (Table 3.1): ∼140 m2/g for SWCNT and DWCNT aerogels with  
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Figure 3.2. SEM images of (a) the 3as-prepared SWCNT aerogel and (b) 4as-prepared 
DWCNT aerogel. Scale bar: 200 nm. 
 

50 wt.% of CCL; ∼180 m2/g for SWCNT aerogels and ∼240–280 m2/g for DWCNT 

aerogels with 33 wt.% of CCL; ∼330 m2/g for SWCNT aerogels and ∼460 m2/g for 

DWCNT aerogels with 20 wt.% of CCL. Similarly, Worsley and coworkers reported that 

carbon reinforced SWCNT aerogels (SWCNT loading up to 55 wt.%) exhibited specific 

surface area up to 184 m2/g.10–12 According to IUPAC, micropores are pores with 

diameters less than 2 nm, mesopores have diameters between 2 and 50 nm, and 

macropores have diameters greater than 50 nm. The N2 adsorption and desorption 

isotherms of as-prepared CNT aerogels at 77 K are shown in Figure 3.3a and b. The 

hysteresis, suggesting pore structures are predominated by mesopores. A steep isotherms 

of as-prepared CNT aerogels resemble type IV IUPAC isotherms with a small increase in 

N2 adsorption at low relative pressure (P/P0 < 0.01) is characteristic of the presence of 

micropores. As shown in Figure 3.3a and b, both micropore and mesopore volumes 

significantly decrease with the increase of CCL. Figure 3.3c and d show the pore size 

distribution in as-prepared CNT aerogels. When the CCL increases from 20% to 33% and 

50%,  small   mesopores   (2–3   nm  in  SWCNT aerogels; 2–4 nm  in DWCNT aerogels) 
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Figure 3.3. N2 adsorption and desorption isotherms of (a) as-prepared SWCNT aerogels 
and (b) as-prepared DWCNT aerogels. Pore size distributions of (c) as-prepared SWCNT 
aerogels and (d) as-prepared DWCNT aerogels. 
 
significantly diminish in as-prepared CNT aerogels (Figure 3.3c and d), which also leads 

to the increase of average mesopore size (Dmeso) of as-prepared CNT aerogels with the 

increase of CCL (Table 3.1). The collective information from Figure 3.3 clearly indicates 

that, as the CCL increases, both micropores and small mesopores are blocked, hence 

considerably reducing the SBET of as-prepared CNT aerogels.  

Table 3.1 also reveals another clear but somewhat unexpected trend: a DWCNT 

aerogel consistently outperforms the corresponding SWCNT aerogel with the same type 

of CCL and loading in SBET and Vmeso (mesopore volume) when the CCL loading is at 
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either 33 wt.% or 20 wt.%. The theoretical specific surface area of an individual SWCNT 

is generally much larger than an individual DWCNT.41 According to SEM of CNT 

aerogels (Figure 3.2) and TEM of as-received, purified CNTs (Figure 3.4), however, 

SWCNTsHiPco form much larger bundles than DWCNTs. Theoretical calculation shows 

that the external specific surface area decreases dramatically with the increase of the 

CNT bundle size.41,42 Therefore the much smaller bundle sizes of DWCNTs are probably 

responsible for their superior surface area and porosity observed in this study.  

Both SWCNT and DWCNT materials contain some impurities. According to 

calibrated EDS, the SWCNT material has ∼9.5 wt.% (2.2 at.%) of Fe and the DWCNT 

material has ∼0.2 wt.% (<0.1 at.%) of Fe. Bright-field TEM shows the major impurity in 

SWCNTsHiPco to be iron-rich nanoparticles that produce dark contrast with white Fresnel 

fringe at their rim (Figure 3.4c), while the main impurity in the DWCNT material is 

hollow, graphitic carbon nanoparticles (Figure 3.4f). Both impurities have a negative 

impact on the SBET of CNT aerogels because such nanoparticle impurities have higher 

densities and lower specific surface areas than SWCNTs and DWCNTs.  

It is worth mentioning that the nitrogen adsorption–desorption analysis mainly measures 

micropores and mesopores, therefore the large macropores observed in SEM (Figure 3.2) 

can not be experimentally evaluated using this analytical approach.43 Although CNT 

aerogels with 20 wt.% of CCL demonstrate the best SBET and Vmeso among as-prepared 

CNT aerogels (Table 3.1), their mechanical weakness makes them less attractive 

materials. Conversely, CNT aerogels with 50 wt.% of CCL display the best mechanical 

robustness,  but  have  low specific  surface  areas.  Hence as-prepared CNT aerogels 

with 33 wt.% of CCLs are the focus of further investigations in this study. 
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Figure 3.4. TEM images of (a–c) SWCNTsHiPco and iron nanoparticles, and (d–f) 
DWCNTs and graphitic carbon nanoparticles. 
 

3.3.3 Thermally Annealed CNT Aerogels 

While the CCL is crucial to form stable CNT organogels and aerogels, we found 

that it could substantially block micropores (<2 nm) and small mesopores (2–4 nm) and 

reduce the specific surface area and mesopore volume of CNT aerogels. To solve this 

dilemma, we developed a simple yet effective post annealing approach, which can 

significantly enhance the electrical and mechanical properties and enhance the surface 

area and porosity of CNT aerogels. Thermal annealing is particularly effective for CNT 

aerogels because aerogels have 3D interconnected porous networks, which ensure a 

uniform heat treatment.  

Thermal decomposition of dialkoxy-PPEs in air involves two steps: a rapid 

cleavage of polymer side chains starting at 220 °C followed by a slow decomposition of 
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conjugated polymer backbones.44,45 As shown in Figures 3.5 and 3.6, as prepared CNT 

aerogels with 33% of Fc-PPE could undergo uniform and stepwise annealing in air at 350 

°C, which is below the decomposition temperatures of purified SWCNTs and 

DWCNTs,46,47 to generate annealed I and II CNT aerogels with either reduced or similar 

density, respectively. The average mass-loss rate of as-prepared CNT aerogels with 33% 

of Fc-PPE in the annealing I step is relatively fast and insensitive to CNT materials: ∼1.2 

wt.% loss/min for the 3as-prepared SWCNT aerogel and ∼1.4 wt.% loss/min for the 4as-

prepared DWCNT aerogel. As-prepared CNT aerogels with 33% of Fc- PPE have ∼28 

wt.% of polymer side chains. These data suggest that the removal of polymer side chains 

predominates in the annealing I step with typical 20–25 wt.% loss. The average mass-loss 

rate of annealed I CNT aerogels in the annealing II step is much slower: ∼0.3 wt.%  

 

Figure 3.5. Stepwise annealing of a 3as-prepared SWCNT aerogel with 33 wt.% of Fc-PPE 
(left, mass: 29.6 mg; density: 9.9 mg/cm3) in air at 350 °C, which led to the 3annealed I 
aerogel (middle, mass: 22.8 mg; density: 9.3 mg/cm3) and 3annealed II aerogel (right, mass: 
17.4 mg; density: 9.8 mg/cm3), sequentially. 
 

 

Figure 3.6. Stepwise annealing of a 4as-prepared DWCNT aerogel with 33 wt.% of Fc-PPE 
(left, mass: 29.3 mg; density: 9.8 mg/cm3) in air at 350 °C, which led to the 4annealed I 
aerogel (middle, mass: 21.9 mg; density: 8.9 mg/cm3) and 4annealed II aerogel (right, mass: 
17.3 mg; density: 8.0 mg/cm3), sequentially. 
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loss/min for the 3annealed I SWCNT aerogel and ∼0.2 wt.% loss/min for the 4annealed II 

DWCNT aerogel. This suggests that the decomposition of polymer backbones, carbon 

impurities associated with CNTs, and defective CNTs probably predominates in the 

annealing II stage.  

The FTIR spectroscopy has proven to be an important tool to investigate the 

interaction between CNTs and molecules/ macromolecules. We found previously that the 

infrared vibrations of adsorbed molecules/macromolecules that give rise to dipole 

changes parallel to the highly polarizable CNT surface are diminished significantly in 

intensity.34 The CNT surface attenuated infrared absorption (CNT SAIRA) therefore 

provides a mechanism to probe and compare the overall surface qualities of various bulk 

CNT materials as well as the interaction strength between CNTs and 

molecules/macromolecules.34,48 The IR spectrum of pure Fc-PPE shows a number of 

characteristic vibration modes (Figure 3.7): (1) νas(CH2) (2922 cm-1)  from polymer side 

chains; (2) ν(C=O) (1713 cm-1), side chains; (3) νas(COC) (1275 and 1213 cm-1), side 

chains; (4) ν(cyclopentadienyl ring (Cp ring)) (1136 cm-1), side chains; (5) δs(CH2) (1463 

cm-1), side chains; (6) δs(CH3) (1388 cm-1), side chains; (7) ν(C=C) (1514 and 1429     

cm-1), backbones. As compared to pure PPE, most of IR absorptions arising from Fc-PPE 

in the 3as-prepared SWCNT aerogel diminish significantly in intensity (Figure 3.7a), thanks 

to the CNT SAIRA.34 Since the νas(CH2) mode causes primarily a dipole change 

perpendicular to the CNT surface, its IR intensity is expected to remain unchanged. In 

contrast, the ν(C=C), δs(CH2), δs(CH3), and νas(COC) modes all give rise to net dipole 

changes parallel to the CNT surface and, therefore, their IR intensities are reduced 

dramatically. Most importantly, the relatively sharp ν(C=O) and ν(Cp ring) modes, which  
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Figure 3.7. ATR-FTIR spectra of pure Fc-PPE and (a) 3as-prepared SWCNT aerogel and 
(b) 4as-prepared DWCNT aerogel before and after thermal annealings. The spectra of pure 
Fc-PPE and as-prepared CNT aerogel were normalized at the 2922 cm-1 peak and were 
offset vertically for better visual comparison in each series, respectively. 
 
are associated with ferrocenyl groups at the end of polymer side chains (Figure 3.1), also 

diminish significantly. This indicates a substantial interaction between ferrocenyl groups 

and neighboring SWCNT surfaces in the 3as-prepared SWCNT aerogel.  

The CNT SAIRA is highly sensitive to the distance between adsorbed 

molecules/macromolecules and the CNT surface as well as the degree of nanotube 

conjugation and surface cleanliness.34 Unlike SWCNTsHiPco, as-received, purified 

DWCNTs have detectable amount of carbonyl groups based on previous study.34 These 

carbonyl groups could be covalently attached to CNT surfaces, or could arise from 

residual carbon impurities (e.g. oxidized amorphous carbon after purification) that are 

noncovalently adsorbed on CNT surfaces.34 The existence of these carbonyl groups, 

which show a very broad IR absorption in the region of 1800–1650 cm-1,34 on DWCNT 

surfaces can considerably interfere with the p–p interaction between Fc-PPE and the 

nanotube surface and, as a result, increase their distance of separation. Therefore 

DWCNTs could only partially reduce IR intensities of adsorbed Fc-PPE in the 4as-prepared 
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DWCNT aerogel between 1800 and 1000 cm-1 (Figure 3.7b). The substantial intensity of 

the relatively sharp ν(C=O) and ν(Cp ring) modes, which are associated with ferrocenyl 

groups (Figure 3.7b), suggests the interaction between ferrocenyl groups and neighboring 

DWCNT surfaces is weaker in the 4as-prepared DWCNT aerogel than that in the 3as-prepared 

SWCNT aerogel (Figure 3.7a). There is little free Fc-PPE in the 4as-prepared DWCNT 

aerogel because the Fc-PPE is only 33 wt.%, which is far less than the experimental 

saturation loading (∼50 wt.% of Fc-PPE).Hence it is unlikely that IR signals observed in 

the region of 1800–1000 cm-1 in the 4as-prepared DWCNT aerogel arise primarily from free 

Fc-PPEs.  

After the thermal annealing I, the νas(CH2) mode, which is associated with 

polymer side chains and not affected by the CNT SAIRA effect, disappears as expected. 

This lends further support to the notion that the removal of polymer side chains 

predominates in the annealing I step. The interpretation of the change in the region of 

1800–1000 cm-1 is complicated by the CNT SAIRA effect. We do notice, however, that 

all sharp IR signals below 1800 cm-1 in the DWCNT aerogel either disappear and/or 

convert to new broad features, which are not due to DWCNTs, after the thermal 

annealing I (Figure 3.7b). These new broad features disappear after the thermal annealing 

II. The IR spectra of CNT aerogels after the thermal annealing II are essentially identical 

to those of as-received, purified SWCNTs and DWCNTs, respectively. 

 Figure 3.8 shows that thermal annealing has a dramatic impact on pore structures 

of CNT aerogels. As shown in Figure 3.8a and b, thermal annealing substantially 

increases the micropore volume at low relative pressure (P/P0 < 0.01) in CNT aerogels, 

particularly  in  the  thermal  annealing  I phase, which is predominated by the removal of  
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Figure 3.8. N2 adsorption and desorption isotherms of (a) as-prepared SWCNT aerogels 
and (b) as-prepared DWCNT aerogels before and after thermal annealings. Pore size 
distributions of (c) as prepared SWCNT aerogels and (d) as-prepared DWCNT aerogels 
before and after thermal annealings. 
 
polymer side chains. The data in Figure 3.8a and b as well as Figure 3.3a and b indicate 

clearly that polymer side chains of CCL block most micropores and thermal annealing re-

opens these blocked micropores by removing polymer side chains. The micropore 

volumes for 3annealed II SWCNT aerogel and 4annealed II DWCNT aerogel are 0.17 and 0.12 

cm3/g, respectively. Although thermal annealing significantly increases the micropore 

volumes, the pore structures in annealed aerogel samples are still predominated by 

mesopores.  

Thermal   annealing’s   effects   on   mesopore   sizes   of   CNT  aerogels  are also  
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significant and, again, most dramatic changes occur in the thermal annealing I phase 

(Figure 3.8c and d). After the annealing I in air at 350 °C, small mesopores (2–3 nm in 

SWCNT aerogels; 2–4 nm in DWCNT aerogels) reappear, thanks to the removal of 

polymer side chains. Upon further heat treatment in the annealing II, the peak pore size of 

small mesopores become larger in SWCNT aerogels (from 1.8 to 2.5 nm) but smaller in 

DWCNT aerogels (from 2.7 to 2.4 nm). The origin of such difference is not fully 

understood at present.  

Figure 3.8 reveals that thermal annealing in air is a simple yet effective method 

for re-opening the originally blocked micropores and small mesopores in as-prepared 

CNT aerogels. As a result, specific surface areas of annealed CNT aerogels increase 

dramatically by ∼50–240% (Table 3.1). 

Despite losing ∼41–43 wt.% of the original mass, the light density, annealed II 

SWCNT and  DWCNT  aerogels  could  still  support  the  same  amount  of  weight  as  

corresponding as- prepared aerogels do without deformation. This corresponds to ~1150 

times the annealed II SWCNT aerogel’s weight and ∼870 times the annealed II DWCNT 

aerogel’s  weight,  respectively  (Figures  3.9  and  3.10).   The   thermal   annealing   also  

 

Figure 3.9. A 3annealed II SWCNT aerogel (left, 17.4 mg, density: 9.8 mg/cm3); the same 

sample supporting a 20 g weight (middle, ∼1150 times its own weight); the same sample 
after removal of the weight (right). 
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Figure 3.10. A 4annealed II aerogel (left, 17.3 mg, density: 8.0 mg/cm3); the same sample 

supporting 15 g of total weights (middle, ∼870 times its own weight); the same sample 
after removal of weights (right). 
 
substantially increases the electrical conductivity of CNT aerogels by a factor of 6–13 

(Table 3.1). The two-probe measurement results have been confirmed by the four-probe 

measurement. For example, the two-point probe/four-point probe conductivities of the 

4annealed II DWCNT aerogel are 1.78/1.84 S/cm. These combined observations strongly 

suggest the annealing induced reinforcement of CNT–CNT junctions in CNT aerogels, 

which will be a subject of future study. 

3.4 Conclusion 

We have developed a new approach to the synthesis of stable CNT aerogels. The 

approach involves three steps: (1) 3D chemical assembly of CNTs in solution to form a 

stable gel using a chemical cross-linker; (2) CO2 supercritical drying of CNT gels to 

create stable aerogels; (3) thermal annealing of these aerogels in air to significantly 

enhance their electrical and mechanical properties, and enhance their surface area and 

porosity. We have demonstrated the preparation of thermally annealed CNT aerogels 

containing small-diameter CNTs such as SWCNTs and DWCNTs, which are 
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mechanically stable and stiff, highly porous (∼99%), and exhibit excellent electrical 

conductivity (∼1–2 S/cm) and large specific surface area (∼590– 680 m2/g). We have 

found that thermal annealing in air is a simple yet effective method for re-opening the 

originally blocked micropores and small mesopores in the as-prepared CNT aerogels. 
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Chapter 4: Remote, Local, and Chemical Programming of Healable Multishape 

Memory Polymer Nanocomposites 

 

4.1 Introduction 

 Traditional shape memory polymers (SMP) are materials that can memorize one 

or two temporary shapes (dual- or triple-shape memory effect) and are able to return to 

their permanent shape upon exposure to an external stimulus such as heat, light, or 

magnetic field.1−6 Multishape memory effect, i.e., memorizing three or more temporary 

shapes in one cycle, is extremely rare because of enormous difficulty in synthesizing a 

SMP with more than two discrete reversible shape memory transitions.7 Recent discovery 

of the tunable multishape memory effect in a single component polymer with a broad 

thermal transition such as Nafion opens the door to new designs and applications of 

SMPs.7 Any multishape memory polymer (MSMP) based on the single broad glass 

transition platform, however, presents new challenges in thermal programming of the 

multishape memory effect because of increased thermal vulnerability of any temporary 

shape. This ultimately limits the complexity and number of shapes a MSMP could 

reliably memorize in the long term. Here we show that the combination of remote, local, 

and chemical programming of the multishape memory effects offers unparalleled shape 

and function control in carbon nanotube (CNT)−Nafion composites. This strategy not 

only allows the high-fidelity encoding and extraction of designed material shapes at 

different length scales (macro, micro, and nano) but also enables the reversible tunability 

of material functions, such as shape memorizability, mechanical properties, surface 

hydrophobicity, and material resealability, in a single nanocomposite.  
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In a thermoresponsive MSMP such as Nafion, the thermal programming using a 

direct heating source (e.g., oven) must be monotonic in both shape fixing (from higher to 

lower deformation temperature, Td) and recovery (from lower to higher recovery 

temperature, Tr) because the whole sample is exposed to the external heat. In other 

words, the higher temperature temporary shape is always fixed first, and the lower 

temperature temporary shape is always recovered first. Such monotonic programming 

considerably limits the complexity and number of shapes a MSMP could memorize. 

These limitations can be resolved, in principle, by applying the heat remotely to just a 

selected region of a MSMP sample. Macroscale localized shape memory effect has only 

been recently demonstrated in a metallo-supramolecular polymer by UV light8 and in a 

SMP (epoxy-based polymer) multicomposite consisting of a Fe3O4−SMP region and a 

CNT−SMP region separated by the neat SMP via selective radio frequency.9 Although 

SMP composites with thermally conductive fillers, such as multiwalled CNTs (MWNTs) 

in a polyurethane matrix, have shown remote shape memory effect via IR irradiation,10 it 

was thought these composites tend not to have localized effects because of enhanced 

thermal conductivity.8 While CNT−Nafion composites are known, previous efforts were 

focused on electrochemistry of CNT−Nafion composites in aqueous electrolyte solutions 

for fuel-cell and actuator applications.11,12 Here we show remote-controlled, localized 

shape memory effects at both macroscale and microscale in a uniform CNT−SMP 

composite.  

4.2 Experimental 

 Amide functionalized SWNTs (P9-SWNT) were purchased from Carbon 

Solutions, Inc. and solubilized in ethanol with bath sonication. The resulting SWNT 
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solution was then mixed with a 5% w/w NafionH⁺ alcohol solution (Alfa Aesar) to 

produce a homogeneous SWNT-NafionH⁺ composite solution, which was cast on a PTFE 

dish and dried slowly to give a freestanding film after peeling from the substrate. The 

SWNT loading was kept at 0.5 wt.% . All as-prepared SWNT-NafionH⁺ films were 

annealed at 140 °C for 2 h to reach their equilibrium states. Chemical “locking” refers to 

the process of converting the SWNT-NafionH⁺ composite to the SWNT-NafionNa⁺ 

composite by soaking in a 1M NaOH solution, followed by washing with deionized water 

and drying. Chemical “unlocking” refers to the process of converting the SWNT-

NafionNa⁺ composite back to the SWNT-NafionH⁺ composite by soaking in a 1M HCl 

solution, followed by washing with deionized water and drying. Microscale surface 

patterning was performed by pressing either Pelco 400 mesh square or Veco 200 mesh 

hexagonal TEM grids to the top of a SWNT-NafionH⁺ film in oven followed by cooling to 

room temperature under the load. Nanoscale surface patterning was created by pressing a 

Whatman Anodisc membrane filter with 0.2 µm pore size to the top of a SWNT-NafionH⁺ 

film in oven followed by cooling to room temperature under the load. The resulting 

nanopatterned film was first soaked in 1 M NaOH for 1 h to remove the alumina 

membrane, which also simultaneously converted the film to SWNT-NafionNa⁺ composite, 

followed by washing with deionized water and drying. 

 Additional details of shape memory and healing experiments were described in 

the figure captions in both the text and supporting information. IR irradiation sources 

include an 808 nm, 300 mW laser and a 250 W IR lamp. The power intensity and/or 

temperature of the IR laser and lamp were controlled by varying the distance from the 

sample. Sample temperatures in shape memory and healing experiments were measured 
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with a MICRO-EPSILON thermoMETER LS noncontact infrared thermometer, which 

was found to be in good agreement (within ±2 °C) with a traditional thermometer. IR 

laser irradiation times for macroscale experiments were between 5 sec and 2 min, and IR 

lamp irradiation time for macroscale experiments was 10 min. IR laser irradiation times 

for microscale experiments were between 1 and 10 min, and IR lamp irradiation time for 

nanoscale experiments was 30 min. Typical IR lamp irradiation time for healing 

experiments ranged from 5 to 20 min. SEM was performed using a Hitachi S-4800 field 

emission scanning electron microscope. SEM samples were imaged without coating to 

avoid potential metal coating artifacts. Two different imaging conditions were used in 

order to better image the film surface and SWNT dispersion, respectively. Film surface 

characteristics were best imaged using a 3 kV accelerating voltage and the lower 

secondary electron detector (Figure 4.1a). To see the SWNT distribution in a Nafion 

matrix, however, it was necessary to use higher accelerating voltage (10 kV) and the 

upper secondary electron detector (Figures 4.1b and 4.2). Optical microscopy was 

performed using a LOMO LA-MI-POLAM-312 light microscope without a polarizer. 

DSC thermograms were acquired using a TA Instruments DSC Q10 under Ar. The 

heating range was between 30 and 300 °C with a rate of 10 °C/min. Thermograms were 

recorded after first heating a sample up to 130 °C inside the DSC instrument and cooling 

back down to 30 °C to remove residual moisture in the sample. Water contact angles of 

SWNT-Nafion films were measured using a ramé-hart Model 250 Standard Contact 

Angle Goniometer/Tensiometer. Mechanical testing was performed using a Shimadzu 

Autograph AGS-J universal tester with a 500 N cell load and pneumatic side-action grips. 

The tensile tests were carried out at 0.5 mm/min. Film thicknesses were measured using a 
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Figure 4.1. SEM images of a 0.5 wt.%  SWNT-NafionH⁺ film showing the same region 
with two different imaging conditions. (a) Surface characteristics imaged using a 3 kV 
accelerating voltage and the lower secondary electron detector. (b) SWNT dispersion 
imaged using a 10 kV accelerating voltage and the upper secondary electron detector. 
  

 

Figure 4.2. Higher magnification SEM image of a 0.5 wt.%  SWNT-NafionH⁺ film using 
a 10 kV accelerating voltage and the upper secondary electron detector.  
 
Mitutoyo Digital Micrometer. The UV-Vis- NIR absorption spectrum was recorded with 

a Cary 5000 UV-Vis-NIR spectrophotometer. Attenuated total reflectance-FTIR spectra 

were obtained via a Nexus 670 FTIR spectrometer with a Smart OMNI-Sampler 

accessory containing a Germanium crystal.  

4.3 Results and Discussion 

In contrast to MWNTs, which have featureless visible−near- IR absorption, 

single-walled CNTs (SWNTs) display strong and specific absorptions in the vis−near-IR 
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region owing to the diameter-dependent band gap transitions and can absorb near- IR 

light much better than MWNTs.13 We have previously shown the reversible IR actuation 

of SWNT−liquid crystalline elastomer nanocomposites at the very low nanotube loadings 

(0.1−0.2 wt.%).14 In this study, we chose commercially available amide-functionalized 

SWNTs as a filler because they are soluble in alcohols and can be uniformly dispersed in 

a Nafion matrix. Protonated and deprotonated Nafion polymers are denoted as NafionH⁺ 

and NafionNa⁺, respectively (Figure 4.7e). All results in this study were based on 0.5 wt.%  

SWNT−Nafion  composites.  Scanning   electron   microscopy   (SEM)   confirmed   the 

excellent dispersion of nanotubes in a Nafion matrix (Figures 4.1 and 4.2). The SWNT−

NafionH⁺ film exhibits two strong and broad absorptions in the near-IR region (Figure 

4.3), which originate from the S11 and S22 optical transitions of arc-produced 

semiconducting SWNTs.13 In SWNT−Nafion composites, the semiconducting SWNTs 

can efficiently absorb and transform near-IR light into thermal energy, thereby serving as  

 

Figure 4.3. UV–Vis–NIR spectrum of a 0.5 wt.%  SWNT-NafionH⁺ film. M11, S11, and 
S22 represent optical transitions in metallic and semiconducting SWNTs, respectively. 
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numerous nanoscale heaters uniformly embedded in the Nafion matrix. As a result, our 

IR heating approach does NOT hinge on dramatically improved thermal conductivity of a 

composite as a whole. Recent studies have shown that although CNTs impart great 

electrical conductivity to polymers, a similar degree of thermal conductivity enhancement 

is NOT achieved due to phonon scattering.15,16 In fact, the lack of dramatic thermal 

conductivity enhancement in CNT−polymer composites is essential to successful remote 

and local programming of CNT−Nafion composites by focused IR beam at both macro 

and microscale. (Figure 4.4).  

Figure 4.4 shows thermal response of various films upon IR irradiation. Samples 

were suspended in order to measure the temperature on both sides of the film. A 0.5 wt.%  

SWNT-NafionH⁺ film irradiated with 808 nm laser at spot A shows similar thermal 

profiles on both sides of the film at spot A (Figure 4.4c), which were characterized by 

initial rapid temperature boost followed by gradual temperature increase at the late stage. 

Heat is basically not transferred across the length of the film, as no significant 

temperature increase is observed at either spot B or C (Figure 4.4c). A neat NafionH⁺ film 

irradiated with 808 nm laser at the same intensity at spot A shows no significant heating 

throughout the entire film (Figure 4.4d). Figure 4.4e shows the effect of thickness on 

heating of 0.5 wt.%  SWNT-NafionH⁺ films upon IR laser irradiation. Although the 

thinner film (83 µm) shows a faster rate of heating than the thicker film (290 µm) at the 

initial stage, the thicker film reaches higher temperature than the thinner film at the late 

stage. Both films show similar temperature profiles on both sides of the film upon IR 

irradiation, respectively, showing that thermal conduction is sufficiently fast across the 

thickness  of  both  films.  In  order  to try to increase thermal conduction in our films, we  
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Figure 4.4. Temperature profiles of IR induced heating of various films. (a) Schematic 
drawing of the setup used to measure 808 nm laser induced heating. The laser beam (10 
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mW/mm2) was focused on spot A on the front of the film (highlighted by a red square in 
following figure insets) and temperatures were measured at spots A, B, and C (indicated 
by solid lines in following temperature profiles) using a noncontact IR thermometer. To 
test IR induced heating through the thickness of the film, temperature profiles were 
collected on the back of the films right behind spots A and B (indicated by dotted lines in 
following temperature profiles). (b) Schematic drawing of the setup used to measure 250 
W IR lamp induced heating. Irradiation from the lamp covered the entire film and 
temperature profiles were collected on both the front (solid line) and back (dotted line) of 
the film at the position indicated by an arrow. (c) Laser induced heating of a 0.5 wt.%  

SWNT-NafionH⁺ film (thickness: 83 µm, measured by a Mitutoyo Digital Micrometer). 

(d) Laser induced heating of a pure NafionH⁺ film (thickness: 64 µm). (e) Effect of 

thickness on laser induced heating of 0.5 wt.%  SWNT-NafionH⁺ films. (f) Laser induced 
heating of 5% SWNT-polycarbonate film (thickness: 25 µm). (g) 250 W IR lamp induced 

heating of a 0.5 wt.%  SWNT-NafionH⁺ film (thickness: 83 µm) and a pure NafionH⁺ film 
(thickness: 64 µm).  
 
decided to make a 5 wt.%  SWNT-polycarbonate film. Since the low solubility of amide 

functionalized P9-SWNTs prevents us from making a good quality 5 wt.%  SWNT-

Nafion composite film, we prepared a uniform 5 wt.%  SWNT-polycarbonate film via 

noncovalent functionalization of P2-SWNTs using poly(pphenylene ethynylene)s.17-19 

Although both are purified arc-produced SWNTs from Carbon Solutions, Inc., P2-

SWNTs have much lower degree of functionalization than P9-SWNTs, which were 

covalently functionalized by amide groups. Therefore P2-SWNT material is a better 

choice if we want to increase thermal conduction in our films. Despite increasing the 

SWNT loading by 10 times, heat is still basically not transferred across the length of the 

film, as no significant temperature increase is observed at either spot B or C (Figure 4.4f). 

These experiments further support the notion that the lack of dramatic thermal 

conductivity enhancement in CNT-polymer composites is essential to successful remote 

and local programming of CNT-Nafion composites by focused IR beam. 

The remote, local programming of the multishape memory effects enables 

extraordinary flexibility in shape fixing and recovery. In one example (Figure 4.5a−e), it 
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was possible to form the second temporary shape (a bend) of a SWNT−NafionH⁺ film at 

higher temperature (Td = 140−150 °C) via  IR  laser  (Figure 4.5c)  without  reverting  the   

 

Figure 4.5. Macroscale and microscale shape memory effects in 0.5 wt.%  SWNT−

NafionH⁺ films. (a−e) Macroscale multiple-shape memory cycle 1. (a) Permanent shape. 

(b) Coiling via 808 nm IR laser (6 mW/mm2, T = 70−75 °C) and then cooling. (c) 

Localized bending via 808 nm IR laser (25 mW/mm2, T = 140−150 °C) and then cooling. 

(d) Removing coiling at 75 °C in oven. (e) Removing the localized bend and recovering 

the original shape via 808 nm IR laser (T = 140−150 °C). (f−k) Macroscale multiple-

shape memory cycle 2. (f) Permanent shape. (g) Stretching at 100 °C in oven and then 

cooling. (h) Localized bending via 808 nm IR laser (25 mW/mm2, T = 140−150 °C) and 

then cooling (side view). (i) Localized removal of two bends via 808 nm IR laser (T = 

140−150 °C, side view). (j) Localized removal of remaining two bends via 808 nm IR 

laser (T = 140−150 °C). (k) Recovering the original shape via IR lamp (T = 120 °C). (l−

n) Microscale localized shape memory effect. (l) Optical microscopy image before 
patterning. The line pattern in all optical microscopy images is due to the permanent 
molding impression of the PTFE substrate during film preparation. (m) After TEM grid 
patterning at 110 °C in oven and then cooling. (n) After selective removal of the 
microscale pattern via 808 nm IR laser (48 mW/mm2) through a circular mask. The 
removed region is highlighted by a dashed circle. 
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first temporary shape (a coil) (Td = 70−75 °C, Figure 4.5b) to the original, permanent 

shape (Figure 4.5a). Subsequent removal of the coil at 75 °C in oven while keeping the 

bend intact led to the creation of the third temporary shape (Figure 4.5d). In another 

example (Figure 4.5f− k), we not only made the second temporary shape (four bends) at 

higher temperature (Td = 140−150 °C) via IR laser (Figure 4.5h) but also selectively 

removed only two of four bends to generate the third temporary shape (Tr = 140−150 °C) 

via IR laser (Figure 4.5i); both localized shape transformations occurred at higher 

temperature (140−150 °C) than the first temporary shape (Td = 100 °C, Figure 4.5g) 

without switching back to the permanent shape (Figure 4.5f). Such nonmonotonic shape 

programming is simply impossible for pure NafionH⁺. Although not demonstrated here, 

more than three temporary shapes could be formed (e.g., one localized deformation at a 

time) in SWNT−NafionH⁺ composites using IR laser. 

Various temporary micropatterns were created on the surface of a SWNT−

NafionH⁺ composite in oven using different transmission electron microscopy (TEM) 

grids as molds at different deformation temperatures and then were removed one at a time 

via IR light (Figure 4.6). Remote-controlled, localized shape memory effect is also 

feasible at microscale. For instance, we were able to selectively remove part of the 

micropattern via IR laser through a mask (Figure 4.5l−n).  

One main concern about a MSMP based on the broad continuous glass transition 

is the thermal stability of temporary shapes, especially those deformed at relatively lower 

temperatures and/or at microscale and nanoscale. We have found that a temporary shape 

could be  chemically  “locked” by  exposing  it  to a dilute NaOH solution. After the basic  
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Figure 4.6. Optical microscopy images of a microscale triple-shape memory cycle in a 

0.5 wt.%  SWNT-NafionH⁺ film. (a) before patterning. (b) After 200 mesh hexagonal 
TEM grid patterning at 130 °C in oven and then cooling. (c) After 400 mesh TEM grid 
patterning at 40 °C in oven and then cooling. (d) After removal of 400 mesh TEM grid 
pattern via 808 nm IR laser (19 mW/mm2, T = 110-115 °C). (e) After removal of 200 
mesh hexagonal TEM grid pattern via 808 nm IR laser (25 mW/mm2, T = 140-150 °C). 
 

treatment, the sulfonic acid group (−SO3H) in a SWNT−NafionH⁺ composite was 

converted to the sulfonate group (−SO3
−) in a SWNT−NafionNa⁺ composite (Figure 4.7e). 

This chemical transformation is supported by IR spectroscopy (Figure 4.8). Differential 

scanning calorimetry (DSC) indicated that the molecular mobility of Nafion polymer was 

greatly suppressed in the SWNT−NafionNa⁺ composite as evidenced by the substantial 

diminishing of the endothermic DSC peak and the upshift of the peak maximum from 

∼169 °C in the SWNT−NafionH⁺ composite to ∼243 °C in the SWNT−NafionNa⁺ 

composite (Figure 4.7f). This observation is in agreement with prior thermal analysis of 

Nafion in acidic and basic forms.20,21 The diminished molecular mobility in the SWNT−

NafionNa⁺ composite is probably due to the significantly enhanced electrostatic 

interactions among the Nafion chains. According to the IR (Figure 4.8) and DSC (Figure 

4.7f), the molecular mobility of Nafion polymer could be fully restored by transforming 

the SWNT−NafionNa⁺ composite back to SWNT−NafionH⁺ composite through a dilute 

HCl solution treatment. Figure 4.8 is in agreement with previous ATR studies of NafionH⁺ 

and NafionNa⁺ membranes.22-25 Treating a 0.5 wt.%  SWNT-NafionH⁺ film with 1 M 

NaOH  causes  the  symmetric -SO3
- stretching  mode  to shift from 1057 (a) to 1064 cm-1  
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Figure 4.7. Reversible chemical “locking” and “unlocking” of 0.5 wt.%  SWNT−

NafionH⁺ films. (a−d) Macroscale shape memory cycle. (a) Permanent shape. (b) After 

fixing 8 bends at 120 °C in oven and then cooling, followed by “locking” of two bends 
(indicated by asterisk) via soaking these two bends in 1 M NaOH (side view). (c) After 
oven heating at 130 °C to remove six pristine bends (side view). (d) Removal of the 
remaining two bends by first soaking in 1 M HCl and then heating at 130 °C in oven. (e) 
Reversible switch between acidic (“unlocked”) and basic (“locked”) forms of Nafion. (f) 

DSC thermograms of (i) 0.5 wt.%  SWNT−NafionH⁺ composite, (ii) 0.5 wt.%  SWNT−

NafionNa⁺ composite obtained from 1 M NaOH treatment of (i), and (iii) recovered 0.5 

wt.%  SWNT−NafionH⁺ composite obtained from 1 M HCl treatment of (ii). 

Thermograms were shifted along the y-axis for better visual comparison. 
 

(b). This process is reversible, as soaking the SWNT-NafionNa⁺ film in 1 M HCl solution 

renders this peak to shift back to 1057 cm-1 (c). Treating a 0.5 wt.% SWNT-NafionH⁺ film 

with 1 M NaOH causes the symmetric C-O-C stretching mode to shift from 969 cm-1 (a) 

to higher wavenumber, becoming a shoulder on the asymmetric C-O-C stretching mode 

at 982 cm-1 (b). Soaking the SWNT-NafionNa⁺ film in 1 M HCl renders this peak to shift 

back to 969 cm-1 (c). 

Therefore, a temporary shape could be reversibly “locked” and “unlocked” with 

high fidelity by deprotonation and reprotonation, respectively. In Figure 4.7, all eight 

bends were first formed at 120 °C, and then the two bends (indicated by an asterisk) were 

chemically  “locked”  by  selective  NaOH treatment. Unlike the untreated bends, the two 
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Figure 4.8. ATR-FTIR spectra. (a) 0.5 wt.%  SWNT-NafionH⁺ film. (b) 0.5 wt.%  

SWNT-NafionNa⁺ film obtained from 1 M NaOH treatment of (a). (c) 0.5 wt.%  SWNT-

NafionH⁺ film obtained from 1 M HCl treatment of (b). Spectra were shifted along the y-
axis for better visual comparison.  
 
 “locked” bends were stable toward subsequent oven heating at 130 °C (Figure 4.7c). The 

two “locked” bends were then “unlocked” by HCl treatment and removed by heating at 

130 °C (Figure 4.7d). 

We have also found that chemical “locking” treatment dramatically increases the 

tensile strength and Young’s modulus of the 0.5 wt.%  SWNT−Nafion composite in its 

permanent shape by nearly 175% and 470%, respectively (Figure 4.9).  This observation 

is in strong agreement with the notion that the diminished molecular mobility in the 

SWNT−NafionNa⁺ composite most likely originates from the considerably enhanced 

electrostatic interactions among the Nafion chains. Simultaneous shape “locking” and 

mechanical enhancement are highly desirable for certain applications where shape and 

mechanical stabilities are critical.  
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Figure 4.9. Stress-strain curves of (i) 0.5 wt.%  SWNT-NafionH⁺ film (strain: 150%; 

tensile strength: 8.5 MPa; Young’s modulus: 82.7 MPa). (ii) 0.5 wt.%  SWNT-NafionNa⁺ 
film obtained from 1 M NaOH treatment of (i) (strain: 32%; tensile strength: 23.4 MPa; 

Young’s modulus: 470.2 MPa). (iii) 0.5 wt.%  SWNT-NafionH⁺ film obtained from 1 M 
HCl treatment of (ii) (strain: 159%; tensile strength: 9.8 MPa; Young’s modulus: 111.8 
MPa). 
 

 

Figure 4.10. Optical microscopy images of a microscale chemical “locking” and 

”unlocking” cycle in a 0.5 wt.%  SWNT-NafionH⁺ composite. (a) before patterning. (b) 
After TEM grid patterning at 115 °C in oven and then cooling. (c) After “locking” the 
micropattern by soaking in 1 M NaOH. The “locked” micropattern remained unchanged 
after heating at 130 °C in oven. (d) Removal of the micropattern by first soaking in 1 M 
HCl and then heating at 130 °C in oven. 
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Chemical “locking” is particularly useful for stabilizing the microscale and 

nanoscale temporary  shapes  against  heating  to  temperatures  at  or  higher  than  their  

deformation  temperature. The “locked” micropattern (Td = 115 °C) was stable upon 

exposure to the 130 °C thermal treatment and could only be removed at the same 

temperature after “unlocking” (Figure 4.10). Even the “locked” nanowires (Td = 150−155 

°C) were found to be inert against heating at 180−190 °C (Figure 4.11b).  

As shown in Figure 4.7e, Nafion has two components: hydrophobic 

tetrafluoroethylene backbone and perfluoroalkyl ether side chains and hydrophilic 

sulfonic acid groups (in NafionH⁺) or sulfonate groups (in NafionNa⁺). It was discovered 

that adsorption of water onto a Nafion surface caused the surface to switch from being 

hydrophobic to being hydrophilic.26 Microscale and nanoscale patterning of the SMP 

surface has received increasing attention recently.27-30 In this study, we investigated the 

impact of nanopatterning of SWNT−Nafion composite surfaces on their surface 

wettability, with the goal of enhancing the hydrophobicity and hence improving the 

environmental stability of Nafion-based SMPs. A temporary nanowire array pattern on 

the SWNT−Nafion surface was fabricated (Td =150−155 °C) and chemically “locked” 

(Figure 4.11b). The contact angle of 144° indicated the near superhydrophobic surface, 

which was in sharp contrast to the SWNT−Nafion surface before the nanopatterning 

(contact angle: 118°, Figure 4.11a). The “locked” nanowire array pattern was stable 

toward IR lamp irradiation at 180−190 °C. Although the “unlocked” nanowire array 

surface showed an even higher contact angle of 153° and was therefore superhydrophobic 

(Figure 4.11c),  it   was   able   to  switch  back  to  the  hydrophobic,  unpatterned surface  
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Figure 4.11. Impact of nanoscale patterning on hydrophobicity of 0.5 wt.%  SWNT−

Nafion films. SEM images and insets of corresponding water contact angle measurements 

of (a) SWNT−NafionH⁺ surface before patterning; (b) SWNT−NafionNa⁺ surface with 

nanowire array pattern, which remained unchanged after IR lamp irradiation (T = 180−

190 °C); and (c) SWNT−NafionH⁺ surface with nanowire array pattern obtained by 1 M 

HCl treatment of (b). (d) After pattern removal of (c) via IR lamp (T = 180−190 °C). 

 

after IR irradiation at 180−190 °C (contact angle: 112°, Figure 4.11d). NafionH⁺-based 

materials, patterned or unpatterned, were found to be slightly more hydrophobic than 

corresponding NafionNa⁺-based materials. It should be possible to further enhance the 

hydrophobicity of the SWNT−Nafion surface by optimizing the shape and size of the 

patterned nanostructures.31,32 A simple and effective “template rolling press” method 

could be used to fabricate nanopatterned surface on a large scale.33  



78 

 

 

 

Figure 4.12. Remote-controlled and localized healing of 0.5 wt.%  SWNT−NafionH⁺ 

films in their permanent shapes. (a−g) Healing of razor cuts. (a) Photograph of a pristine 

film. (b) Optical microscopy (arrow indicates a pen mark drawn to show the same 
position on the film) and (c) SEM images of damaged film with two razor cuts occurred 

at room temperature. (d) Photograph of healed film via IR lamp (T = 140−150 °C). (e) 

Optical microscopy and (f) SEM images of same region of the film after healing (asterisk 

indicates the same position on the film). (g) Stress−strain curves of 0.5 wt.%  SWNT−

NafionH⁺ films: (i) without razor cuts, (ii) after damaging with razor cuts, and (iii) after 

healing via IR lamp (T = 140−150 °C). All cuts were made perpendicular to the tensile 

direction. (h−k) Healing of a needle hole through the film. (h) Photograph (inset), optical 

microscopy (hole indicated by an arrow; dark dots are mainly from dust (see Figure 4.15 
for more analysis)), and (i) SEM images of damaged film with a see-through needle hole 
occurred at room temperature. (j) Photograph (inset), optical microscopy (healed hole 
position indicated by an arrow), and (k) SEM images of same region after healing via IR 
lamp (T = 230 °C). (l, m) Localized healing of a razor cut. (l) Optical microscopy image 
of damaged film with a razor cut occurred at room temperature and (m) after localized 
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healing of only a small part of the cut via 808 nm IR laser (300 mW/mm2, asterisk 
indicates the same position on the film).  
 

The self-healing capability is particularly desirable for a multifunctional material 

because it could make the material more reliable in multitasking and lasting longer.34-38 

Several ionomers, such as Surlyn and Nucrel polymers, exhibited instantaneous and 

autonomous self-healing in response to projectile puncturing without the need of any 

healing agent. The healing action occurred via thermally controlled reversible hydrogen 

bonding of pendant acid groups in ionomers. In SWNT−NafionH⁺ SMP composites, 

numerous embedded semiconducting SWNTs absorb near-IR light efficiently and convert 

it into thermal energy, which could trigger the healing of NafionH⁺. It is therefore possible 

to perform a repair remotely by pinpointing the focused IR beam to only the damaged 

area.  

Razor cuts were made on SWNT−NafionH⁺ films in their permanent shape at room 

temperature (Figure 4.12a−c). Compared with the pristine SWNT−NafionH⁺ film, the 

tensile strength and strain of the damaged film decreased by ∼73% and 94%, respectively 

(Figure 4.12g). The damaged film was efficiently healed by IR lamp irradiation at 140−

150 °C. Optical microscopy and SEM showed the disappearance of razor cuts in the IR-

healed SWNT−NafionH⁺ film (Figure 4.12d−f). The healing efficiency (tensile 

strengthhealed/tensile strengthoriginal) was about 88% (Figure 4.12g).  In addition,  the  see-

through,  needle  hole damage  which  occurred on the SWNT−NafionH⁺ film in its 

permanent shape at room temperature could also be completely mended via IR light 

(Figure 4.12h−k). Moreover, the remote-controlled localized repair was demonstrated on 

the SWNT−NafionH⁺ film,  where  only  a very small part of the razor cut (∼200 µm long)  
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Figure 4.13. Remote-controlled healing of razor cuts in 0.5 wt.%  SWNT-NafionH⁺ films 
in their temporary shape. Photographs of (a) the original film and (b) the film after 
stretching at 110-115 °C in oven and then cooling, followed by damaging with two razor 
cuts at room temperature. (c) Optical microscopy and (d) SEM images of damaged film. 
Photographs of (e) after simultaneous healing and recovering the original shape via IR 
lamp (T = 170-180 °C) and (f) after restretching the healed film at 110-115 °C in oven 
and then cooling. (g) Optical microscopy and (h) SEM images of same regions of the 
stretched, healed film (* indicates the same position on the film). (i) Stress-strain curves 
of stretched 0.5 wt.%  SWNT-Nafion films: i) without razor cuts, ii) after damaging with 
razor cuts, and iii) after healing via IR lamp (T = 170-180 °C) and restretching at 110-115 
°C in oven and then cooling. The stretch ratio of all mechanical testing samples was 
between 175 and 183%, and all cuts were made perpendicular to the tensile direction.  
 

was healed via IR laser (Figure 4.12l,m). The damaged SWNT−NafionH⁺ films in their 

temporary shape could also be efficiently repaired remotely (Figures 4.13 and 4.14). IR 

lamp irradiation simultaneously reverted the damaged temporary shape to the healed 

permanent shape, which was then redeformed to the original temporary shape with the 

complete disappearance of the damages, as evidenced by optical microscopy and SEM 

(Figures 4.13 and 4.14). The healing efficiency in terms of tensile strength for the razor 

cuts in the SWNT−NafionH⁺ film in its temporary shape was about 100% (Figure 4.13i). 

Since the molecular mobility is severely suppressed in the SWNT−NafionNa⁺ composite 

film, the damage in such a film, according  to  our  experiments, cannot be mended by the 
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Figure 4.14. Remote-controlled healing of see-through needle holes in 0.5 wt.%  SWNT-

NafionH⁺ films in their temporary shape. Photographs of (a) the original film and (b) the 
film after stretching at 110-115 °C in oven and then cooling, followed by damaging with 
two needle holes at room temperature. (c) Optical microscopy (* indicates a pen mark 
drawn to show the same position on the film) and corresponding SEM images showing 
holes i and ii (indicated by arrows). Photographs of (d) after simultaneous healing and 
recovering the original shape via IR lamp (T = 140-150 °C) and (e) after restretching the 
healed film at 110-115 °C in oven and then cooling. (f) Optical microscopy and 
corresponding SEM images showing the healed regions (arrows indicate the original hole 
positions). 
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Figure 4.15. (a) Optical microscopy image of a neat NafionH⁺ film. (b) Optical 

microscopy and (c) corresponding SEM images of a 0.5 wt.%  SWNT-NafionH⁺ film (* 
indicates a pen mark drawn to show the same position on the film). 
 
similar IR irradiation or direct heating. The ability to reversibly tune the healability of a 

material, although counterintuitively, could find some useful applications. For instance, a 

membrane with microsized holes could be “locked” in the SWNT−NafionNa⁺ composite, 

which is much more stable toward the heat. When needed, the membrane is resealed by 

the chemical “unlocking” into the SWNT−NafionH⁺ composite followed by the IR healing 

of the holes. Such resealable membrane is valuable for controlled storage and/or 

transportation of liquid and gas.  

Figure 4.15 shows that the dark spots present in optical microscopy images of 0.5 

wt.%  SWNT-NafionH⁺ films primarily originate from dust, NOT SWNT clumps. This 
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conclusion is based on two key observations: 1) similar dark spots are also present in neat 

NafionH⁺ films (Figure 4.15a); 2) most dark spots present in the optical microscopy of 0.5 

wt.%  SWNT-NafionH⁺ film (Figure 4.15b) can also be seen at the same locations in SEM 

as dust particles (Figure 4.15c). We have noticed that Nafion-based films have a much 

greater affinity for dust than polycarbonate-based films. 

4.4 Conclusion 

The remote and local programming strategy established in SWNT−Nafion 

composites is extendable to other SMP nanocomposites.5 The concept of the reversible 

switch of molecular mobility between two stable chemical states without involving 

dynamic covalent bonds and material shape change could be applied to other SMPs and 

their nanocomposites via either similar (e.g., for other ionomers) or different chemistry. 
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Chapter 5: Electrical and Dielectric Properties of Hydroxylated Carbon Nanotube-

Elastomer Composites 

 

5.1 Introduction 

 High-dielectric-constant polymer composite materials may find applications in 

actuators for artificial muscles; capacitors for energy storage; high-K gate dielectric for 

flexible electronics; and sensors for mechanical strain, humidity, and gases. Electrically 

conductive carbon nanotubes (CNTs), owing to their large dielectric constant, are proven 

attractive fillers for high dielectric-constant nanocomposites.1-8 However, the dramatic 

increase in dielectric constant in CNT-polymer composites is usually accompanied by a 

dramatic increase in dielectric loss and a significant decrease in dielectric strength, which 

are undesirable for many practical applications. How to solve this dilemma faced by 

electrically conductive CNTs remains a great challenge. 

To realize the full potential of CNTs as a high-dielectric constant filler, innovative 

approaches are needed to maximize the increase in dielectric constant while minimizing 

the increase in dielectric loss in CNT-polymer composites. It is well-known that high-

degree covalent functionalization of the CNT surface can significantly damage or even 

destroy the CNT’s intrinsic properties, such as electrical conductivity.9 We are interested 

in developing high-dielectric-constant carbon nanotube-polymer composites using core-

shell multiwalled CNTs (MWNTs) as a filler, in which the outer graphene layer is 

covalently functionalized to become nonconducting, whereas the inner graphene layers 

are unfunctionalized and remain electrically conducting (Figure 5.1). This approach could 

ultimately allow us to dramatically increase the dielectric constant while minimizing the 
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amount of increase observed in the electrical conductivity and dielectric loss of the CNT-

polymer composites. Although chemically functionalized MWNTs have been used 

previously to prepare high-dielectric-constant CNT-polymer composites in several 

studies, the main purpose of chemical functionalization was to achieve a better CNT 

dispersion in the polymer matrices.6,8 The impact of covalent functionalization of 

nanotube surfaces on the dielectric constant and, most importantly, the dielectric loss of 

the CNT nanocomposites compared with pristine CNTs remains essentially unclear. For 

example, Li and co-workers reported that MWNT-poly(vinylidene fluoride) (PVDF) 

nanocomposites based on ester-functionalized MWNTs showed lower dielectric constants 

and dielectric losses than those based on pristine MWNTs (MWNTspristine), whereas 

MWNT-PVDF  nanocomposites  based   on  carboxylated   MWNTs   exhibited   higher  

 

 

Figure 5.1. Schematic illustrations of the pristine MWNTs, core-shell MWNTs, and 
hydroxylated MWNTs, which represent one of the simplest types of core-shell MWNTs.  
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dielectric constants and dielectric losses than those based on MWNTspristine.
8 Previous 

research did not demonstrate the feasibility of using chemically functionalized MWNTs 

as a filler to increase the dielectric constant and reduce the dielectric loss of CNT-

polymer nanocomposites. Hydroxylated MWNTs (MWNTsOH) represent one of the 

simplest types of core-shell MWNTs (Figure 5.1). In this article, we report a comparative 

study of the electrical and dielectric properties of MWNT-polydimethylsiloxane (PDMS) 

composites based on MWNTspristine and MWNTsOH, respectively. We demonstrate for the 

first time the feasibility of using core-shell MWNTs as a filler to increase the dielectric 

constant and reduce the dielectric loss of CNT-polymer nanocomposites. 

5.2 Experimental  

MWNTspristine and MWNTsOH were purchased from Nanostructured & 

Amorphous Materials, Inc. According to the manufacturer’s specification sheets, the 

purity, outer diameter, and length of both MWNTspristine and MWNTsOH are 95%, 10-20 

nm, and 10-30 µm, respectively, and the content of -OH in MWNTsOH is about 1-7 wt.% . 

Sylgard 184 PDMS base and curing agent were supplied from Dow Corning Corporation. 

A suspension of MWNTs in chloroform was first sonicated in a bath sonicator for 30 min 

and then mixed with PDMS base by stirring. Removing part of the chloroform from the 

resulting mixture by evaporation produced a viscous gellike liquid, which was then 

mixed with PDMS curing agent by stirring. The ratio of PDMS curing agent to base was 

1:10. The resulting gel-like liquid was cast into a mold and dried very slowly at room 

temperature overnight to remove the remaining chloroform. The resulting material was 

then cured at 80 °C for 4 h to give a flexible MWNT-PDMS composite disk. MWNT-

PDMS composites with various MWNT types and loadings were prepared according to 
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the above procedure. Pure PDMS samples were made following the manufacture’s 

procedure with the same ratio of PDMS curing agent to base (1:10) and the same curing 

condition (80 °C for 4 h). The two-point probe measurement for the direct current 

electrical conductivity study was performed using a Keithley 2400 source meter and 

Keithley 6485 picoammeter (for low current) instrument through the computer controlled 

LabVIEW program. The Lucas Laboratories Pro4 system was used for the four-point 

probe measurement. The dielectric properties were measured using an Agilent E4980A 

LCR meter at room temperature with an Agilent 16451B dielectric test fixture. Scanning 

electron microscopy (SEM) was performed using a Hitachi S-4800 field emission 

scanning electron microscope (accelerating voltage, 1 kV). No sample coating was used 

in the SEM experiment to avoid possible artifacts induced by the metal coating. Energy 

dispersive X-ray spectroscopy (EDS) was performed with the same SEM instrument and 

was calibrated with dibenzo-18-crown-6. 

5.3 Results and Discussion 

 The MWNTsOH were chosen as the model core-shell MWNTs in this study 

mainly for two reasons: (1) The MWNTOH material is commercially available and (2) it is 

possible to convert the hydroxyl group to much longer linear or branched insulating 

polymer chains using various polymer grafting techniques (e.g., atom transfer radical 

polymerization) in future studies. The calibrated EDS could be used to estimate the 

degree of functionalization in covalently functionalized CNTs.10-12 The EDS showed the 

presence of ∼7.3 wt.%  of O in the MWNTOH material, which provides an estimate of the 

amount of hydroxyl groups in MWNTsOH (∼1 -OH group/17 CMWNT). In contrast, no 

oxygen was detected by the EDS in the MWNTspristine. 
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Figure 5.2. Room temperature two-point probe electrical conductivity of the MWNT-
PDMS composites as a function of MWNT mass fraction (wt.% ). 
 

Figure 5.2 shows the measured two-point probe electrical conductivity of the 

MWNT-PDMS composites as a function of the MWNT loading. The conductivity of the 

MWNTpristine-PDMS composite increases sharply between 1 and 2 wt.%  of nanotube 

loading, indicating the formation of a percolating network. In contrast, the conductivity 

of the MWNTOH-PDMS composite increases less sharply but still rapidly in a broader 

range between 1 and 4 wt.%  of nanotube loading, suggesting a higher percolation 

threshold of the MWNTOH-PDMS composites as compared with that of the MWNTpristine-

PDMS composites. In addition, the electrical conductivity of the MWNTOH-PDMS 

composites is consistently 1-3 orders of magnitude lower than that of the MWNTpristine-

PDMS composites at the same MWNT loading (Figure 5.2). Although both 

MWNTspristine and MWNTsOH have similar purity levels, diameters, and lengths, 

hydroxylation  of  MWNTs  significantly   interrupts   the   π-conjugation   of   the   outer   
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Figure 5.3. SEM images of (a) the 7 wt.%  MWNTpristine-PDMS composite and (b) the 7 
wt.%  MWNTOH-PDMS composite. Scale bar: 400 nm. 
 
graphene layer and diminishes the surface electrical conductivity of MWNTs, leading to 

a higher percolation threshold and dramatically lower electrical conductivity in the 

MWNTOH-PDMS composites. There is no significant difference between the two-point 

probe and four-point probe conductivities of the same sample: for example, the two-point 

probe/four-point probe conductivities of the 6 and 9 wt.%  MWNTpristine-PDMS 

composites are 1.93 × 10-5/2.14 × 10-5 and 3.60 × 10-5/3.70 × 10-5 S/cm, respectively. 

This is consistent with our previous experimental observation on other CNT-polymer 

nanocomposites.13 SEM images reveal similar dispersion of MWNTs in both 

MWNTpristine-PDMS and MWNTOH-PDMS composites at the same MWNT loading level 

(Figure 5.3). Prior study showed that the incorporation of MWNTs in the PDMS matrix 

could also increase the Young’s modulus of resulting polymer composites.14  

Figure 5.4a and d shows the room temperature dielectric constant and dielectric 

loss of the MWNT-PDMS composites as a function of the MWNT loading at 1 kHz, 

respectively. The inclusion of MWNTspristine in the PDMS matrix significantly increases 

the dielectric constant from 3.3 (pure PDMS) to ∼1554 at 1 kHz with 6 wt.%  of 

MWNTpristine loading (Figure 5.4a); however, the dielectric loss also dramatically 
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increases from 0.01 for the pure PDMS to ∼3.74 for the 6 wt.%  MWNTpristine-PDMS 

composite (Figure 5.4d). Compared with the MWNTpristine-PDMS composites, the core-

shell MWNT-polymer composite enables a higher MWNT loading level while still 

keeping the electrical conductivity relatively low (Figure 5.2). Therefore, it is possible to 

achieve a much higher dielectric constant in the core-shell MWNT-polymer composite 

while still maintaining similar or lower dielectric loss. For example, the introduction of 

MWNTsOH into the PDMS matrix dramatically increases the dielectric constant from 3.3 

(pure PDMS) to ∼3221 at 1 kHz with 9 wt.%  of MWNTOH loading (Figure 5.4a), which 

is approximately twice the dielectric constant (∼1554) of the 6 wt.%  MWNTpristine-

PDMS composite. In the meantime, the dielectric loss (∼4.00) of the 9 wt.%  

MWNTOHPDMS composite is similar to that (∼3.74) of the 6 wt.%  MWNTpristine-PDMS 

composite (Figure 5.4d). Although the dielectric constant of the 9 wt.%  MWNTpristine-

PDMS composite approaches ∼2076, its dielectric loss either reaches or exceeds our 

instrument’s maximum measurement limit, which is 10.  

The benefit of core-shell MWNT-polymer composites is even more obvious at 10 

kHz. Figure 5.4b and e shows the room temperature dielectric constant and dielectric loss 

of the MWNT-PDMS composites as a function of the MWNT loading at 10 kHz, 

respectively. The inclusion of MWNTspristine in the PDMS matrix significantly increases 

the dielectric constant from 3.3 (pure PDMS) to ∼875 at 10 kHz with 6 wt.%  of 

MWNTpristine loading (Figure 5.4b). As expected, the dielectric loss also dramatically 

increases from 0.01 for the pure PDMS to ∼1.25 for the 6 wt.%  MWNTpristine-PDMS 

composite   (Figure 5.4e).   The introduction   of   MWNTsOH   into   the   PDMS   matrix  



92 

 

 

 

Figure 5.4. Room temperature dielectric constant of the MWNT-PDMS composites as a 
function of MWNT mass fraction (wt.% ) at (a) 1, (b) 10, and (c) 100 kHz, respectively. 
Room temperature dielectric loss of MWNT-PDMS composites as a function of MWNT 
mass fraction (wt.% ) at (d) 1, (e) 10, and (f) 100 kHz, respectively. The dielectric loss 
value of 10 indicates that the dielectric loss either reaches or exceeds our instrument’s 
maximum measurement limit, which is 10. 
 

dramatically increases the dielectric constant from 3.3 (pure PDMS) to ∼2429 at 10 kHz 

with 9 wt.%  of MWNTOH loading (Figure 5.4b), which is nearly 3 times the dielectric 

constant (∼875) of the 6 wt.%  MWNTpristine-PDMS composite. Meanwhile, the dielectric 

loss (∼0.63) of the 9 wt.%  MWNTOH-PDMS composite is much lower than that (∼1.25) 

of the 6 wt.%  MWNTpristine-PDMS composite (Figure 5.4e). For comparison, the 

dielectric constant and dielectric loss of the 9 wt.%  MWNTpristine-PDMS composite are 

∼1631 and ≥10, respectively.  

A similar trend is also observed at 100 kHz (Figure 5.4c and f). Whereas the 

dielectric constant (∼1249) of the 9 wt.%  MWNTOH-PDMS composite is close to that 

(∼1382) of the 9 wt.%  MWNTpristine-PDMS composite, its dielectric loss (∼0.80) is 

much lower than that (∼2.31) of the 9 wt.%  MWNTpristine-PDMS composite. 
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5.4 Conclusion 

We demonstrate for the first time the feasibility of using core-shell MWNTs as a 

filler to increase the dielectric constant and reduce the dielectric loss of CNT-polymer 

nanocomposites. Since MWNTsOH represent only one of the simplest types of core-shell 

MWNTs (Figure 5.1), we believe optimizing the core-shell MWNTs would further 

maximize the increase in dielectric constant while minimizing the potential increase in 

dielectric loss of the core-shell MWNT-polymer composites. For example, it is possible 

to convert the hydroxyl group to much longer linear or branched insulating polymer 

chains using various polymer grafting techniques (e.g., atom transfer radical 

polymerization), which should considerably reduce the surface electrical conductivity of 

the core-shell MWNTs. 
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APPENDIX A:  1H-NMR, 13C-NMR, and mass spectra of compounds 1, 3-10, 12, 13 
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