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ABSTRACT
This thesis details the development of new materials for high-performance chemical

sensing as well as organic electronic applications. In Chapter 2, we develop a chemiresistive
material based on single-walled carbon nanotubes (SWCNTs) and hexafluoroisopropanol
(HFIP) functionalized polythiophene, with a largely simplified fabrication process. The
sensor shows high sensitivity and selectivity for a nerve reagent stimulant. A series of
mechanistic studies indicate that the sensing response occurs via charge transfer, the
introduction of scattering sites and configurational changes in the polymers. Temkin isotherm
is utilized to successfully explain the relationship between the analyte concentration and
sensor response.

In Chapter 3, we develop a chemiresistive material based on SWCNTs wrapped with a
calixarene-substituted polythiophene. The material displays a selective and sensitive response
to xylene isomers. The selectivity is verified by nuclear magnetic resonance spectroscopy,
quartz crystal microbalance measurements, and fluorescence spectroscopy. Mechanistic
studies, including field effect investigations and Raman spectroscopy, are also reported.

In Chapter 4, we present a multi-walled carbon nanotube (MWCNT) array with a
series of cross-sensitive recognition groups covalently attached to the MWCNTs. These
functional groups greatly enhance the sensitivity and selectivity to the target analytes. The
distinct response pattern of each chemical was subjected to statistical analysis, leading to a
clear separation and accurate identification of 100 % of the compounds. We also present a
highly sensitive humidity indicator consisting of a platinum-CNT composite.

In Chapter 5, we design and synthesize several HFIP-containing polythiophenes. The
photophysical properties and the fluorescence quenching of the polymers are systematically
investigated. An interesting enhancement of the energy transfer constants is observed
between these polymers and phenyl-C61 -butyric acid methyl ester (PCBM), resulting from
the strong hydrogen bonding interaction. Further X-ray diffraction studies of the polymers
and their mixtures with PCBM demonstrate that the HFIP substitution prevents clean phase
separation between the polythiophene and the PCBM. These results together prove the power
of molecular interactions in changing the donor-acceptor interactions and in controlling the
polymer morphology.

Thesis Supervisor: Timothy M. Swager
Title: John D. MacArthur Professor of Chemistry and Department Head

5



6



Table of Contents

D edication ............................................................................................................................... 3

Abstract ................................................................................................................................... 5

Table of Contents ............................................................................................................ 7

List of Figures ......................................................................................................................... 9

List of Tables ........................................................................................................................ 14

List of Schem es .................................................................................................................... 15

Chapter 1: Introduction ..................................................................................................... 17
1.1 Chem iresistors .................................................................................................. 18
1.2 Carbon N anotube M aterials ............................................................................ 19
1.3 CN T/Conjugated Polym er Interactions ......................................................... 21
1.4 Covalent Functionalization of CN Ts .............................................................. 24
1.5 Outline of Thesis ............................................................................................ 26
1.6 References and N otes ..................................................................................... 27

Chapter 2: Hexafluoroisopropanol Functionalized Polythiophene/ Carbon Nanotube
Resistive Sensors for Chemical Warfare Agent Detection ............................. 31

2.1 Introduction ................................................................................................... 32
2.2 M onom er Synthesis ........................................................................................ 33
2.3 Polym er Synthesis .......................................................................................... 34
2.4 D ispersing N anotubes w ith HFIP-PT .............................................................. 35
2.5 D evice Fabrication ........................................................................................... 37
2.6 Sensing Results ............................................................................................... 38
2.7 M echanistic Study .......................................................................................... 40
2.6 Understanding the Sensing Response with Temkin Isotherm ........................ 45
2.9 Conclusions ................................................................................................... 46
2.10 Experim ental Section ................................................................................... 47
2.11 References and N otes ................................................................................... 51

Chapter 3: Calixarene-Functionalized Polythiophene/Carbon Nanotube Resistive Sensors
for M olecular Recognition .............................................................................. 55

3.1 Introduction ................................................................................................... 56
3.2 Polym er Synthesis .......................................................................................... 56
3.3 N M R A dsorption Study ................................................................................. 58
3.4 Dispersing SW CN T ........................................................................................ 59
3.5 D evice Fabrication ........................................................................................... 60

7



3.6 Sensing Results ............................................................................................... 61
3.7 V erification of Selectivity .............................................................................. 63
3.8 M echanistic Study .......................................................................................... 65
3.9 Conclusions ................................................................................................... 67
3.10 Experim ental Section ................................................................................... 68
3.11 References and N otes ................................................................................... 73

Chapter 4: Functional Group-Specific Detection of Volatile Organic Compounds Utilizing
a M ulti-w alled Carbon N anotube Array ......................................................... 75

4.1 Introduction ................................................................................................... 76
4.2 D esign of the Sensor Array ............................................................................ 79
4.3 Synthesis of Functionalized M W CN Ts ......................................................... 83
4.4 Qualitative Characterization .......................................................................... 87
4.5 Quantitative Characterization .......................................................................... 92
4.6 M orphology and D ispersibility......................................................................... 95
4.7 Sensory Responses of MWCNT array to VOCs ............................................ 98
4.8 Statistical A nalysis ........................................................................................... 102
4.9 Hum idity Sensing ............................................................................................. 105
4.10 Conclusions .................................................................................................... 110
4.11 Experim ental Section ...................................................................................... 111
4.12 References and N otes ..................................................................................... 119

Chapter 5: Hydrogen Bonding-Based Interfacial Engineering in Polythiophene / PCBM
Hybrid M aterials ............................................................................................... 123

5.1 Introduction ...................................................................................................... 124
5.2 Synthesis of M onom ers .................................................................................... 125
5.3 Synthesis of Polym ers ...................................................................................... 127
5.4 Photophysical Characterizations ...................................................................... 128
5.5 Solution Fluorescence Quenching Studies ....................................................... 131
5.6 Crystallinity of the Polym ers ............................................................................ 137
5.7 Conclusions ...................................................................................................... 139
5.8 Experim ental Section ........................................................................................ 140
5.9 References and N otes ....................................................................................... 145

A ppendix 1: N M R Spectra for Chapter 2 ........................................................................... 147
Appendix 2: N M R Spectra for Chapter 3 ........................................................................... 153
Appendix 3: N M R Spectra for Chapter 5 ........................................................................... 157

Resum e ............................................................................................................................... 163
A cknow ledgem ents ............................................................................................................ 164

8



List of Figures

Figure 1.1 Structure of a MWCNT (a) and the rolling-up method (b). Adapted
from reference 14.

Increasing sensitivity and selectivity by incorporation of recognition
groups.

Examples of conjugated polymers.

Examples of conjugated polymers with recognition groups.

Figure 1.5 Stable SWCNT dispersions obtained in the presence of a conjugated
polymer. Adapted from reference 41.

Figure 2.1 Photograph of polymer solution (left) and HFIP-PT/SWNT solutions
(middle, [SWCNT]-0.05 mg/mL; right, [SWCNT]-Img/mL) in THF.

Figure 2.2 AFM image of SWCNT network drop casted from 0.02 wt.%
solutions.

Height profile of CNT network. A) Enlarged image of AFM image in
Figure 2.2. The scale bar is 1 pim. B) Section analysis of A).

Raman spectra of SWCNTs taken from THF suspensions sonicated for
2 hours with HFIP-PT (red curve, stable suspension) and without
HFIP-PT (black curve, unstable suspension), and the dried drop cast
HFIP-PT/SWCNT dispersion (blue). The other curves are HFIP-PT
without SWCNTs (dotted: solution, dashed: solid). Enlarged spectra
in the range of 210-290 nm is shown on the top left. Excitation
wavelength is 785 nm.

Schematic views of the sensor fabrication process (left) and the device
consisting of a percolative network of carbon nanotubes between two
gold electrodes, deposited by casting a HFIP-PT stabilized dispersion
(right).

Figure 2.6 Conductance change (-AG / Go) of the sensor upon exposure to
varying concentrations of DMMP (left), and the calibration curve of
the sensor at DMMP concentration of 0.05-25 ppm (right). The bias
voltage is fixed at 0.1 V, and the temperature is 70 0C.

Figure 2.7 Conductance changes of the SWCNT sensors in response to common
organic solvents and DMMP diluted to 1 % of saturated vapor
conditions at room temperature, with a bias voltage fixed at 0.1 V.

19

21

22

23

24

35

36

36

37

38

39

40

-9-

Figure 1.2

Figure 1.3

Figure 1.4

Figure 2.3

Figure 2.4

Figure 2.5



Figure 2.8 A) Optical image of FET devices with (right) and without (left) drop-
coated HFIP-PT/SWCNT. The active interdigitated area is 2 mm
(digit length) by 800 tm (100 digit pairs). B) Optical image of an
interdigitated electrodes active area drop-coated with HFIP-
PT/SWCNT. C) Scanning electron microscope (SEM) image of
HFIP-PT/SWCNT network bridging two adjacent electrodes.

Figure 2.9 The source-drain current vs gate voltage of the sensor under conditions
of air and saturated DMMP vapors. The source-drain bias voltage is
fixed at 1 mV. The gate voltage was scanned from 10 V to -5 V.

Figure 2.10

Figure 2.11

Figure 2.12

UV-vis absorption and fluorescence emission spectra of polymer
HFIP-PT in chloroform solution (solid lines) and as thin films (dotted
lines).

Fluorescent emission of HFIP-PT/SWCNT film under air (black) and
10 min exposure to saturated DMMP vapors (blue). Insertion:
fluorescence intensity change at 570 nm (I/Io) vs exposure time (T) in
both conditions. An excitation wavelength of 450 nm was used.

Conductance change (black squares) of the HFIP-PT sensor upon
exposure to varying concentrations of DMMP. The data were fitted to
equation (1) with ma and b determined to be 0.0541 and 1.1 ppm-1
respectively.

Figure 3.1 'HNMR of a) P1 and b) P3HT with and without exposure to xylene
vapor.

Figure 3.2 Photograph of P1 (bottom) and SWCNT/P1 solutions (top, SWCNT
~0.05 mg/mL) in THF.

Figure 3.3 Raman spectra of SWCNTs taken from THF suspensions ultra-
sonicated for 2h with P1 (red curve, stable dispersion) and without P1
(black curve, unstable suspension), and a dried drop of P1/SWCNT
dispersion (blue). The other grey-colored curves are P1 without
SWCNTs (dotted: solution, dashed: solid). Enlarged spectra in the
range of 200-300 nm is shown on the top left. The peaks at 1030 and
914 cm-1 are THF solvent peaks. Excitation wavelength is 785 nm.

Figure 3.4 Schematic view of the SWCNT/P1 sensor that selectively adsorbs p-
xylene. A percolative SWCNT network (5 mm x 5 mm area, 30 nm
thick) was deposited between two gold electrodes. An SEM image of
the SWCNT network is shown on the top left.

- 10 -

41

42

43

44

46

58

59

60

61



Conductance change (-A G/Go) of the SWCNT/P1 (left column) and
SWCNT/P3HT sensors (right column) exposed to 400 ppm of xylene
isomers using different carrier gases (top row: air, middle row:
nitrogen, bottom row: air with 30 % relative humidity).

The weight increase (Am) of a)SWCNT/P1(9.72 pg) and b)
SWCNT/P3HT (11.0 pg) films (0.39 cm2 area) when exposed to 400
ppm of xylene isomers were also shown to verify the selectivity.

Figure 3.7 UV-vis absorption and fluorescence emission spectra of P1 (left) and
SWCNT/P1 (right) in THF solution (solid lines) and as thin films
(dotted lines).

Figure 3.8

Figure 3.9

Figure 3.10

65Fluorescence emission of SWCNT/P1 film under air (blue) and with
exposure to saturated xylene vapors (black: p-xylene, green: o-xylene,
red: m-xylene). Insert: fluorescence intensity changes at 597 nm (I/Io)
vs. exposure time (t) in both conditions. An excitation wavelength of
490 nm was used.

Radical breathing modes of SWCNT/P 1 film before (blue curve) and
after (black curve) exposure to p-xylene.

The source-drain current (Ids) vs. gate voltage (Vg) of the sensor under
conditions of air (blue) and saturated xylene vapors (only p-xylene
exposure is shown and the same effect was found for the other
isomers). The source-drain bias voltage was fixed at 0.1 V. Vg was
scanned in a cycle from 1.5 V to -1.5 V.

Figure 4.1 Array sensing process.

Figure 4.2 Design of recognition groups based on different interactions and
targeted analytes.

Figure 4.3 Raman spectra of pristine MWCNTs (black), propargyl-MWCNTs
(blue) and allyl-MWCNTs (red). The green lines are fitted peaks and
the grey lines are the fitted curves.

Figure 4.4

Figure 4.5

66

67

79

83

88

90FT-IR spectroscopy of pristine and substituted MWCNTs (top). FT-
IR spectra of thiolacid-MWCNT treated with 0.1 M NaOH is shown in
the bottom.

XPS of pristine and substituted MWCNTs. 93

- 11 -

Figure 3.5

Figure 3.6

62

63

64



TGA of pristine and substituted MWCNTs. a) Propargyl-MWCNT, b)
allyl-MWCNT, c) HFIP-MWCNT, d) thiolacid-MWCNT, e) click-
MWCNT, f) crown-MWCNT, g) calix-MWCNT, h)thiolchain-
MWCNT.

SEM images of pristine and substituted MWCNTs.

Figure 4.6

Figure 4.7

Figure 4.8

94

97

99

100Figure 4.9 Conductance response patterns of pristine and substituted MWCNT
based resistance sensors to twenty representative VOCs. Responses
are averages of three measurements. For easier visualization, the level
of response is showed in color according to the scale bar on the right.

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Adsorption rate constants of the MWCNT sensors.

Scree plot of the principal component analysis.

Principal component score plots of an array of 8 functionalized
MWCNT resistance sensors to 20 representative VOCs (3 trials each).

Conductance response, -AG/Go, of the pristine and substituted
MWCNT based resistance sensors to saturated vapor of water (top).

Functionalization of the click-MWCNT with platinum particles.
Synthetic approach (upper), a cartoon of the structure (lower left) and
SEM image (lower right) of the Pt-MWCNT composite.

XPS spectra of the click-MWCNT/Pt composite. (a) Survey scan
spectrum; (b) Pt 4f spectrum.

SEM image of platinum reduced in the propargyl-MWCNT media.

Conductance response, -AG/Go, of Pt/CNT based resistance sensor to
water.

Conductance response, -AG/Go, of Pt based sensor to saturated water
vapor.

Figure 5.1 Absorption and fluorescence spectra of P1 (top left), P2 (top right) and
P3HT (bottom right) in anhydrous toluene.

101

103

103

105

106

107

108

108

109

130

- 12 -

Conductance response, -AG/Go, of pristine MWCNT (black line),
allyl-MWCNT (dark red line), crown-MWCNT (green line) and
thiolchain-MWCNT (red line) resistance sensors to decane (left) and
pentanol (right) at their saturated vapor pressures.



Figure 5.2 Fluorescence of P1 solution (1.2 x 10 -M) quenched by PCBM.
[PCBM] = 0 - 7.7 x10 5 M (from top to bottom).

Figure 5.3 Absorption spectra of toluene solutions of P1 (1.2 x 10-5 M, blue),
PCBM (1.7 x 10-5 M, black) and P1 (1.2 x 10~5 M, blue) / PCBM (1.7 x

10~5 M, black) mixture.

Stern-Volmer plots of P1 in anhydrous toluene in response to PCBM:
Fo/F (black solid square), ro/r (red hollow square), fitting of
experimental data to equations (3) and (4) with KD and Ks determined
to be 1.2 x 103 M~1 and 2.2 x 103 M-1, respectively.

Stern-Volmer plots of P1 in anhydrous toluene in response to PCBM:
FoIF (black solid diamond), ror/ (red hollow diamond), fitting of
experimental data to equations (3) and (4) with KD and Ks determined
to be 1.3 x 103 M- 1 and 1.2 x 103 M~1, respectively.

Stern-Volmer plots of P2 in anhydrous toluene (left) and in 1%
tetrahydrofuran/toluene (right) in response to PCBM: F/F (black
labels), ro/r (red labels).

Stern-Volmer plots of P3HT in anhydrous toluene (left) and in 1%
tetrahydrofuran/toluene (right) in response to PCBM: Fo/F (black
labels), ro/r (red labels).

Figure 5.8 XRD patterns of P3HT in pure form and with PCBM (1:1 by weight),
after annealing in vacuum at 140' C for 1 hour.

Figure 5.9 XRD patterns of P1 and P2 in pure form and with PCBM (1:1 by
weight), after annealing in vacuum at 140' C for 1 hour.

131

132

133

135

136

136

138

139

- 13 -

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7



List of Tables

Table 4.1 Twenty Representative VOCs and Their Vapor Pressures at 298 K. 53

Table 4.2 Functionalization Density Data Calculated from the XPS Elemental 95
Ratio and from the TGA Weight Loss Curves.

Table 4.3 Summary of Classification with Cross-validation. 104

Table 5.1 Photophysical Data of Polymers P1, P2 and P3HT. 129

Table 5.2 Quenching Constant Data of polymers P1, P2 and P3HT. 137

- 14 -



List of Schemes

Scheme 1.1

Scheme 2.1

Scheme 2.2

Scheme 2.3

Scheme 3.1

Scheme 4.1

Scheme 4.2

Scheme 4.3

Scheme 4.4

Scheme 4.5

Scheme 5.1

Scheme 5.2

Scheme 5.3

Scheme 5.4

Scheme 5.5

Proposed mechanism for zwitterion-initiated functionalization of
fullerenes.

Structure of HFIP-substituted terthiophene monomer.

Synthesis of monomer.

Synthesis of HFIP-PT polymer.

Synthesis of polymer.

Zwitterion-initiated functionalization of CNTs.

Synthesis of propargyl-MWCNT 1 and allyl-MWCNT 2.

Synthesis of click-MWCNT 3.

Synthesis of thiolchain-MWCNT 4 and thiolacid-MWCNT 5.

Synthesis of HFIP-MWCNT 6, calix-MWCNT 7 and crown-MWCNT 8.

Structures of P3HT and PCBM.

Structures of monomers.

Synthesis of monomer 2.

Synthesis of polymer P1.

Synthesis of polymer P2.

- 15-

25

33

34

34

57

78

84

85

86

87

125

126

127

128

128



- 16 -



Chapter 1

Introduction
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1.1 Chemiresistors

The development of a low cost, low power and portable sensing device is needed for

various applications, such as homeland security and monitoring of agricultural, medical, and

manufacturing environments. A chemiresistor, which is a chemical sensor that detects analyts

via changes in its resistance, offers significant promise. In particular, chemiresistors can be

easily fabricated and implemented, since high precision resistance measurements can be

realized using very simple electronics.

Over the past decades, several materials have been utilized as gas sensors. Among

these, metal oxides-based materials are the most popular.' Although these materials function

as effective sensors for several reductive gases, their high resistance necessitates high power

consumption. In addition, these materials cannot discriminate between similar gases. Organic

semiconductors, usually conjugated polymers, have been studied as highly selective

chemiresistor materials. 2 4 The integration of molecular recognition units in the polymer

structures is attractive; however these materials suffer from electrostatic/dielectric interferences

and fragile organic-metal interfaces. Recently carbon nanotube field effect transistors have

been investigated as sensors for biological and vapor analytes.5-8 Carbon nanotubes are ideal

for sensing applications because their electrical properties are very sensitive to the local

chemical environment. However, there are still some limitations to the widespread application

of CNTs, such as the lack of selectivity. In this chapter we will introduce the basic chemistry

of carbon nanotubes that is directly relevant to this thesis, without attempting a comprehensive

review.

- 18 -



1.2 Carbon Nanotube Materials

Since their first report by lijima in 1991,9 carbon nanotubes (CNTs) have been a subject

of intensive research.io-13 CNTs can be conceptualized as rolled-up graphene sheets. Their

structures consist of either a single wall of graphene(single-walled CNTs, SWCNTs) or

multiple concentric graphene walls (multi-walled CNTs, MWCNTs) (Figure 1.1a). The

rolling-up of the graphene sheets can be described with a roll-up vector (n,m), whose beginning

and end join together during the folding of the graphene sheet.14 The magnitude of the

numbers n and m indicates the diameter of the tube. The direction of the vector determines the

atomic orientation along the tube circumference, thus leading to different types such as

armchair (n = m), zigzag (m = 0) or chiral (n # m) nanotubes (Figure 1. 1b). The difference of

the n and m number determines the electronic properties of the SWCNTs. For metallic

nanotubes, n-m = 3q where q is an integer or zero, and for semiconductive nanotubes, n-m # 3q

or zero. Naturally, SWCNTs are synthesized with a metallic/semiconductive ratio of 1/2. The

efficient separation of these two types of nanotubes is an active area of research interest.' 5 ~18

a) b

Figure 1.1. Structure of a MWCNT (a) and the rolling-up method (b). Adapted from reference

14.

-19-



CNTs have unique mechanical, optical, thermal and electrical properties. CNTs are one

of the strongest and stiffest materials in nature, with a tensile strength of 11-150 GPa (0.38-

1.55 GPa for stainless steel) and a Young's modulus on the order of 270-950 GPa19,20 (200 GPa

for stainless steel). The emission wavelength of SWCNTs falls into the near-infrared range'2 1 22

(0.8-2.1 tm, depending on the nanotube structure) and is very sensitive to the local

environment, thus facilitating the biological detection.23 24 Moreover, CNTs have been used as

the active channel in transistors and conductors due to their high mobilities (up to 10,000

cm 2Vs at room temperature),2 electrical conductivities,26,27 current-carrying capacities (up to

109 A cm2)28 and thermal conductivities (up to 3,500 Wm' K'). 29

CNTs are ideal candidates for sensing applications because their electronic properties

are extremely sensitive to changes in their local chemical environments. Since the first study

of the response of a SWCNT field effect transistor toward ammonia and nitrogen dioxide, 30

CNTs have found widespread applications in detecting chemical vapors5'6 and biological

molecules.7'8 Moreover, the incorporation of recognition groups into such sensors can largely

enhance the selectivity and sensitivity. As conceptualized in Figure 1.2, sensor a with bare

nanotubes is responds both to the target analyte (green triangles) and the contaminants (purple

squares and blue circles), sensor b, with rational recognition groups, has an increased response

to the target analyte and almost no response to the contaminants.

- 20 -



a) No Functionalization b) Functionalized with
Recognition Gmups

071

Time Time

Figure 1.2. Increasing sensitivity and selectivity by incorporation of recognition groups.

In most previous cases, recognition groups were introduced onto the CNT-based sensor

after its fabrication, which can be complicated by the bundled nature of CNTs. 5-8 Our goal is

to simultaneously introduce enhanced sensitivity/sensitivity to the sensors and to simplify the

fabrication process. Therefore, rational functionalization of the CNTs, either by their

interaction with a conjugated polymer or by covalent functionalization, accomplishes both

goals. We will discuss each of these functionalization methods in more detail.

1.3 CNT/Conjugated Polymer Interactions

Conjugated polymers -are polymers whose backbone contains alternating single and

multiple bonds. Several examples of conjugated polymers are shown in Figure 1.3. The

interactions between the molecular orbitals along the polymer backbone result in an extended

system of delocalized n-electrons, which leads to many interesting electronic and optical

-21-



properties. The 2000 Nobel Prize in Chemistry recognized the important discovery that doped

conjugated polymers display conductive properties.33-3s

Polythiophene n Poly(p-phenylene vinylene)

n / Polyfluorene \/ -n Poly(p-phenylene ethynylene)

Figure 1.3. Examples of conjugated polymers.

The most important advantage of conjugated polymers over other conductive or

semiconductive materials is the ease of processability. Another advantage is the polymers'

properties can be fine-tuned through controlled organic synthesis. This is extremely important

in sensor development, because enhanced sensing performance can be achieved with optimized

2,3
recognition groups. Figure 1.4 shows two examples of conjugated polymers with

recognition groups that have been used for chemical sensing. Binding of the crown ether in

polymer 1 to potassium cations resulted in the aggregation of the polymer and a red-shift in its

fluorescence emission.36 Binding of a neutral organic molecule onto the calixarene motif in

polymer 2 enhanced the conductivity of the polymer film.37

- 22 -



I

Figure 1.4. Examples of conjugated polymers with recognition groups.

Conjugated polymers were demonstrated to have strong n-n interactions with

CNTs,38,39 and can stabilize CNT dispersions via steric effect.40 Compare to the electrostatic

stabilization by surfactants that is more effective at low concentration of the dispersion, the

steric stabilization are effective both at low and high concentrations. As shown in Figure 1.5, a

very stable dispersion of SWCNTs can be achieved by sonication of the nanotubes with a

poly(3-hexylthiophene) (P3HT) solution. 41 In addition to nanotubes, conjugated polymers also

stabilize graphene, and have been utilized to obtain single graphene sheets. 42

- 23 -
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Figure 1.5. Stable SWCNT dispersions obtained in the presence of a conjugated polymer.

Adapted from reference 41.

1.4 Covalent Functionalization of CNTs

Covalent functionalization of CNTs has been accomplished via oxidative reactions,

thermally activated addition at nanotube sidewalls, and substitution reaction on fluorinated

nanotubes. 14 ,4 3  However, the incorporation of recognition groups onto nanotubes by these

methods are limited because the reactions usually proceed under harsh conditions. For

example, high temperature, high pressure, or highly reactive reagents (concentrated HNO 3,

lithium diisopropylamide, etc.), limit the functional group tolerance of many of these reactions.

Our group recently developed a highly efficient modular functionalization approach of

CNTs and fullerenes. 4 ' 4 5 The proposed reaction mechanism is shown in Scheme 1.1 with a

fullerene substrate. Initially, the very reactive zwitterionic complex, which is formed between

4-dimethylaminopyridine (DMAP) and dimethyl acetylene dicarboxylate (DMAD) adds to the

double bonds of fullerenes. The fullerene-centered anion then attacks the carbonyl carbon of

- 24 -



the ester group, affording a charged intermediate 3. Further addtion of methanol replaces the

DMAP with methoxy group, providing the fullerene-DMAD adduct 4.

0'1

'

N~ \~
'I

N I-

N

0 0-

0-

4

O
OCH3

N

0 N 0

E)

OCH 3

3

Scheme 1.1. Proposed mechanism for zwitterion-initiated functionalization of fullerenes.
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Diverse functionalization can be introduced into the system through three strategies.

First, charge trapping of the zwitterionic intermediate with added nucleophiles can readily

afford various functional groups. Second, demethylation of the cyclopentenones of the CNTs

can yield highly water-soluble CNTs functionalized with free hydroxyl groups. Third, CNTs

can be functionalized with other disubstitued acetylene dicarboxylates, including those with

chloroethyl, allyl, and propargyl groups. These groups can be further transformed by SN2

substitution, thiol addition or 1,3-dipolar cycloadditions, respectively.

1.5 Outline of Thesis

In this thesis, we present our work on developing new materials for resistance-based

sensing as well as organic electronic applications. In Chapters 2 and 3, we develop

CNT/polythiophene hybrid materials for the selective and sensitive detection of a chemical

warfare agent stimulant and structural isomers of xylenes, respectively. We also study their

sensing mechanisms and explore the signal transduction mechanism. In Chapter 4, we develop

a sensor array with covalently functionalized MWCNTs that can clearly identify organic

volatile compounds by their functional groups. In Chapter 5, we develop several HFIP-

containing polymers and investigat the hydrogen bonding effect in polythiophene/PCBM

hybrid materials.
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Chapter 2

Hexafluoroisopropanol Functionalized Polythiophene/ Carbon

Nanotube Resistive Sensors for Chemical Warfare Agent Detection

Adapted from:

Wang, F.; Gu, H.; Swager, T. M. J. Am. Chem. Soc. 2008, 130, 5392-5393.
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2.1 Introduction

Carbon nanotube (CNT) field effect transistors have been studied as chemical1' 2 and

biological3 4 sensors. They are sensitive because their resistance can change drastically in the

presence of analytes via charge transfer (doping), carrier pinning, and/or modification of the

Schottky barrier at the nanotube/metal contact. However, their applications have largely been

limited by the complexity associated with device fabrication. Recently, chemiresistors based

on polymer/CNT systems have been reported." In these cases, polymers are deposited onto

single CNT devices or pre-patterned CNT networks. The polymer coatings generally provide

increased selectivity, but have not simplified the fabrication process.

We are interested in creating a material with both high sensitivity/selectivity and good

processability. The material of interest is a conjugated polymer/CNT composite. As discussed

in Chapter 1, conjugated polymers, especially polythiophenes, have strong 7--n interactions

with CNTs and can stabilize CNT dispersion.' 0

We choose to attach a hexafluoroisopropanol group to polythiophene because it can

hydrogen bond with phosphate esters that are common in a number of chemical warfare agents,

including sarin gas. ,11-13 We utilize non-toxic dimethyl methylphosphonate (DMMP) as a

simulant for more toxic nerve gases, because DMMP has a similar hydrogen bonding

characteristic and vapor pressure (160 Pa at 25 0C) of to sarin.

In this chapter, we report that CNTs dispersed with a HFIP-functionalized

polythiophene produce highly sensitive and selective chemiresistor sensors using a greatly

simplified fabrication process.
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2.2 Monomer Synthesis

We designed the structure of an HFIP-substituted terthiophene monomer to achieve a

satisfactory oxidative potential for oxidative polymerization and to prevent the twisting of

polymer backbone. While electron withdrawing fluorine groups usually make the parent

molecule more difficult to oxideze, increasing a molecule's conjugation length can lower the

oxidative potential and the band gap of the conjugated molecule by introducing energy splitting.

Moreover, since the bulky hexafluoroisopropanol (HFIP) groups tend to twist the polymer

backbone, two bare thiophenes are needed as spacers between HFIP-functionalied ones.

F3C OH
F3C

S S
\ / s \

Scheme 2.1. Structure of HFIP-substituted terthiophene monomer.

The synthesis of the HFIP-substituted terthiophene is summarized in Scheme 2.1. A

bromoterthiophene 2 was first synthesized by a Stille-type cross-coupling reaction between a

stannylated thiophene and a tribromothiophene 1, in satisfying yield. 2 was then transformed

to the monomer 3 via lithiation followed by quenching with hexafluoroacetone.
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Br

Br Br + C3 SnBu 3

Pd(PPh3)4, DMF
80 *C, 24 h

68%

I

Br

S /\ S
\I S \

2

1) n-BuLi, THF/Hex, -40 *C
2) Hexafluoroacetone, 0 *C- r.t.

48%

HO CF3
CF3

S /\ S
\IS\

3

Scheme 2.2. Synthesis of monomer

2.3 Polymer Synthesis

HFIP-PT P1 was synthesized via oxidative polymerization of monomer 3 by iron

chlororide (Scheme 2.2). The number average molecular weight is 25.3 K, with a

polydispersity index of 2.3. Although the HFIP-PT does not have long chain side groups, it is

quite soluble in hydrogen bond acceptor solvents such as tetrahydrofuran, due to the

enthalpically favored hydrogen-bonding between the HFIP group and the solvent.

F3C OH
F3 C

S /\ S
\/ s \/

3 eq. FeC 3
CHC13

60%

3

F3 C OH
F3C

\ / s \/

Mn = 25.3 K, PDI = 2.3
P1

HFIP-PT

Scheme 2.3. Synthesis of HFIP-PT polymer
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2.4 Dispersing Nanotubes with HFIP-PT

We successfully dispersed SWCNTs in HFIP-PT solution by sonication in the presence

50 wt. % of a HFIP-PT or poly(3-hexylthiophene) (P3HT). As shown in Figure 2.1, a

transparent solution of HFIP-PT/SWCNT system was observed, which remains stable for at

least three years. Since this polymer/SWCNT system is very soluble, traditional polymer-

processing methods, such as spin-coating and ink-jet printing, can be utilized to fabricate

devices.

Figure 2.1. Photograph of polymer solution (left) and HFIP-PT/SWNT solutions (middle,

[SWCNT]-0.05 mg/mL; right, [SWCNT]~1mg/mL) in THF.

The quality of the CNT dispersions is very important and ensures that the CNTs form a

percolative network of largely individual tubes. As shown in Figure 2.2, the AFM image of a

CNT network drop-casted from 0.02 wt. % solutions indicates that the CNTs are well

debundled and dispersed by HFIP-PT. To study the quality of CNT dispersion, a section

analysis was measured with atomic force microscopy (AFM). As shown in Figure 2.3, the

average height of the nanotubes is 1.5 nm with a standard deviation of 0.4 nm (neglecting the
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polymer aggregation at 2.1 tm). This data indicates that the polymer/nanotube suspension is

largely comprised of individual nanotubes.

Figure 2.2. AFM image of SWCNT network drop casted from 0.02 wt.% solutions.

Figure 2.3. Height profile of CNT network.

The scale bar is 1 pm. B) Section analysis of

A) Enlarged image of AFM image in Figure 2.2.

We further studied the quality of the dispersion by Raman spectroscopy. The relative

low intensity of the (10, 2) radial breathing mode (RBM) at 264 cm-1 of HFIP-PT/SWCNT (red)

compared with bare SWCNTs (black) in Figure 2.4 (insert) further demonstrates the decrease

in the SWCNT bundling when dispersed by HFIP-PT. 1 4 Moreover, no significant changes

have been observed in the disorder mode or tangential mode, indicating that the chemical
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property of pristine tubes has not been changed by sonication process. The peaks at 1030 and

914 cm 1 are THF solvent peaks.

... . .....

-220 240 260 280
Raman Shift (cm")

(D

500 1000 1500

Raman Shift (cm 1)

Figure 2.4. Raman spectra of SWCNTs taken from THF suspensions sonicated for 2 hours

with HFIP-PT (red curve, stable suspension) and without HFIP-PT (black curve, unstable

suspension), and the dried drop cast HFIP-PT/SWCNT dispersion (blue). The other curves are

HFIP-PT without SWCNTs (dotted: solution, dashed: solid). Enlarged spectra in the range of

210-290 nm is shown on the top left. Excitation wavelength is 785 nm.

2.5 Device Fabrication

The fabrication of our sensory device is quite simple and straightforward.

Polymer/SWCNT films (50 nm thick) were spin-coated from 0.2 wt. % solutions (THF for

HFIP-PT and CHCl 3 for P3HT) onto a glass substrate, and two gold strip electrodes (50 nm
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thick) were then sputter-coated on to the film. The active area of the HFIP/SWCNT film is 5

mm x 5 mm. The resistance of HFIP-PT/SWCNT devices ranged from 0.5 to 1.5 MQ .

Spin-Coating

Metal Evaporation

Figure 2.5. Schematic views of the sensor fabrication process (left) and the device consisting

of a percolative network of carbon nanotubes between two gold electrodes, deposited by

casting a HFIP-PT stabilized dispersion (right).

2.6 Sensing Results

The sensory response investigated is a conductance measurement between the two

electrodes at a constant bias voltage (0.1 V). Our chemiresistors based on an HFIP-

PT/SWCNT hybrid system were shown to be highly sensitive and selective for DMMP

detection. As shown in Figure 2.6, the sensor response is fast and reproducible even at low

analyte concentrations. For instance, it gives an 8 % conductance change upon exposure to 0.6

ppm of DMMP. A conductance change of 1 % was observed in response to 0.05 ppm of

DMMP, which qualifies the sensor a ppb level sensing. Moreover, the sensor displays a linear
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logarmithic response to analyte concentration over 2 decades of concentration (Figure 2.6,

right).

25 ppm 3 ppm 0.6 ppm

0 500 1000 1500 2000
time / s

0,20.................

0.15

0

.. 0.10-
0
4'0.05-

0.00[

0.01 0.1 1 10
DMMP Concentration (ppm)

Figure 2.6. Conductance change (-AG/Go) of the sensor upon exposure to varying

concentrations of DMMP (left), and the calibration curve of the sensor at DMMP concentration

of 0.05-25 ppm (right). The bias voltage is fixed at 0.1 V, and the temperature is 70 "C.

Figure 2.7 shows a comparison of the selectivity and sensitivity for SWCNTs deposited

from HFIP-PT, P3HT-stabilized dispersions, and non-stabilized dispersions. The selectivity is

excellent considering that the equilibrium vapor pressure of methanol (167,000 ppm) is more

than 100 times that of DMMP (1,600 ppm). Moreover, the H-bonding ability of HFIP-

PT/SWCNTs greatly increased the response and selectivity for DMMP, as compared to

P3HT/SWCNTs and bare SWCNTs. The enhancement due to the HFIP-PT is most impressive

at low analyte concentrations. At equilibrium vapor pressures of DMMP, the HFIP-
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PT/SWCNT sensor has only a -40 % larger response than the P3HT/SWNCT, whereas at

1ppm of DMMP, the HFIP/SWCNT is nine times more sensitive than that of P3HT.

0.15 C =HFIP-PT/SWCNT
E .m I 'TP3HT/SWCNT

aa
0.1 OWSWCNT

0.00
Vapor

Figure 2.7. Conductance changes of the SWCNT sensors in response to common organic

solvents and DMMP diluted to 1 % of saturated vapor conditions at room temperature, with a

bias voltage fixed at 0.1 V.

2.7 Mechanistic Study

To explore the mechanism of the DMMP response in our HFIP-PT/SWCNT sensors,

we first performed sensory studies in a field effect transistor architecture. Figure 2.8 shows the

images of these devices. A 300 nm thick silicon nitride insulating layer was coated onto a

doped silicon back gate. Interdigitated electrodes (Ti/Pt, 20 nm/100 nm) were evaporated onto

the insulating layer, with 2 p.m digits and spaces. The active interdigitated area is 2 mm (digit

length) by 800 pim (100 digit pairs). The electrodes (with the exception of the active area and

contact area) were protected with a negative photoresist SU8-2. The polymer/SWCNT

dispersion was then drop-coated onto the interdigitated electrodes and tested.
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A B /

Figure 2.8. A) Optical image of FET devices with (right) and without (left) drop-coated HFIP-

PT/SWCNT. The active interdigitated area is 2 mm (digit length) by 800 pm (100 digit pairs).

B) Optical image of an interdigitated electrodes active area drop-coated with HFIP-

PT/SWCNT. C) Scanning electron microscope (SEM) image of HFIP-PT/SWCNT network

bridging two adjacent electrodes.

As shown in Figure 2.9, the source-drain current Ids increases with more negative gate

voltages and saturates at ~5 V Vg, indicating a p-type behavior, although the outputs do not

resemble a standard field effect transistor due to the contribution of the metallic SWCNTs. We

also noted a negative shift of the threshold voltage and a decrease in transconductance with

exposure to saturated DMMP vapor. Such behaviors have been found in other SWCNT

devices, and the shift of threshold voltage15'16 and the decrease in transconductance8 ,'6 are

attributed to a charge transfer process associated with the analyte and introduction of scattering

sites, respectively.
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1.0- HFIP-PTISWCNT

0.8 Air

0.6 -

0.4-

0.2 _DMMP

0.0
-5 0 5 10

VV 0

Figure 2.9. The source-drain current vs gate voltage of the sensor under conditions of air and

saturated DMMP vapors. The source-drain bias voltage is fixed at 1 mV. The gate voltage was

scanned from 10 V to -5 V.

Another possible cause of the resistance changes is that DMMP changes the nature of

the Schottky barrier of HFIP-PT/SWCNT-Au contact. This effect has been eliminated from

consideration by passivating the electrode interfaces. Specifically, we observed similar results

to DMMP when the electrodes interfaces were coated with a 50 pIm thick film

polymethylmethacrylate (PMMA). The effectiveness of PMMA to block the diffusion of

DMMP to the sensor was demonstrated by passivating the entire device and under these

conditions no response is observed with exposure to DMMP for 60 s.

Figure 2.10 presents the UV-vis absorption and fluorescence emission spectra of

polymers HFIP-PT in solution and in thin films. The thin-film spectra from polymer HFIP-PT

show a broadened absorption (from 435 nm with an extinction coefficient of 1.96x104 M-1 cm-1

in solution to 447 nm in film) and emission (from 546 nm in solution to 570 nm in the thin

- 42 -



film). The shifts to longer wavelength are typical of conjugated polymers and likely represent

a combination of aggregation and planarization of the polymer backbones.

I ' | " I

1.0 -.... -Solution.
-..-..- Film

o0.8 .

00.6 -
CUCl

C,)

Cl)D

-002 W

0.0
400 500 600 700

Wavelength (nm)

Figure 2.10. UV-vis absorption and fluorescence emission spectra of polymer HFIP-PT in

chloroform solution (solid lines) and as thin films (dotted lines).

The presence of the HFIP group was intended to promote strong interactions between

DMMP and HFIP-PT. To probe this interaction, we monitored changes in the fluorescence

intensity of the polymer in response to DMMP.17'1" HFIP-PT is an emissive polymer with a

quantum yield of 28 % in THF and absorption and emission maxima of 435 and 546 nm,

respectively. The dispersions with SWCNTs have a quenched HFIP-PT fluorescence with a

decreased quantum yield (corrected for the optical absorptions of the SWCNTs) of 11 %.

Spin-coated films containing only HFIP-PT prepared in the same fashion as the sensory

devices display absorption and emission maxima at 447 and 570 nm, respectively. From

comparative studies with thin films of HFIP-PT/SWCNTs we estimate that 60 % of the

emission is quenched by the SWCNTs, thereby indicating that most of the polymer is closely
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associated with the SWCNTs. The thin film of HFIP-PT exhibits some self-quenching due to

interchain interactions and the extended conformation of the PT, and extended exposure to

DMMP increased this emission at 570 nm by 55 %. In the case of HFIP-PT/SWCNT films

(Figure 2.11), the emission at 570 nm was very constant in air without DMMP, showing this

polymer is rather stable to photo bleaching. Upon exposure to DMMP vapor, the fluorescence

is enhanced by 76 %. This increase indicates that the polymer bound to the SWNCT is still

capable of interacting with the DMMP and that quenching by the SWCNT is attenuated.

Hence, a working model for our sensory mechanism is a combination of charge transfer,

introduction of scattering sites, and an increased physical separation of the SWCNTs caused by

the interaction of HFIP-PT and DMMP.

/10
1.5 DMMF

<.1.5 -
1.0 Air

0 200 400
1.0- T(s)

40

0 0.5

'E 0.01
500 600 700

Wavelength (nm)

Figure 2.11. Fluorescent emission of HFIP-PT/SWCNT film under air (black) and 10 min

exposure to saturated DMMP vapors (blue). Insertion: fluorescence intensity change at 570

nm (I/Jo) vs exposure time (T) in both conditions. An excitation wavelength of 450 nm was

used.
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2.8 Understanding the Sensing Response with Temkin Isotherm

We are interested in understanding the transduction mechanism mathematically. Strano

et a119 investigated the dynamics of the sensing processes using continuum site balance

equations and a mass action model. They assumed that the analyte adsorption process is the

rate-limiting step of the sensing response. They also assume that the sensing response S is

directly proportional to the occupied site density. The nanotube sensor can thus be

conceptualized as a number of sites which are able to adsorb analytes. The total number of

adsorption sites is denoted as TO, unoccupied sites as 0, occupied sites as A 0, where the

analyte is denoted as A.

Utilizing the same assumptions, we found that the response in Figure 2.6 can be

described with Temkin isotherm, which is an empirical modeling of adsorption onto an

energetically heterogeneous surface. 0 2

S = mAO = ma lg bCA= malogCA +malogb (1)

In this equation, S is sensing response, A0is the number of occupied adsorption sites, CA is the

analyte concentration, and a, b and m are constants. Apparently the sensing response is

proportional to the logarithm of analytes' concentration. Figure 2.12 shows the fitting of the

data in Figure 2.6 to equation (1), confirming the capability of quantitative detection with the

HFIP-PT/SWNCT sensor.

-45-



0.15 -

0.00

0.1 1 10
DMMP Concentration (ppm)

Figure 2.12. Conductance change (black squares) of the HFIP-PT sensor upon exposure to

varying concentrations of DMMP. The data were fitted to equation (1) with ma and b

determined to be 0.0541 and 1.1 ppm~, respectively.

2.9 Conclusions

In conclusion, we have fabricated a high-performance polymer/SWCNT chemical

sensor using a very simple spin-casting technique. The dispersing polymer provides increased

sensitivity due to strong H-bonding interactions with the analyte. The effectiveness of this

approach suggests that carbon nanotubes dispersed with receptor-containing polymers are a

promising approach for the production of low cost chemiresistive sensors.
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2.10 Experimental Section

Materials

All solvents were of spectroscopic grade unless otherwise noted. Anhydrous

tetrahydrofuran was obtained using a solvent purification system (Innovative technologies)

immediately before using. Anhydrous DMF was purchased from Aldrich as Sure-Seal Bottles

and used as received. All chemicals were of reagent grade from Sigma-Aldrich or Alfa Aesar

and used as received. Single-walled carbon nanotubes were acquired from Carbon

Nanotechnologies Inc. (CNI lot# R0204) and were synthesized by the high-pressure catalytic

decomposition of carbon monoxide (HIPCO) method.

General Methods and Instrumentation

NMR spectra were obtained on Varian Mercury (300 MHz). NMR chemical shifts are

referenced to CHCl3/TMS (7.27 ppm for 'H, 77.23 ppm for 13C). For '9F NMR spectra,

trichlorofluoromethane was used as an external standard (0 ppm), and upfield shifts are

reported as negative values. In some cases, signals associated with the CF 3 groups and

proximal quaternary centers were not reported in the 13C NMR spectra due to C-F coupling and

low signal-to-noise ratios. High-resolution mass spectra (HRMS) were obtained at the MIT

Department of Chemistry Instrumentation Facility (DCIF) using a peak-matching protocol to

determine the mass and error range of the molecular ion. Fourier Transform infrared (FT-IR)

spectroscopy was performed on a Perkin-Elmer model 2000 FT-IR spectrophotometer using

the Spectrum v. 2.00 software package. Polymer molecular weights were determined at room

temperature on a HP series 1100 GPC system in THF at 1.0 mL/min (1 mg/mL sample

concentrations). UV/Vis spectra were recorded on an Agilent 8453 diode-array
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spectrophotometer. Emission spectra were acquired on a SPEX Fluorolog fluorometer (model

FL-321, 450 W xenon lamp) using either right-angle detection (solution measurements) or

front-face detection (thin-film measurements). Fluorescence quantum yields were achieved by

comparison with Rhodamine 101 as standard. Melting points were measured with a Meltemp

II apparatus and are reported uncorrected. Raman spectra were measured with a Kaiser

Hololab 5000R Modular Research Raman Spectrometer with Microprobe from MIT Center for

Materials Science and Engineering. AFM images were taken with a D3100S-1 atomic force

microscope (Digital Instrument). SEM images were taken with a LEO A scanning electron

microscope. Analytes of specific concentrations were generated with a KIN-TEK gas-

generating system. Source-drain current changes in response to analyte were measured with an

AUTOLAB PGSTAT 20 potentiostat (Eco Chemie) at a constant potential (typically 0.1 V).

The source-drain current dependence on gate voltage was measured with a Keithley 4200

semiconductor characterization system.

Synthesis of Compound 2

In a 100 mL round-bottom flask were added 2,3,5-tribromothiophene (1.4 mL, 11

mmol), 2-(tributylstannyl)thiophene (7 mL, 22 mmol), tetrakis(triphenylphosphine)palladium(0)

(0.1 g, 0.1 mmol) and dimethylformamide (30 mL). The mixture was stirred at 80 'C for 24 h

under anitrogen atmosphere. It was then diluted with ether (100 mL), washed with HCl and

then brine, dried over MgSO 4, and evaporated under reduced pressure. The resulting crude

product was purified by column chromatography (hexane), providing 2.46 g of a light yellow,

viscous oil (yield 68 %). 'H NMR (300 MHz, CDCl 3) 6: 7.43 (dd, 1H, J= 1.2, 3.6 Hz), 7.36

(dd, IH, J= 1.2, 5.1 Hz), 7.27 (dd, 1H, J= 1.2, 5.1 Hz), 7.19 (dd, 1H, J= 1.2, 3.6 Hz), 7.09
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(dd, 1H, J=3.6, 5.1 Hz), 7.08 (s), 7.04 (dd, 1H, J= 3.6, 5.1 Hz). "C NMR (75 MHz, CDCl 3) 6:

135.7, 135.6, 134.1, 130.7, 128.0, 127.6, 127.2, 126.5, 126.1, 125.3, 124.3, 107.8. IR (KBr) v/

cm1: 3105, 3080, 1664, 1493, 1420, 1223, 1048, 848, 815, 710.

Synthesis of Compound 3

Into a 100 mL round-bottom flask was added 0.327 g (1.0 mmol) of 2 and 10 mL of

hexane under nitrogen atmosphere. The mixture was cooled to -78 'C, and 0.75 mL of a 1.6 M

solution (1.2 mmol) of n-butyllithium in hexanes was added slowly by syringe. After the

addition was complete, 1 mL of tetrahydrofuran was added. After 0.5 h, 2 mL of more hexane

was added and the solution was allowed to warm to 0 'C for 30 min. The addition funnel was

quickly replaced with a Dewar-type condenser under a heavy flow of argon. The condenser

was charged with dry ice and acetone and an excess of anhydrous gaseous hexafluoroacetone

was then condensed into the flask. The reaction mixture was allowed to warm to room

temperature, and the hexafluoroacetone was allowed to reflux at RT for 3 h. Excess

hexafluoroacetone was removed by flushing the apparatus with argon for several hours. A

bubbler filled with 10 % aqueous NaOH solution was used to trap the reactive vapor. The

reaction mixture was treated with a 5 % HCl solution (25 mL) and extracted with diethyl ether

(200 mL). The organic extracts were washed with water (100 mL x 2) and brine (100 mL) and

dried over MgSO4. The residue was purified by column chromatography (8% ethyl acetate in

hexanes) to yield 0.20 g (48.3 %) of a crystalline solid; mp 85-86'C. 'H NMR (300 MHz,

CDCl3) (: 7.42 (dd, 1H, J= 1.2, 3.6 Hz), 7.33 (m, 2H), 7.18 (dd, 1H, J=1.2, 5.1 Hz), 7.08 (s,

1H), 6.99 (dd, 1H, J= 3.6, 5.1 Hz), 6.94 (dd, 1H, J= 3.6, 5.1 Hz), 3.86 (s, 1H). 13C NMR (75

MHz, CDCl 3) (: 139.00, 135.43, 134.38, 131.30, 130.13, 128.15, 127.82, 126.95, 126.03,
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125.19, 123.21, 123.14. "F NMR (282 MHz, CDC13) 6: -76.41. FT-IR (KBr) v/cm~1: 3473,

3092, 2921, 1804, 1628, 1570, 1540, 1507, 1467, 1428, 1415, 1359, 1260, 1238, 1219, 1158,

1118, 1045, 1006, 956, 886, 836, 797, 712. HRMS (El): calcd for C15H8F6OS 3 (M), 413.9636,

found 413.9638.

Synthesis of Polymer P1 (HFIP-PT)

To a 25 mL round-bottom flask with anhydrous iron trichloride (20 mg, 0.4 mmol) in

chloroform (15 mL) was added 3 (41 mg, 0.1 mmol) in a chloroform solution (0.5 mL). The

mixture was sonicated for 2 h, and then stirred at room temperature for 24 h. It was then

diluted with tetrahydrofuran (100 mL), reduced with sodium thiosulphate (0.5 g), then washed

sequentially with water (100 mL), 0.1 M hydrazine aqueous solution (100 mL), water (100

mL), brine (100 mL), dried over MgSO 4, filtered with a 0.2 ptm PTFE filter and evaporated to

10 mL under reduced pressure. The polymer solution was then precipitated into 30 mL of

hexane. The precipitate was isolated by centrifugation and decantation of the liquid. The

precipitate was dissolved in tetrahydrofuran (5 mL) and precipitated into hexane again. The

precipitation was repeated once more. The material was dried under vacuum to yield a orange-

red solid (20 mg, 50%). According to gel-permeation chromatography (polystyrene standards),

HFIP-PT has an Mn = 25.3K and a polydispersity index (PDJ) = 2.3. 'H NMR (300 MHz,

CDCl 3) 6: 7.26(aromatic C-H), 7.19 (aromatic C-H), 7.15(aromatic C-H), 3.97(0-H). 19F

NMR (282 MHz, CDCl3) 6: -76.24. FT-IR (KBr) v/cm': 3451, 2361, 1637, 1468, 1309, 1260,

1224, 1189, 1120,1102, 1075, 960, 794, 740, 726.

Dispersing SWNCTs with HFIP-PT
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Purified SWCNT (5 mg) and HFIP-PT (5 mg) were mixed in 5 mL tetrahydrofuran and

ultrasonicated for 2 hours. This HFIP-PT/SWCNT mixture was purified by high speed

centrifugation (4500 rpm, 60 minutes), to achieve a uniform SWCNT dispersion. The upper

80% of supernatant was collected, leaving -0.3mg of undissolved SWCNT precipitated.

Sensor Fabrication

Polymer/SWCNT films (50 nm thick) were spin-coated from 0.2 wt. % solutions (THF

for HFIP-PT and CHCl3 for P3HT) on to a glass substrate, and two gold strip electrodes (50

nm thick) were then sputter-coated on to the film. The active area of the HFIP/SWCNT film

is 5 mm x 5 mm. The resistance of HFIP-PT/SWCNT devices range from 0.5 to 1.5 MQ.
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Chapter 3

Calixarene-Functionalized Polythiophene/Carbon Nanotube

Resistive Sensors for Molecular Recognition

Adapted from:

Wang, F.; Yong, Y.; Swager, T. M. Angew. Chem. Int. Ed. 2008, 120, 8522-8524.
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3.1 Introduction

Distinguishing structural isomers and stereo isomers is a challenging but critical task

for biotechnology, pharmaceutical industry, and environmental monitoring. One of the great

promises of host-guest chemistry is to impart selectivity to sensors necessary to detect these

small structural differences. 1,2 Although several transduction techniques have been developed

for host-guest chemistry based sensors3 (e.g. optical, electrochemical, quartz crystal

microbalance and surface acoustic wave sensors), alternative low-cost chemiresistor devices

are simple and require minimal power.

Carbon nanotube (CNT) is a leading candidate for chemiresistor material because of its

unique electrical properties. In the last decade, CNT sensors have been widely explored to

sensitively detect chemical 4~8 and biological9-11 analytes. Of these sensors, chemical

modification enhances their selectivity and sensitivity, but does not contribute to the ease of

fabrication. In chapter 2, we presented a single walled CNT (SWCNT)/polythiophene based

resistor made with a greatly simplified fabrication process from a stable polymer/SWCNT

dispersion. The polymer component offers great flexibility in its design and synthesis, thus

enabling the incorporation of various recognition groups. We report herein a resistance sensor

based upon SWCNTs wrapped with calixarene substituted polythiophenes capable of a

differential response to xylene isomers.

3.2 Polymer Synthesis

The isomers of xylenes are extensively used by the chemical industry and are difficult

to distinguish due to their similar physical properties such as boiling point and vapor

pressure. We considered calixarenes as a promising receptor13,14 to differentiate these
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isomers due to the shape presistent hydrophobic binding pockets of these materials in their

cone confromation. Of particular relevance is the fact that p-tert-butyl[4]calixarene can

preferably extract p-xylene from a 1:1:1 mixture of xylene isomers. 15

In this chapter, a p-tert-butylcalix[4]arene substituted polythiophene P1 has been

synthesized via a Stille-type cross-coupling reaction between distannylated monomers and

calixarene-functionalized dibrominated monomer 1 which was prepared by monoalkylation of

p-tert-butylcalix[4]arene (Scheme 3.1). P1 has a number average molecular weight (Mn) of

9.2 KDa and a polydispersity index (PD1) of 1.4.

Br S Br

HH H ,H

/ 00

tB u tBfu

K2CO3, MeCN
reflux, overnight

59%

Br S Br

H HH

tB u tBtPu

Me3Sn SnMe 3

Pd(PPh 3)4,DMF:Toluene(4:1)
120*C, 48 h

82%

Mn = 9.2 KDa
PDI = 1.4

P1

Scheme 3.1. Synthesis of polymer.
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3.3 NMR Adsorption Study

To check its selectivity as a recognition group, P1 powder was exposed to saturated

vapor of 1:1:1 mixture of xylene isomers for 10 min and dissolved in CDC13 (see Supporting

Information for details). The proton nuclear magnetic resonance (1H NMR) spectra showed

that 0.38 molar equivalent of xylene isomers were adsorbed for each repeating unit of P1, with

0.12/0.16/0.10 equivalent of m-/p-/o-xylene respectively. As a comparison, poly(3-

hexylthiophene) (P3HT), with the same backbone and alkyl sidechain, was exposed to xylene

isomers and studied in the same fashion. P3HT adsorbed 0.06 equivalent xylene isomers by

each repeating unit, with equal amounts of m-/p-/o-xylene. From these measurements it can be

concluded that the adsorption selectivity is related to the calixarene.

a)

P1 with exposure to xylenes I:

10 9 i 7 6 5 4 3 2 ppm

P1 without exposure to xylenes

10 9 8 7 6 5 4 3 2 ppm

h)

P3HT with exposure to xylenes

......... .. ..... .. ...

8 7 6 5 4 3 2 1 ppm

P3HT without exposure to xylenes

S 7 6 5 4 2 1

Figure 3.1. 1HNMR of a) P1 and b) P3HT with and without exposure to xylene vapor.
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3.4 Dispersing SWCNT

Stable dispersion of SWCNT in P1 was obtained by ultra-sonication. As shown in

Figure 3.2, transparent solution of P1/SWCNT system was obtained. We studied the quality of

this SWCNT dispersion by Raman scattering measurement. As shown in Figure 3.3,

SWCNT/P1 in THF solution (red) has a relative lower intensity of the (10, 2) radical breathing

mode (RBM) at 266 cm-1 than bare SWCNTs (black) and dried SWCNT/P1 (blue),

demonstrating the bundles have been largely decreased by dispersion with P1. 16 The fact that

the disorder mode and the tangential mode showed no significant change indicates that

sonication process has not changed the chemical property of pristine tubes.

Figure 3.2. Photograph of P1 (bottom) and SWCNT/P1 solutions (top, SWCNT-0.05 mg/mL)

in THF.
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Raman Shift (cm 1)

Figure 3.3. Raman spectra of SWCNTs taken from THF suspensions ultra-sonicated for 2h

with P1 (red curve, stable dispersion) and without P1 (black curve, unstable suspension), and a

dried drop of P1/SWCNT dispersion (blue). The other grey-colored curves are P1 without

SWCNTs (dotted: solution, dashed: solid). Enlarged spectra in the range of 200-300 nm is

shown on the top left. The peaks at 1030 and 914 cm' are THF solvent peaks. Excitation

wavelength is 785 nm.

3.5 Device Fabrication

We fabricated a sensor by spin coating a stable dispersion of P1 and SWCNTs on top

of two gold electrodes (Figure 3.4). Polythiophene is an essential dispersing element and

prevents large SWCNT bundles and forms evenly distributed percolative networks in when

spin coated. Then we measured the sensory response as the conductance change between the

electrodes under a constant bias of 0.02 V in air. As a comparison, a SWCNT/P3HT based

sensor was prepared and measured in parallel.
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I
Figure 3.4. Schematic view of the SWCNT/P1 sensor that selectively adsorbs p-xylene. A

percolative SWCNT network (5 mm x 5 mm area, 30 nm thick) was deposited between two

gold electrodes. An SEM image of the SWCNT network is shown on the top left.

3.6 Sensing Results

As shown in Figure 3.5, the SWCNT/P1 sensor is very sensitive to the structural

differences between the xylene isomers. With 40 s doses of 400 ppm analyte (air was used as

carrier gas), we observed a 12% conductance decrease with p-xylene, 7% with m-xylene and

6% with o-xylene. In contrast, the SWCNT/P3HT sensor showed the same response (-6%

conductance decrease) to all three isomers. We also found that replacing the carrier gas with

nitrogen did not produce any observable change in sensing response for both SWCNT/P1 and

SWCNT/P3HT. Additionally, using air as carrier gas with 30 % relative humidity at 20 "C

resulted in only a ~ 0.6% decrease sensitivity without changing the selectivity (see Supporting

Information). Considering the fact that SWCNTs sensors are often sensitive to oxygen and

moisture17 , in our sensors the polymer may form a protective layer18 that insulates SWCNTs

from undesired environmental influences.
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Figure 3.5. Conductance change (-AG/Go) of the SWCNT/P1 (left column) and

SWCNT/P3HT sensors (right column) exposed to 400 ppm of xylene isomers using different

carrier gases (top row: air, middle row: nitrogen, bottom row: air with 30 % relative humidity).
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3.7 Verification of Selectivity

This selectivity for p-xylene was verified by a quartz crystal microbalance (QCM)

study at the same analyte concentration and the SWCNT/P1 film adsorbed more p-xylene than

m- and o-xylene, while the SWCNT/P3HT film adsorbed about the same quantities of all three

isomers(Figure 3.6). The distinction in QCM measurements is less pronounced than our

chemiresistor results because a thicker film was needed to produce a sufficient signal-to-noise

ratio. It's also noticeable that SWCNT/P3HT, in both conductance and QCM case, has a faster

recovery rate, due to its weaker binding ability with xylenes.

a) b)

150 SWCNTIP1 150 SWCNT/P3HT

a10m-xylene100 c r100 -

50 50-

0 .0,_,_,_,__
0 200 400 600 800 0 50 100 150 200 250

Time /s - Time/s -*

Figure 3.6. The weight increase (Am) of a)SWCNT/P1(9.72 pg) and b) SWCNT/P3HT (11.0

pg) films (0.39 cm2 area) when exposed to 400 ppm of xylene isomers were also shown to

verify the selectivity.

We further monitored the adsorption phenomena by means of fluorescence, since P1 is

an emissive polymer that is senstive to the physical environment.19,20 P1 has a fluorescence

quantum yield of 36.3% in THF solution with absorption/emission maxima at 454 nm/564 nm,

respectively (Figure 3.7, left). However in thin films the absorption/emission maxima shift to
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492 nm/597 nm, which is typically observed for conjugated polymers that aggregate and have

more planar conformations in the solid state. 20 The emission maxima of P1 is not shifted in

SWCNT dispersions, however the quantum efficiency decreases by 75% (to 9.0%), which

suggests that the polymer is closely associated with and quenched by the SWCNTs (Figure 3.7,

right).

olution. -S.lution
Film Film

Waelngh.nm vavlegt (m

a) CD
.2.0
w U L

n n1

400 500 600 700 800 400 500 600 700
Wavelength (im) Wavelength (tim)

Figure 3.7. UV-vis absorption and fluorescence emission spectra of P1 (left) and SWCNT/P1

(right) in THF solution (solid lines) and as thin films (dotted lines).

To interrogate the effect of xylene on P1, we made films of P1 and SWCNT/P1 in the

same fashion as the sensory devices and exposed them to saturated vapors of xylene isomers.

After 250 s of exposure, the fluorescence of the P1 film increased by 56.6%, 44.4% and 40.0%

forp-, m-, and o-xylene, respectively and the fluorescence of the SWCNT/P1 film increased by

68.2%, 54.8% and 50.2% for p-, m-, and o-xylene respectively (Figure 3.8). The increase of

film fluorescence indicates that the polymer underwent swelling and associated conformational

changes, and confirms that more p-xylene is adsorbed by the film than m- and o-xylene. The

fact that the SWCNT/P1 film has a larger relative intensity increase than the P1 film suggests
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that the polymer interactions with the SWCNT are weakened by xylene absorption. It is

notable that saturated vapors and prolonged exposures were used in the fluorescence study,

thus leading to a larger relative responses than our resistance measurements.

t 2.0
1.6-

~~1.41.5 - 1.2 A ir

o 1.0 0 100 200
Time / s

.00.5

wJ 0.0
600 700 800
Wavelength / nm -+

Figure 3.8. Fluorescent emission of SWCNT/P1 film under air (blue) and with exposure to

saturated xylene vapors (black: p-xylene, green: o-xylene, red: m-xylene). Insert: fluorescence

intensity changes at 597 nm (I/Io) vs. exposure time (t) in both conditions. An excitation

wavelength of 490 nm was used.

3.8 Mechanistic Study

In addition to NMR, QCM and fluorescence measurements, we further investigated the

transduction mechanism by means of Raman spectroscopy, field effect transistor and

passivation study. The reduction of SWCNT-SWCNT interactions in SWCNT/P1 film by

xylene exposure was confirmed by Raman spectroscopy, where the relative intensity of 265

cm radial breathing mode absorptions decrease by about 10% when the was exposed to p-

xylene (Figure 3.9). Similar phenomena have also been found with m-xylene and o-xylene.
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Figure 3.9. Radical breathing modes of SWCNT/PlI film before (blue curve) and after (black

curve) exposure to p-xylene.

We performed an FET study of SWCNT/P1 to further investigate the sensing

mechanism. The device was fabricated in the same fashion as the sensory device, except that

the substrate and gate material were composed of Si with a 100 nm overcoat of SiO 2 . As

shown in Figure 3.10, the FET has a p-type behavior and small hysteresis. The threshold

voltage displayed a negative shift when the device was exposed to xylene isomers, suggesting a

charge-transfer process associated with the analyte.

We also passivated the electrode areas of a top-contacted device with 50 pm thick layer

of polymethyl methacrylate (PMMA), and found no significant change in sensing response,

which indicates the change in the Schottky barrier has a minor contribution to the sensing

results. The effectiveness of passivation was demonstrated by passivation of the whole device,

which gave no response to the analyte. These observations suggest a combined mechanism of

charge transfer and polymer conformational change.
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Figure 3.10. The source-drain current (Ids) vs. gate voltage (Vg) of the sensor under conditions

of air (blue) and saturated xylene vapors (only p-xylene exposure is shown and the same effect

was found for the other isomers). The source-drain bias voltage was fixed at 0.1 V. Vg was

scanned in a cycle from 1.5 V to -1.5 V.

2.9 Conclusions

In summary, we have developed an SWCNT/calixarene substituted polythiophene

based resistance sensor. This sensor shows high sensitivity to minor structural differences in

the analytes and a fast response rate. The effectiveness of this approach suggests that

SWCNTs dispersed in receptor-functionalized polymers is a promising candidate for low cost,

real time selective chemical monitoring based on host-guest chemistry.
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3.10 Experimental Section

Materials

All solvents were of spectroscopic grade unless otherwise noted. All chemicals were of

reagent grade from Sigma-Aldrich, Alfa Aesar or Acros and used as received. Acetonitrile was

dried with molecular sieves 4 A prior to use. Anhydrous toluene was obtained from J. T. Baker

and purified by passing through a Glasscontour dry solvent system. Single-walled carbon

nanotubes were acquired from Carbon Nanotechnologies Inc. (CNI lot# R0204) and were

synthesized by the high-pressure catalytic decomposition of carbon monoxide (HIPCO)

method. 2,5-Dibromo-3-(6-iodohexyl)thiophene was prepared according to the literature

procedure. 2 1,2 2 2,5-Bis(trimethylstannayl)thiophene was prepared according to the literature

procedure and recrystallized from ethanol.23

General Methods and Instrumentation

1H NMR and 1C NMR spectra were obtained with a Varian Mercury (300 MHz).

NMR chemical shifts are referenced to residual CD 2 Cl2 (5.32 ppm for 1H, 53.8 ppm for 1 C).

High-resolution mass spectra (HRMS) were obtained at the MIT Department of Chemistry

Instrumentation Facility (DCIF) using a peak-matching protocol to determine the mass and

error range of the molecular ion. Polymer molecular weights were determined at room

temperature on a HP series 1100 GPC system in THF at 1.0 mL/min (1 mg/mL sample

concentrations). UV/Vis spectra were recorded on an Agilent 8453 diode-array

spectrophotometer. Emission spectra were acquired on a SPEX Fluorolog fluorometer (model

FL-321, 450 W xenon lamp) using either right-angle detection (solution measurements) or

front-face detection (thin-film measurements). Fluorescence quantum yields were achieved by
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comparison with fluorescien in 0.1 N NaOH as standard. Melting points were measured with

a Meltemp II apparatus and are reported uncorrected. Raman spectra were measured with a

Kaiser Hololab 5000R Modular Research Raman Spectrometer with Microprobe from MIT

Center for Materials Science and Engineering. AFM images were taken with a D3100S-1

atomic force microscope (Digital Instrument). SEM images were taken with a JEOL 6700

scanning electron microscope. Analyte of specific concentration and relative humidity was

generated with a KIN-TEK gas-generating system. Source-drain current change in response to

analyte was measured with an AUTOLAB PGSTAT 20 potentiostat (Eco Chemie) at constant

potential (typically 0.02 V). The source-drain current dependence on gate voltage was

measured with a Keithley 4200 semiconductor characterization system. The QCM experiment

was performed with a home-built quartz crystal microbalance setup with crystals (10 MHz, Au

electrodes) and oscillator from the International Crystal Manufacturing Co. Films were applied

by spin-coating SWCNT/Pl or SWCNT/P3HT on both sides of the crystal.

Synthesis of Compound 1

To the suspension ofp-tert-butylcalix[4]arene (0.32 g, 0.5 mmol) in acetonitrile(10 mL),

potassium carbonate (34.5 mg, 0.25 mmol) was added. After refluxing the mixture for 15 min,

2 > 5-dibromo-3-(6-iodohexyl)thiophene (0.294 g, 1 mmol) was added. The solution became

transparent after 1 hour. The mixture was further refluxed for 24 h under Argon atmosphere.

After being cooled down to room temperature, the solvent was evaporated under reduced

pressure. The residue was extracted with dichloromethane (100 mL), and washed with 1 N

HCl (100 mL), H20 (100 mL x2), and brine (100 mL) sequentially. The solvent was evaporated

under reduced pressure, and the residue was purified by column chromatography with
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hexane/dichloromethane (2:1) as eluent, providing 0.287 g of a white solid (59%). Mp = 81-84

0C. 'H NMR (300 MHz, CD 2Cl 2) 3: 9.60 (s, 1H), 9.25 (s, 2H), 7.11 (s, 2H), 7.07 (d, 2H, J=

2.4 Hz), 7.03 (s, 2H), 7.01 (d, 2H, J= 2.4 Hz), 6.89 (s, 111), 4.32 (d, 2H, J= 12.9 Hz), 4.13 (d,

211, J= 13.5 Hz), 4.11 (t, 2H, J= 6.9 Hz), 3.41 (d, 4H, J= 13.5 Hz), 2.62 (t, 2H, J= 6.9 Hz),

2.16 (in, 2H), 1.74 (in, 4H), 1.58 (m, 21), 1.20 (s, 18H), 1.19 (s, 9H), 1.17 (s, 9H). "C NMR

(75 MHz, CDCl3) 6: 149.7, 148.7, 148.5, 147.3, 144.6, 143.6, 143.4, 133.8, 131.6, 128.7, 128.2,

127.9, 126.5, 125.8, 125.8, 125.7, 110.6, 108,4, 77.5, 34.8, 34.5, 34.4, 33.0, 32.5, 31.9, 31.8,

31.7, 30.4, 30.1, 30.0, 29.4, 26.3 HRMS (ESI) m/z 995.3096 for [M +Na]*, calcd for

C54H 68Br 2 O4 SNa M 995.3103.

Synthesis of Polymer P1

Into a 50 mL Schlenk tube with a magnetic stirring bar were added 48.65 mg (0.05

mmol) of compound 1, 20.49 mg (0.05 mmol) of 2,5-bis(trimethylstannayl)thiophene. The

tube was subjected to 5 successive cycles of evacuation and refilling with nitrogen, then

Pd(PPh 3)4 (<1 ing) and deoxygenated solution of 1:4 (v/v) DMF/toluene (10 mL) was added.

The tube was sealed and heated to 120 0 C for 48 h. After cooling to room temperature, the

reaction mixture was diluted with dichloromethane (100 mL), and then washed sequentially

with ammonium hydroxide solutions (26 %, 20mL), water (100 mLx2) and brine (100 mL)

sequentially. After being dried over magnesium sulfate, it was filtered through a 0.2 im PTFE

filter and evaporated to 5 mL under reduced pressure. The polymer solution was then

precipitated by slow addition to 40 mL of methanol. The precipitate was isolated by

centrifugation and decantation of the supernatant. The precipitate was dissolved in

dichloromethane (5 mL) and precipitated into methanol again. The precipitation was repeated
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once more. The material was then dissolved in dichloromethane (30 mL) and filtered through

a 0.2 pm PTFE filter again. The solvent was evaporated under reduced pressure to yield a dark

orange-red solid P1 (35.6 mg, 82%). GPC (THF): M = 9.2K Da, Mw = 12.9K Da. 'H NMR

(300 MHz, CD 2Cl2) 6: 9.62 (s, 1H), 9.27 (s, 2H), 7.12-7.00 (in, 9H), 4.33 (d, 2H, J= 12.0 Hz),

4.21 (d, 2H, J= 13.4 Hz), 4.11 (t, 2H, J= 6.9 Hz), 3.41 (d, 411, J= 12.9 Hz), 2.62 (t, 2H, J

6.9 Hz), 2.18 (m, 2H), 1.79 (in, 4H), 1.66 (m, 2H), 1.19 (s, 18H), 1.18 (s, 911), 1.17 (s, 9H).

Adsorption Experiment of P1

We prepared saturated vapors of 1:1:1 xylene isomers by adding ImL of each xylene

(3mL in total) into a 25 mL vial. A piece of filter paper was put inside the vial to generate a

homogeneous vapor environment. The vial was then sealed, and the system was allowed to

equilibrate for 0.5 h before use. Into a small 2 mL vial was added 10 mg of P1 or P3HT

powder. This vial was then put into the 25 mL vial, which was subsequently sealed. After 10

min, the 2 mL vial was taken out. Deuterated chloroform was added right after the removal,

and NMR spectra were taken.

Dispersing SWNCTs with HFIP-PT

We prepared SWCNT dispersion in P1 solution by firstly ultrasoicating purified SWCNT

(5 mg) in 5 mL THF for 0.5 h, then adding P1 (10 mg) in 5 mL THF and further

ultrasonicating for 2 hours. The mixture was purified by high speed centrifugation (14.5 rpm,

30 min). The upper 80% of supernatant was collected as uniform dispersion, with -0.5 mg

undisolved SWCNT as precipitation. As shown in Figure S2, transparent solution of

P1/SWCNT system was obtained.
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Sensor Fabrication

The glass substrates were cleaned by sonication in acetone/isopropanol/water

succesively and followed by cleaning with oxygen plasma for 5 min. Two gold strip electrodes

(50 nm thick) were sputter-coated, and SWCNT/P1 dispersion was spin-coated on top of the

gold electrodes. The devices were then annealed in air at 120 'C for 3min.

Raman Spectra Change with Xylene Exposure

The P1/SWCNT sample was deposited on Si wafer and was placed in a quartz cuvette

with some cotton. To achieve saturated vapor pressure of each xylene isomer, -0.2 mL of

xylene was added into the cuvette and was adsorbed by the cotton. The cuvette was

subsequently sealed and was allowed to equilibrate for 10 min before taking the spectra. The

Raman spectra were recorded before and after the addition of xylenes.
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Chapter 4

Functional Group-Specific Detection of Volatile Organic

Compounds Utilizing a Multi-walled Carbon Nanotube Array
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4.1 Introduction

Real-time, sensitive detection and identification of volatile organic compounds are

critically important to the environment and to human health. Widely used in many industries,

many volatile organic chemicals (VOCs) can be toxic or carcinogenic even at relatively low

concentrations. More importantly, VOCs in exhaled human breath have long been associated

with certain diseases, and their detection and analysis have recently attracted a considerable

amount of scientific interest.' For example, a number of hydrocarbons that have been detected

in the exhaled breath of patients are associated with cancer,2 3 acetone with uncontrolled

diabetes, 4 isoprene with cholesterol metabolism disorders, 5,6 and sulfur-containing compounds

with liver disfunctions. 7,8 Breath analysis of exhaled VOCs have several obvious advantages

over traditional diagnostic techniques, such as non-invasive sampling, less complexity than

blood or other body fluids and the potential of real-time monitoring. However, one of the

major limitations that prevent breath analysis from being used as a standard diagnostic

technique is the lack of suitable and simple compound detection and identification techniques.'

Currently, commonly used clinical gas analysis methods include gas chromatography-mass

spectroscopy, solid state metal oxide semiconductor sensors, and electrochemical methods, all

of which require bulky and expensive instruments as well as considerable expertise to operate.9

Carbon nanotube (CNT)-based resistance sensors have generated a tremendous amount

of interest over the past decade.10- 3 Resistance sensors generally require low manufacturing

cost, low power consumption and simple operation. Due to their low dimensional size

requirements, resistance-based sensors can be easily incorporated into other systems. In

particular, single-walled CNT (SWCNT) sensors were demonstrated to be ultra-sensitive

sensors because their conductance can be drastically changed under different chemical
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environments through charge transfer, charge carrier pinning, Schottky barrier changes or CNT

network swelling. 10-13 SWCNT gas sensors have been studied for medical detection of organic

vapors, including non-polar molecules as cancer markers,14 15 carbon dioxide, 16 and ethanol. 17

However, there have been no studies based on identifying VOCs by their functional groups

with CNTs, which is very important for real-life applications dealing with unknown

environmental air compositions or with unidentified diseases.

Chemical or physical modifications of CNT surface are essential for the high sensitivity

and selectivity of CNT-based sensors. The Swager research group has recently developed a

highly efficient, modular functionalization approach of CNTs and fullerenes.' 8"9 The reaction

was initiated by a zwitterionic complex between 4-dimethylaminopyridine (DMAP) and

disubstituted acetylenedicarboxylates (Scheme 4.1). The functionalization density can be as

high as one incorporated functional group per nine carbons for SWCNTs and one per thirty-

eight carbons for multi-walled CNTs (MWCNTs). Diverse functionalization can be introduced

into the system through charge trapping of the zwitterionic intermediate with added

nucleophiles, demethylation reactions, or post-chemical-transformations of CNTs substituted

with functional groups such as chloroethyl, allyl and propargyl groups.
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Scheme 4.1. Zwitterion-initiated functionalization of CNTs.

In this chapter we report the first proof-of-concept example of a clear classification of

VOCs based on functional group identification using covalently functionalized MWCNTs. We

functionalized MWCNTs with a series of recognition groups of differencial binding abilities

via the post-transformation synthetic strategy of our zwitterionic approach. We show that the

sensor array has an enhanced sensing response to a variety of VOCs comparing with pristine

MWCNTs. Each chemical has a distinct response pattern. Principal component analysis and

linear discriminant analysis of the sensing data yielded a very clear separation of the VOCs by
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their chemical families. We also demonstrated that the incorporation of Pt particles onto

triazole functionalized CNTs generated an excellent humidity sensor.

4.2 Design of the Sensor Array

The design of our two-step array sensing is summarized in Figure 4.1. Initially, we

observe the real time response of our multiply substituted MWCNT sensor elements to certain

VOCs. The obtained responses are then subjected to statistical treatments, according to which

the analytes are then identified. Compared with individual sensors, the array sensors have the

advantages of responding to a wider range of analytes, improving selectivity and identifying

rather than only detecting analyte.20 Array sensing, which is comprised of multiple receptors

and uses pattern recognition process, is very similar to the mammalian olfactory systems and is

thus called an "electronic nose."

Real Time Measurement Statistical Treatment

Sensor Array Raw Data Classified Data in
Reduced Dimensions

Figure 4.1. Array sensing process.
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Table 4.1 summarizes our selections of twenty VOCs as the analytes. Each analyte has

different functional groups and different saturated vapor pressures. Unlike many highly

reactive toxic gases, which can be sensitively detected by a variety of methods due to their

strong chemical interactions such as Lewis acid-base, Bronsted acid-base or redox reactions,

these VOCs are rather inert and are much more difficult to detect and identify.21 As a proof of

concept, we chose to detect them in order to demonstrate the superior selectivity of our sensor

array.
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VOCs and Their Vapor Pressures at 298 K.

Analyte Family/
Functional Group

Aliphatic Hydrocarbons

Aromatic Hydrocarbons

Chlorinated Hydrocarbons

Ethers

Ketones

Alcohols

Analyte

a Vapor pressures were obtained and calculated from Yaws' Handbook of Antoine
Coefficients for Vapor Pressure, or from the EPA's EPI software suite
(http://www.epa.gov/opptintr/exposure/docs/episuitedl.htm) and should be taken as
approximate only.

We chose MWCNTs as our sensory material because, like SWCNTs, they can provide

a rapid response to analytes, good reproducibility, and good reversibility. We did not use

SWCNTs for this system because the high functionalization density covalently introduced onto

nanotube surfaces to improve sensitivity and selectivity disrupts the effective conjugation and
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Dodecane

Decane

Octane

1,3,5-Trimethylbenzene

Xylenes

Toluene

Benzene

Chlorobenzene

1,2-Dichloroethane

Chloroform

Hexyl Ether

Butyl Ether

Dioxane

2-Decanone

Cyclohexanone

Methylethylketone

1-Octanol

1 -Pentanol

1-Butanol

Ethanol

Vapor Pressure

(mmHg)

0.0977

1.132

11.17

0.9514

4.887
22.35

62

9.774
60.9

152.9
0.06224

5.069

29.63

0.269

2.766

68.88

0.06366

1.545

4.49

49.48

(ppmV)
128

1489

14697

1251

6430

29407

81578
12860
80131

201184

81

6669

38986

353

3639

90631

83

2032

5907
65105

Table 4.1. Twenty Representative



will destroy the electronic structure of SWCNT. Another reason we did not use SWCNTs is

because they are very sensitive to environmental humidity changes, which is a concern for

field-based application of these sensors. 23,24

The recognition groups in our sensor array are designed to provide a variety of non-

covalent interactions to the VOCs' functional groups. Researchers from Pacific Northwest

National Laboratory developed a linear solvation energy relationship (LSER) theory to

quantify the VOC sorption with its contributing interactions.2 5  These interactions include

hydrogen bonding, dipole-dipole interactions, polarizability and hydrocarbon dispersion

interactions. Figure 4.2 summarizes the strategic design of recognition groups according to

these interactions and targeted analytes in each case. For hydrogen bonding acidity, we

designed a hexafluoroisopropanol (HFIP) group which can maximize hydrogen bonding by its

acidic hydroxyl group (pKa 9-10, similar to phenols). We also included a carboxylic acid

group in our sensors. These two groups are targeted at hydrogen bond basic vapors such as

ethers and ketones. For hydrogen bonding basicity, we utilized a structure containing amide

and crown-ether groups, which are both very polar and basic. This element is targeted at

hydroxyl-containing vapors such as alcohols and acids. The acetylenedicarboxylate ester

adduct resulted from the initial zwitterionic functionalization approach is both very polar and

hydrogen bond basic itself, and is expected to interact strongly with vapors with large dipoles.

Aromatic groups such as our proposed calix[4]arenes have high polarizability, which will favor

the adsorption of aromatic and chlorinated hydrocarbons. Moreover, the long chain aliphatic

groups such as the proposed dodecyl chains tend to favor dispersion interactions (a balance

between the exoergic process and the endoergic cost by entropy change) with aliphatic
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hydrocarbons. Finally, we included a humidity indicator which is very sensitive to

environmental humidity changes and will be discussed in a later part of this chapter.

Figure 4.2. Design of recognition groups based on different interactions and targeted analytes.

4.3 Synthesis of Functionalized MWCNTs

The synthesis of our functionalized MWCNTs is summarized in Scheme 4.2-4.5.

Propargyl or allyl groups were initially introduced on to MWCNTs under mild reaction

conditions (THF, 60 "C) with dipropargyl or diallyl acetylenedicarboxylate and DMAP,

yielding propargyl-MWCNT 1 and allyl-MWCNT 2 (Scheme 4.2).
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0 0

1) DMAP, THF
60*C, 48h;

2) propargyl alcohol
60*C,12h

1) DMAP, THF
60*C, 48h;

2) allyl alcohol
60C,12h

~O O
0 0-0

O~ 7 0

I
Propargyl-MWCNT

2
Allyi-MWCNT

Scheme 4.2. Synthesis of propargyl-MWCNT 1 and allyl-MWCNT 2.

We further functionalized 1 and 2 via three strategies: 1,3-dipolar cycloaddition (click

chemistry), thiol-ene addition and olefin cross-metathesis reactions. The click chemistry and

the thiol-ene addition chemistry, which feature high yields and no side products, are widely

utilized to modify polymers, nanoscale materials, and biological materials.2 6 27 The olefin

metathesis reaction, catalyzed by Grubbs ruthenium catalysts, is another important strategy to

introduce functional groups, as the reaction generally proceeds in good yield and with high

functional group tolerance. 28,29

Using the click chemistry strategy, dodecyl groups were incorporated onto the

propargyl-MWCNTs 1 with dodecyl azide with CuI as the catalyst and diisopropylethylamine
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(DIPEA) as the base (Scheme 4.3). After heating the reaction mixture in DMF at 90 C for 24h,

click-MWCNT 3 was generated with pendant triazole groups.

~O O0
<07

C 12H25N3
Cul, DIPEA
DMF, 90*C, 24h

I
Propargyl-MWCNT

3
Click-MWCNT

Scheme 4.3. Synthesis of click-MWCNT 3.

Using the thiol-ene addition strategy, the vinyl group on allyl-MWCNT 2 was reacted

with 1-dodecylthiol or thioglycolic acid under UV irradiation, with 2,2-dimethoxy-2-

phenylacetophenone as an photoinitiator (Scheme 4.4). These thiol-ene addition processes lead

to the formation of thiolchain-MWCNT 4 with pendant dodecyl chain and thiolacid-MWCNT

5 with pendant carboxylic acid groups.
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~ 7 0

O O ~
O7 --

R1S* O O- SR

R S O O0

= H0

4
Thiolchain-MWCNT

5
Thiolacid-MWCNT

Scheme 4.4. Synthesis of thiolchain-MWCNT 4 and thiolacid-MWCNT 5.

Finally, a cross metathesis reaction was performed between the allyl-MWCNT 3 and

three terminal olefins namely 2-allyl-hexafluoroisopropanol, an allyl substituted calix[4]arene

and 4-acryloylamidobenzo-15-crown-5, with Grubbs 2 "d generation ruthenium catalyst, leading

to HFIP-MWCNT 6, calix-MWCNT 7 and crown-MWCNT 8, respectively (Scheme 4.5).
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MWCNTs 1 and allyl-MWCNTs 2, respectively; while the ratio of intensity between D' and G

band remained the same (0.3) for all three samples. These results indicated that the

zwitterionic functionalization reaction has successfully introduced covalent functionalization

onto the MWCNT surface while keeping the inner walls intact.

Allyl-
MWCNT

'n Propargy-

800 1000 1200 1400 1600 1800

Wavenumber (cm4)

Figure 4.3. Raman spectra of pristine MWCNTs (black), propargyl-MWCNTs (blue) and

allyl-MWCNTs (red). The green lines are fitted peaks and the grey lines are the fitted curves.

While Raman spectroscopy gives evidence on the surface functionalization of

nanotubes, Fourier transform infrared (FT-IR) spectroscopy reveals important chemical

information regarding the incorporated functional groups.32 As shown in Figure 4.4, all the
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Figure 4.3. Raman spectra of pristine MWCNTs (black), propargyl-MWCNTs (blue) and

allyl-MWCNTs (red). The green lines are fitted peaks and the grey lines are the fitted curves.

While Raman spectroscopy gives evidence on the surface functionalization of

nanotubes, Fourier transform infrared (FT-IR) spectroscopy reveals important chemical

information regarding the incorporated functional groups. 32 As shown in Figure 4.4, all the
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functionalized MWCNTs have strong adsorption bands at 1730 cm-' due to the C=O stretching

of the carbonyl group and bands at 1230 and 1020 cm-1 due to the C-O stretching of the vinyl

alkyl ether. These features are consistent with the acetylenedicarboxylate diester adduct

structure. All of the spectra of the functionalized MWCNTs were normalized according to the

1730 cm-1 peak.
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Figure 4.4. FT-IR spectroscopy of pristine and substituted MWCNTs (top).

thiolacid-MWCNT treated with 0.1 M NaOH is also shown (bottom).

The spectra of
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The propargyl-MWCNT showed three characteristic absorption bands at 3285, 2130

and 668 cm-1, corresponding to the terminal =C-H stretching, the C= C stretching and the -C

CH bending of the propargyl group, respectively. After the click chemistry reaction all of

these three prominent bands completely disappeared, with concomitant formation of two new

bands: the greatly enhanced peaks within the 3000-2800 cm-1 region are due to the C-H

stretching in the dodecyl groups, while the new peak appearing at 3130 cm-1 is associated with

the C-H stretching in the 1,2,3-triazole groups. This result indicated that the click reaction

proceeded nearly quantitatively.

The allyl-MWCNTs showed characteristic absorption bands of vinyl groups at 3087

and 921 cm, corresponding to the =CH2 stretching and the CH 2 out-of-plane wagging,

respectively. After the thiol-ene addition, both bands of the allyl group had significantly

decreased compared to the C=O stretching in the carbonyl group and the C-O stretching in the

vinyl alkyl ether, indicating that the vinyl group has in large part reacted. Importantly, the

thiolacid-MWCNT became water soluble after washing with 0.iM NaOH, and showed two

new broad peaks at 1605 and 1376 cm-1, which are associated with the asymmetric and

symmetric stretching of the COO~ group, respectively (Figure 4.4, bottom). We also observed

greatly enhanced absorption between 3000 and 2800 cm-1 for thiolchain-MWCNTs, which are

due to the C-H stretching in the dodecyl group. The large decrease of the vinyl absorption

peaks and the appearance of the characteristic peaks of the new functional groups together

verified the success of the thiol-ene addition.

Similar to the thiol-ene adducts, the MWCNTs from the metathesis reaction also

showed significantly decreased absorption of the vinyl group along with the appearance of

characteristic peaks of the new functional groups. Specifically, HFIP-MWCNT showed a new
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peak at around 1170 cm 1, corresponding to the C-F stretching in the HFIP group. The crown-

MWCNT showed a series of interesting bands: two peaks at 1660 and 1548 cm~1 due to the

C=O stretching and C-O stretching in the amide group, three peaks at 1610, 1510 and 1456

cm-1 due to the aromatic ring stretching of the benzene ring, and a peak at 1125 cm-1 due to the

C-O-C stretching of the crown ether. The calix-MWCNT showed the appearance of two new

peaks at 1580 and 1542 cm-1 due to the aromatic ring stretching and a significant increase in

the absorptions between 3000 and 2800 cm-1 due to the C-H stretching in the t-butyl group.

4.5 Quantitative Characterization

We further obtained quantitative evidence on the structure and composition of the

functionalized MWCNTs from X-ray photoelectron spectroscopy (XPS) and

thermogravimetric analysis (TGA). The XPS spectra (Figure 4.5) were normalized to the C Is

peak at 532 eV. In the TGA experiment (Figure 4.6), pristine MWCNTs cleaned in the same

fashion as the functionalized MWCNTs were used as a standard. The weight loss data, which

will be discussed in a later part of this paper, are obtained from subtracting the weight loss of

the pristine MWCNTs.
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Figure 4.5. XPS of pristine and substituted MWCNTs.

Compared to pristine MWCNTs, both propargyl-MWCNTs and allyl-MWCNTs have

increased intensity of oxygen Is peak at 284 eV, indicating the success of the functionalization.

From the oxygen-to-carbon ratio (7 %), the calculated the degree of functionalization density

for propargyl-MWCNT is 2 propargyl diester adduct groups per 100 MWCNT carbon atoms.

This result agrees with the functionalization density of 2.0 functional groups per 100 MWCNT

carbon atoms calculated from the weight loss of 24 % in TGA. Similar calculations were

carried out for the allyl-MWCNTs, leading to a density of 3 allyl diester adduct groups per 100

MWCNT carbon atoms by XPS (oxygen-carbon ratio of 8 %) and 2.6 functional groups by

TGA (weight loss of 29 %).
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Figure 4.6. TGA of pristine and substituted MWCNTs. a) Propargyl-MWCNT, b) allyl-

MWCNT, c) HFIP-MWCNT, d) thiolacid-MWCNT, e) click-MWCNT, f) crown-MWCNT, g)

calix-MWCNT, h)thiolchain-MWCNT.

We observed a distinct nitrogen Is peak at 400 eV in the click-MWCNT sample, and

calculated the functionalization density of the triazole group from the oxygen-carbon ratio (5 %)

or from the nitrogen-carbon ratio (6 %). The ratios corresponded to 4 triazole groups per 100

MWCNT carbon atoms. The weight loss of 48 %, obtained from TGA measurements, leads to

a functionalization density of 3.7 triazole groups per 100 carbon atoms. This high

functionalization density indicated that the click chemistry is almost quantitative on propargyl-

MWCNTs, which was consistent with our FT-IR observations.
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Important information on the elemental composition of other samples was also obtained

from XPS. We noticed that the functionalization reaction led to quite different oxygen-

nitrogen ratios in each sample. We also observed sulfur 2s and 2p peaks (at 229 and 165 eV,

respectively) in thiolacid-MWCNTs and thiolchain-MWCNTs, a fluorine Is peak at 687 eV in

HFIP-MWCNTs, and a nitrogen Is peak at 400 eV in crown-MWCNTs. Table 4.2 summarizes

the functionalization density data calculated from the XPS elemental ratio and from the TGA

curves. Compared with other CNT functionalization methods, the functionalization densities

are rather high for all the eight MWCNT transformations.

Table 4.2. Functionalization Density Data Calculated from the XPS Elemental Ratio
and from the TGA Weight Loss Curves.

XPS TGA Density
Elemental Ratio Weight Loss (Numbers of Functional

Samples (%) (%) Groups per 100 Carbons)

O/C X/Ca by XPS by TGA

Propargyl-MWCNT 7 - 24 2 2.0

Allyl-MWCNT 8 - 39 3 2.6

Click-MWCNT 5 6 48 4 3.7

Thiolchain-MWCNT 6 3 62 5 5.6

Thiolacid-MWCNT 15 3 45 4 4.6

HFIP-MWCNT 12 7 42 2 1.6

Calix-MWCNT 8 - 59 -b 1.3

Crown-MWCNT 17 2 56 2 3.1
a X stands for the nitrogen, sulfur or fluorine. b XPS data is not used for calculation
because functional group has similar oxygen-carbon ratio to parent allyl-MWCNT.

4.6 Morphology and Dispersibility

The scanning electron microscope (SEM) images of functionalized MWCNTs are

shown in Figure 4.7. As a comparison, pristine MWCNT were ultra-sonicated and cleaned in
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the same fashion as the functionalized MWCNTs, and were used as a standard, ruling out the

effect of ultra-sonication and solvent washing. Apparently, the functionalization process

greatly reduced the size of the bundles of pristine MWCNTs.
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Figure 4.7. SEM images of pristine and substituted MWCNTs.
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It was also noticed that chemical treatment greatly enhanced the dispersibility of

MWCNTs. For example, after centrifuging thiolchain-MWCNT suspension in

dichloromethane at 14.5 K rpm for 5 minutes, most of the tubes still remain in the supernatant

layer. This is not surprising, given the high density of long dodecyl chains (5.6 dodecyl groups

per 100 MWCNT carbon atoms by TGA), and the debundled nature of functionalized

MWCNTs. Similar stable dispersibility was also found with the HFIP-MWCNTs and the

thiolacid-MWCNTs in tetrahydrofuran, the crown-MWCNTs in isopropanol, the calix-

MWCNTs and the click-MWCNTs in dichloromethane. This good dispersion enables us to

achieve a high-quality CNT conductive network, which is critical for our sensor fabrication.

4.7 Sensory Responses of MWCNT Array to VOCs

We fabricated our resistance sensors by spin coating 2 mm x 2 mm MWCNT films on

top of two gold electrodes (50 nm thick, 2 mm spacing) on glass stubstrate from a stable

dispersion (0.1 mg/mL) of functionalized MWCNTs. The solvents with strong dispersing

ability, as mentioned in the morphology section, were used to disperse functionalized

MWCNTs. Dimethylformamide was used for dispersing pristine, allyl- and propargyl-

MWCNTs. The sensors were then annealed in vacuum at 150 0C for 5 minutes before

obtaining measurements. The typical thickness of the MWCNT films is in the range of 30-60

nm measured with a profiler. The typical resistance for the MWCNT films is in the range of

0.2 to 0.5 MQ.

We investigated the sensory response by measuring the relative conductance change

(-AG / Go) of the sensors upon exposure to the 20 VOCs (3 trials each). The current was

recorded between the two electrodes under a constant bias voltage (0.05 V) from which the
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conductance change was calculated. Our sensor responses were measured sequentially, under

the same experimental conditions such as sensor exposure and refreshing time, analyte

concentration, temperature, environmental humidity, etc.

Representative response curves of the sensor elements (pristine, allyl-, thiolchain- and

crown-MWCNTs) to decane (left) and pentanol (right) are shown in Figure 4.8. All the

sensors responded to the analyte very rapidly, and the chemical functionalization enhanced the

response to both decane and pentanol. It is interesting that the conductance of the thiolchain-

MWCNTs decreased by 96 % to decane and 70 % to pentanol, while the conductance of the

crown-MWCNTs decreased by 17 % to decane and 97 % to pentanol. This cross-sensitivity is

due to the different chemical properties of the sensing elements: the long aliphatic hydrocarbon

chains in the thiolchain-MWCNTs lead to a stronger interaction with aliphatic hydrocarbons,

while the amide and the crown ether groups in the crown-MWCNTs introduced favorable

hydrogen bonding interactions with alcohols.

1. -[)089 -MWCNT 1.0- MWCNT .1-0 Decane MCT10Pentano -WN-Alyi-MWCNT -Ali-MWCNT
0.8 -Thioichan-MWCNT 0.8 -Thloichain-MWCNT

-Crown-MWCNT -Crown-MWCNT
0.6 0.6

* 0.4 * 0.4-

0.2- 0.2

0.0 0.0

20 40 6 0 100 0 20 0 0 0 1
Time(s) Time (s)

Figure 4.8. Conductance response, -AG/Go, of pristine MWCNT (black line), allyl-MWCNT

(dark red line), crown-MWCNT (green line) and thiolchain-MWCNT (red line) resistance

sensors to decane (left) and pentanol (right) at their saturated vapor pressures.
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Figure 4.9 summarizes the conductance response patterns of pristine and substituted

MWCNT based resistance sensors to twenty representative VOCs. Each response is the

average of three measurements. For easier visualization, the level of response is shown in

color according to the scale bar on the right. As expected, each of the VOCs induced quite

different conductance changes in the individual sensors, thus each creating a distinct multi-

dimensional response pattern. Compared with pristine MWCNTs, functionalized MWCNTs

have much enhanced responses to all the VOCs. This can be attributed to the highly

responsive functionalized nanotube surface and the largely debundled CNT network.

0
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HFIP-MWCNT

Analytes

Figure 4.9. Conductance response patterns of pristine and substituted MWCNT based

resistance sensors to twenty representative VOCs. Responses are averages of three

measurements. For easier visualization, the level of response is showed in color according to

the scale bar on the right.
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As an example of enhanced selectivity, the HFIP-MWCNT sensor has an increased

response to ethers and ketones. It is believed to be associated with the hydrogen bonding

acidity of the HFIP group. More interestingly, the HFIP-MWCNT sensor also showed a

decreased response to all other VOCs. This can be attributed to the non-favorable interactions

between the HFIP's fluorocarbon groups and the hydrocarbon-containning VOCs. As a second

example, the thiolchain-MWCNT sensor had a larger response to hydrocarbons with relatively

low polarity such as aliphatic, aromatic and chlorinated hydrocarbons. This is most likely due

to the favorable dispersion interactions with the aliphatic recognition groups. This effect is

also found with the click-MWCNTs. We noticed the enhanced responses of thiolchain-

MWCNTs to almost all of the VOCs, which is possibly due to its very high functionalization

density (5.6 dodecyl groups per 100 MWCNT carbon atoms by TGA).

We calculated the rate constant ka for the forward adsorption process from the initial

slope of the response curve.3 3 As shown in Figure 4.10, the sensor elements exhibit high ka for

aliphatic hydrocarbons and other VOCs with long aliphatic chains.
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4.8 Statistical Analysis

To explore the identifying capabilities of our sensor array, we subjected our sensing

results to principal component analysis and linear discriminate analysis. Principal component

analysis (PCA) is an unsupervised multivariate analysis method for linear data compression

and pattern recognition. 34 Without any prior knowledge of the classification of the analytes, it

groups the analytes based on the similarity of their data. The idea of PCA is to find

uncorrelated principle components (PCs) which are linear combinations of the original

variables (correlated response measurements). These PCs are ranked by the amount of

variation they account for. As shown in the Scree plot (Figure 4.11), the PCA of our data set

requires 2 PCs to describe 80 % of the total variances and 4 PCs to describe 95 % of the total

variances, which is quite different from traditional electronic noses which can achieve 95%

discrimination by using only one or two PCs. This effect is due to the large cross-sensitivity of

our sensor array and indicates its higher capability for discrimination between similar analytes.

The PCA score plot in Figure 4.12 shows a clear classification of the data, utilizing the first

two PCs which represent 80 % of the variances. The VOCs were classified into five groups,

namely alcohols, ethers/ketones, aliphatic, aromatic and chlorinated hydrocarbons. The fact

that both octanol and hexyl ether have long aliphatic chains explains why their results also

border the aliphatic hydrocarbon group. Although the ethers and the ketones are very clearly

separated from other VOCs, it is difficult to distinguish them from each other because of their

similar chemical properties.

- 102 -



100

*080
' 66.3

S60 -

WX 40-

20 4.1-
.5 10.3 5.3

M 0 -2.8 0.6 0.4 0.2

1 2 3 4 5 6 7 8
Principal Component

Figure 4.11. Scree plot of the principal component analysis.
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Figure 4.12. Principal component score plots of an array of 8 functionalized MWCNT

resistance sensors to 20 representative VOCs (3 trials each).

We also explored the discrimination capability of our sensor with linear discriminant

analysis (LDA).3 4 LDA is a supervised statistical technique, which utilizes data from known
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groups to identify which group a new object belongs to. It is based on the linear discriminant

function (LDF), which is a linear combination of the original variables that maximizes the ratio

of between-class variance and within-class variance. Specifically, we applied a cross-

validation (leave-one-out) routine to compensate for an optimistic apparent error rate. This

method calculates the LDF with one observation omitted sequencially, and then classifies the

omitted observation with the LDF. After this procedure is repeated for each observation, the

success rate is calculated. In our case, the 60 training observations (20 VOCs, 3 trials for each)

were separated into the same 5 groups utilized in the PCA classification. As shown in Table

4.3, the cross-validation routine LDA demonstrated 100 % accuracy for all the 60 trials. This

result, together with the successful PCA analysis, verified the superior selectivity of our sensor

array.

Table 4.3. Summary of Classification with Cross-validation.

True Group
Put-into-Group Chlorinated Ethers / Aliphatic Alcohols Aromatic

Hydrocarbons Ketones Hydrocarbons Hydrocarbons
Chlorinated Hydrocarbons 9 0 0 0 0
Ethers / Ketones 0 18 0 0 0
Aliphatic Hydrocarbons 0 0 9 0 0
Alcohols 0 0 0 12 0
Aromatic Hydrocarbons 0 0 0 0 9

Total N 9 18 9 12 9

N Correct 9 18 9 12 9
Proportion 1.00 1.00 1.00 1.00 1.00

N = 60 N Correct = 60 Proportion Correct = 1.000
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4.9 Humidity Sensing

Environmental humidity is always a concern for nanotube based sensors. As shown in

Figure 4.13, our sensors have lower responses to humidity compared to their responses to

organic molecules such as pentanol, although the saturated vapor pressure of water at 25 C

(23.8 mmHg) is 15 times larger than that of pentanol (1.5 mmHg). This fact can be explained

by the hydrophobic nature of the incorporated chemical functionalizations.

1.0 -Aly-MWCNT
-Pristine MWCNT

0.8 -- Propargyl-MWCNT
-- Chck-MWCNT
-Thochain-MWCNT

0.6 -Tholacd-MWNT
-- Crown-MWCNT

0.4 -Calix-MWCNT
--- HFIP-MWCNT

0.2

0.0

0 20 40 60 80 100
Time (s)

Figure 4.13. Conductance response, -AG/Go, of the pristine and substituted MWCNT based

resistance sensors to saturated vapor of water.

In addition to the requirement that MWCNT-based sensors exhibit a low sensitivity to

humidity, sensors that can detect environmental changes in humidity are also highly desirable.

Previously, the 1,2,3-triazole group has been shown to be a good ligand for platinum.35 We

took advantage of this platinum affinity to grow platinum particles onto the click-MWCNTs by

reducing potassium trichloro(ethene)platinate(II) (Zeise's salt) with hydrazine in a dispersion

of click-MWCNTs (Figure 4.14).36'37 As shown in the SEM image in Figure 4.14, the platinum

particles grew onto the nanotube surface. We performed an XPS study on this CNT/Pt
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composite (Figure 4.15). The peaks at 71.5 and 74.8 eV correspond to metallic platinum 4f27

and 4f2 /5 energies, respectively, indicating that the platinum has been successfully reduced.

C12H25'N'N_ /*-

C 12H25

K[Pt(C2H4)Cl 3]-H20
hydrazine, THF, r. t., 3h

3
Click-MWCNT

9
Pt-MWCNT

Pt-MWCNT

Figure 4.14. Functionalization of the click-MWCNT with platinum particles. Synthetic

approach (upper), a cartoon of the structure (lower left) and SEM image (lower right) of the Pt-

MWCNT composite.
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Figure 4.15. XPS spectra of the click-MWCNT/Pt composite. (a) Survey scan spectrum; (b) Pt

4f spectrum.

We also attempted to grow platinum particles within a propargyl-MWCNT media,

using the same chemistry as in the click-MWCNT case. In contrast, the platinum particles that

formed were located both on the nanotube and away from the nanotube surface (Figure 4.16).

It is likely that the platinum(II) ions that were coordinated to the surface of click-MWCNTs

initiated the nucleation process, and the platinum particles grew preferentially onto the

nanotube surface during the reduction process. In contrast, due to the much weaker

interactions between platinum and the propargyl-MWCNTs, there is no referred location for

the platinum particles to nucleate and grow. Therefore, click-MWCNTs are superior materials

for controllable incorporation of platinum particles.
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Figure 4.16. SEM image of platinum reduced in the propargyl-MWCNT media.

We fabricated a sensor with the click-MWCNT/Pt composite and measured its

conductance changes in the same fashion as the other MWCNT sensors. As shown in Figure

4.17, the conductance of the Pt/nanotube composite increased 40 % at 30 % relative humidity

(RH), 400 % at 60 % RH and 1100 % at 100 % RH.
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Figure 4.17. Conductance response, -AG/Go, of Pt/CNT based resistance sensor to water.
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As a comparison, we synthesized platinum particles without CNTs using the same

chemistry as in the click-MWCNT case, and fabricated sensor from this material. However,

only a 3 % decrease in conductance was observed when the sensor was exposed to 100 % RH

(Figure 4.18). Considering the magnitude of the response, the MWCNT/Pt composite

generated 366 times larger response than pure platinum material.

0.04

0.02

0.00

0 100 200
Time (s)

Figure 4.18. Conductance response, -AG/Go, of Pt based sensor to saturated water vapor.

The enhanced response of Pt/CNT based resistance sensor to water can be explained by

the catalytic activity of the platinum surface. Platinum surfaces are known to bind and activate

water, generating protons and electrons.38

x H20 + Pt* (M) -- (M) Pt-[OH] + x H- + x e (1)

Our proposed mechanism is that water binds to the platinum surfaces on the click-MWCNT/Pt

composite, and then dissociates according to equation (1). The electrons generated from this

process doped the nanotubes, thus increasing the conductivity of the device. In the case without

CNTs, no such doping effect takes place, so the conductance was decreased by the adsorbed

water.
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4.10 Conclusions

A MWCNT-based sensor array was developed as the first proof-of-concept of

identifying VOCs by their functional groups with nanotubes. Functionalized MWCNTs with a

series of cross-sensitive recognition groups were successfully synthesized via zwitterionic and

post-transformation synthetic approaches. The incorporated chemical functional groups on

MWCNT surfaces introduced greatly increased sensitivity and selectivity to the targeted

analytes. The distinct response pattern of each chemical was subjected to statistical treatments,

which led to a clear separation and accurate identification of 100 % of the VOCs. Further

incorporation of platinum particles onto triazole-functionalized MWCNTs generated a highly

sensitive humidity detector. We believe this MWCNT-based sensor array is a promising

approach for low-cost, real time detection and identification of VOCs.
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4.11 Experimental Section

Materials.

All chemicals were of reagent grade from Sigma-Aldrich, Alfa Aesar or Acros and used

as received. All solvents were of spectroscopic grade unless otherwise noted.

Dimethylformamide was stirred over CaH 2 and distilled thereafter. Anhydrous tetrahydrofuran

and dichloromethane were obtained from J. T. Baker and purified by passing through a

Glasscontour dry solvent system. Multi-walled carbon nanotubes were acquired from Sigma-

Aldrich. (> 99 MWCNT, O.D. 6-13 nm X 2.5-20 ptm). Diallyl acetylenedicarboxylate and

dipropargyl acetylenedicarboxylate were prepared according to literature procedures.

5,11,17,23-Tetrakis(t-butyl)-25-allyl-26,27,28-tripropyl-calix[4]arene was prepared according

to literature procedure.

General Methods and Instrumentation.

Raman spectra were measured with a Kaiser Hololab 500OR Modular Research Raman

Spectrometer with Microprobe from MIT Center for Materials Science and Engineering. FT-

IR spectra were recorded on a Perkin Elmer Model 2000 FT-IT spectrometer by drop-casting

the material on a KBr disk. TGA analyses were performed with a TGA Q50 apparatus (TA

instruments). Experiments were carried out under nitrogen. Samples were heated at 5 0C/min

from 30 "C to 800 "C. XPS spectra were recorded on a Kratos AXIS Ultra X-ray Photoelectron

Spectrometer. SEM images were taken with a JEOL 6700 Scanning Electron Microscope.

Gold layer was coated from a Polaron SC7620 sputter coater. The substrates were cleaned

with a Harrick Plasma PDC-32G Plasma Cleaner. Film thicknesses were measured with a

Veeco Dektak 6M Stylus Profiler.
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All synthetic manipulations were carried out under an argon atmosphere using standard

Schlenk techniques unless otherwise noted. Glassware was oven-baked and cooled under N2

atmosphere. Analyte of specific concentration and relative humidity was generated with a

KIN-TEK gas-generating system. Source-drain current change in response to analyte was

measured with an AUTOLAB PGSTAT 20 potentiostat (Eco Chemie) at constant potential

(typically 0.05 V). The statistical treatment was performed with a Minitab software (version

15) using multivariate analysis methods.

Synthesis of Propargyl-MWCNTs 1.

A suspension of MWCNTs (48.0 mg, 4.0 mmol of carbon) in THF (40 mL) was

sonicated for 5 min using an ultrasonic probe yielding a black suspension. To the MWCNT

suspension were added activated molecular sieves (4 A) to remove moisture introduced by the

sonication process, and left overnight. The heterogeneous solution was then transferred to a

dry flask through a cannula and was heated at 60 "C. To the MWCNT suspension were added

simultaneously a solution of dipropargyl acetylenedicarboxylate (3.80 g, 20.0 mmol) in THF

(20 mL) and a solution of 4-dimethylaminopyridine (2.44 g, 20.0 mmol) in THF (20 mL) via

syringe pump within 48h. To the reaction mixture was added propargyl alcohol (1.5 mL), and

the resulting mixture was stirred at 65 *C for another 12 h. The reaction mixture was cooled to

room temperature, and centrifuged at 14,500 rpm for 15 min. The supernatant was discarded

and the residue was dispersed in DMF for 3 min using an ultrasonic bath. The mixture was

centrifuged and the supernatant was discarded. The same sequence was repeated five times

with DMF and five times with acetone. The ropargyl-MWCNTs 1 were dried under vacuum

overnight. See Figure 4.3 for Raman spectra, Figure 4.4 for FT-IR spectra, Figure 4.5 for XPS
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spectra, Figure 4.6 for TGA weight loss curve, and Figure 4.7 for SEM image.

Synthesis of Allyl-MWCNTs 2.

A suspension of MWCNTs (48.0 mg, 4.0 mmol of carbon) in THF (40 mL) was

sonicated for 5 min using an ultrasonic probe yielding a black suspension. To the MWCNT

suspension were added activated molecular sieves (4 A) to remove moisture introduced by the

sonication process, and left overnight. The heterogeneous solution was then transferred to a

dry flask through a cannula and was heated at 60 C. To the MWCNT suspension were added

simultaneously a solution of diallyl acetylenedicarboxylate (3.88 g, 20.0 mmol) in THF (20 mL)

and a solution of 4-dimethylaminopyridine (2.44 g, 20.0 mmol) in THF (20 mL) via syringe

pump within 48h. To the reaction mixture was added allyl alcohol (1.5 mL), and the resulting

mixture was stirred at 65 0C for another 12 h. The reaction mixture was cooled to room

temperature, and centrifuged at 14,500 rpm for 15 min. The supernatant was discarded and the

residue was dispersed in DMF for 3 min using an ultrasonic bath. The mixture was centrifuged

and the supernatant was discarded. The same sequence was repeated five times with DMF and

five times with acetone. The allyl-MWCNTs 1 were dried under vacuum overnight. See

Figure 4.4 for FT-IR spectra, Figure 4.5 for XPS spectra, Figure 4.6 for TGA weight loss curve,

and Figure 4.7 for SEM image.

Synthesis of click-MWCNTs 3.

To a 10 mL Schlenk flash was added propargyl-MWCNTs 1 (10 mg) and Cul (38 mg,

0.2 mmol), followed by sequentially vacuuming and refilling with argon for three times. Then

dodecyl azide (0.22 g, 1 mmol), diisopropylethylamine (2 mL) and dimethylformamide (2 mL)
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was added via syringe. The mixture was sonicated in a sonication bath for 30 min, followed by

stirring at 90 *C for 24 h. The reaction mixture was cooled to room temperature, and washed

with ammonium hydroxide for five times to remove copper. Interestingly, the MWCNTs are

well dispersed in the diisopropylethylamine phase during the washing process, so a 25 mL

separation funnel was used to collect the diisopropylethylamine phase. The dispersion was

further washed with water for three times to remove residue ammonium hydroxide. The

dispersion was added to methanol and centrifuged at 14,500 rpm for 15 min. The supernatant

was discarded and the residue was dispersed in acetone for 3 min using an ultrasonic bath. The

mixture was centrifuged and the supernatant was discarded. The same sequence was repeated

five times with acetone. The click-MWCNTs 3 were dried under vacuum overnight. See

Figure 4.3 for Raman spectra, Figure 4.4 for FT-IR spectra, Figure 4.5 for XPS spectra, Figure

4.6 for TGA weight loss curve, and Figure 4.7 for SEM image.

Synthesis of thiolchain-MWCNTs 4.

To a 10 mL Schlenk flash was added allyl-MWCNTs 2 (10 mg) and 2,2-dimethoxy-2-

phenylacetophenone (DMPA) (26 mg, 0.1 mmol), followed by sequentially vacuuming and

refilling with argon for three times. Then n-dodecylthiol (0.40 g, 2 mmol) and tetrahydrofuran

(2 mL) was added via syringe. The mixture was sonicated in a sonication bath for 30 min,

followed by stirring under UV irradiation at room temperature for 24 h. The reaction mixture

was then diluted with acetone and centrifuged at 14,500 rpm for 15 min. The supernatant was

discarded and the residue was dispersed in acetone for 3 min using an ultrasonic bath. The

mixture was centrifuged and the supernatant was discarded. The same sequence was repeated

five times with acetone. The thiolchain-MWCNTs 4 were dried under vacuum overnight. See
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Figure 4.4 for FT-IR spectra, Figure 4.5 for XPS spectra, Figure 4.6 for TGA weight loss curve,

and Figure 4.7 for SEM image.

Synthesis of thiolacid-MWCNTs 5.

To a 10 mL Schlenk flash was added allyl-MWCNTs 2 (10 mg) and 2,2-dimethoxy-2-

phenylacetophenone (DMPA) (26 mg, 0.1 mmol), followed by sequentially vacuuming and

refilling with argon for three times. Then thioglycolic acid (0.18 g, 2 mmol) and

tetrahydrofuran (2 mL) was added via syringe. The mixture was sonicated in a sonication bath

for 30 min, followed by stirring under UV irradiation at room temperature for 24 h. The

reaction mixture was then diluted with acetone and centrifuged at 14,500 rpm for 15 min. The

supernatant was discarded and the residue was dispersed in acetone for 3 min using an

ultrasonic bath. The mixture was centrifuged and the supernatant was discarded. The same

sequence was repeated five times with acetone. The thiolacid-MWCNTs 5 were dried under

vacuum overnight. See Figure 4.4 for FT-IR spectra, Figure 4.5 for XPS spectra, Figure 4.6

for TGA weight loss curve, and Figure 4.7 for SEM image.

Synthesis of HFIP-MWCNTs 6.

To a 10 mL Schlenk flash was added allyl-MWCNTs 2 (10 mg) and Grubbs second

generation ruthenium catalyst (8 mg, 0.01 mmol), followed by sequentially vacuuming and

refilling with argon for three times. Then 2-allyl-hexafluoroisopropanol (0.4 g, 2 mmol) and

dichloromethane (2 mL) was added via syringe. The mixture was sonicated in a sonication bath

for 30 min, followed by stirring at 40 "C for 48 h. The reaction mixture was then diluted with

acetone and centrifuged at 14,500 rpm for 15 min. The supernatant was discarded and the
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residue was dispersed in acetone for 3 min using an ultrasonic bath. The mixture was

centrifuged and the supernatant was discarded. The same sequence was repeated five times

with acetone. The HFIP-MWCNTs 6 were dried under vacuum overnight. See Figure 4.4 for

FT-IR spectra, Figure 4.5 for XPS spectra, Figure 4.6 for TGA weight loss curve, and Figure

4.7 for SEM image.

Synthesis of Calix-MWCNTs 7.

To a 10 mL Schlenk flash was added allyl-MWCNTs 2 (10 mg), Grubbs second

generation ruthenium catalyst (8 mg, 0.01 mmol) and 5,11,17,23-Tetrakis(t-butyl)-25-allyl-

26,27,28-tripropyl-calix[4]arene (0.16 g, 0.2 mmol) followed by sequentially vacuuming and

refilling with argon for three times. Then dichloromethane (2 mL) was added via syringe. The

mixture was sonicated in a sonication bath for 30 min, followed by stirring at 40 C for 48 h.

The reaction mixture was then diluted with acetone and centrifuged at 14,500 rpm for 15 min.

The supernatant was discarded and the residue was dispersed in acetone for 3 min using an

ultrasonic bath. The mixture was centrifuged and the supernatant was discarded. The same

sequence was repeated five times with acetone. The calix-MWCNTs 7 were dried under

vacuum overnight. See Figure 4.4 for FT-IR spectra, Figure 4.5 for XPS spectra, Figure 4.6

for TGA weight loss curve, and Figure 4.7 for SEM image.

Synthesis of Crown-MWCNTs 8.

To a 10 mL Schlenk flash was added allyl-MWCNTs 2 (10 mg), Grubbs second

generation ruthenium catalyst (8 mg, 0.01 mmol) and 4-acryloylamidobenzo-15-crown-5 (0.14

g, 0.4 mmol) followed by sequentially vacuuming and refilling with argon for three times.
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Then dichloromethane (2 mL) was added via syringe. The mixture was sonicated in a

sonication bath for 30 min, followed by stirring at 40 *C for 48 h. The reaction mixture was

then diluted with acetone and centrifuged at 14,500 rpm for 15 min. The supernatant was

discarded and the residue was dispersed in acetone for 3 min using an ultrasonic bath. The

mixture was centrifuged and the supernatant was discarded. The same sequence was repeated

five times with acetone. The crown-MWCNTs 8 were dried under vacuum overnight. See

Figure 4.4 for FT-IR spectra, Figure 4.5 for XPS spectra, Figure 4.6 for TGA weight loss curve,

and Figure 4.7 for SEM image.

Synthesis of Pt-MWCNT Composite 9

To a 25 mL vial click-MWCNTs 3 (2 mg) and tetrahydrofuran (10 mL). The mixture

was sonicated in a sonication bath for 30 min, yielding a stable dispersion. To another vial

was added potassium trichloro(ethene)palatinate (II) monohydrate (2 mg, 0.005 mmol)

dissolved in 2 mL tetrahydrofuran, then dropwisely added the propargyl-MWCNT dispersion.

The mixture was stirred at room temperature for 30 min. Then a hydrazine solution in

tetrahydrofuran (0.001 M, 1 mL) was added dropwisely to the mixture. The mixture was then

further stirred for 3 h. The reaction mixture was then centrifuged at 14,500 rpm for 1 min. The

supernatant was discarded and the residue was dispersed in tetrahydrofuran for 1 min using an

ultrasonic bath. The mixture was centrifuged and the supernatant was discarded. The

composite was dried under vacuum overnight. See Figure 4.13 for SEM image and Figure

4.14 for XPS spectra.
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Device Fabrication.

The glass substrates were cleaned by sonication in acetone/isopropanol/water

successively and followed by cleaning with oxygen plasma for 5 min. Two gold strip

electrodes (50 nm thick, 2 mm spacing) were sputter-coated, and MWCNT dispersions were

spin-coated on top of the gold electrodes. The devices were then annealed under vacuum at

150 'C for 5 min. The typical thickness of the MWCNT films is in the range of 30-60 nm

measured with a profiler. The typical resistance for the MWCNT films is in the range of 0.2-

0.5 MQ.

Device measurement.

We investigated the sensory response by measuring the relative conductance change

(-AG / GO) of the sensors upon exposure to the 20 VOCs (3 trials each). The current was

recorded between the two electrodes under a constant bias voltage (0.05 V) from which the

conductance change was calculated. Our sensor response is taken one at a time, under the

same experimental conditions such as sensor exposure and refreshing time, analyte

concentration, temperature, environmental humidity, etc.
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Chapter 5

Hydrogen Bonding-Based Interfacial Engineering

in Polythiophene / PCBM Hybrid Materials
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5.1 Introduction

Organic electronics' have attracted a tremendous amount of interest over the past few

decades. Compared to traditional metal-based and silicon-based electronics, the cost of

organic electronics is much lower, and the fabrication process is largely simplified. Another

distinct advantage of the organic-based devices is their ultra-thin and flexible nature. Typical

organic electronic devices include organic light-emitting diodes (OLEDs),' thin film

transistors (TFTs),4 and organic photovoltaics (OPVs). 5'6 Since they are generally composed

of one or more organic layers sandwiched between metal or oxide electrodes, the properties of

the metal-organic and the organic-organic interfaces8 are critical to charge transport9 and to

charge carrier dissociation/recombination processes.10 However, these complicated interfacial

behaviors are not yet fully understood, even though much work has been done.

In the previous chapters, we have demonstrated that molecular interactions, including

hydrogen bonding, host-guest chemistry, and solvation interactions, can significantly improve

the performance of resistance-based chemical sensors. We are interested in learning how these

molecular interactions can affect the performance of organic electronics.

We are interested in polythiophenes, whose synthesis,"] structure, and electronic

properties ' have been extensively investigated. Organic photovoltaic devices based on

polythiophenes have been extensively explored, and the most widely studied donor-acceptor

pair is poly(3-hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl ester (PCBM)

(Scheme 5.1).14-16

- 124 -



P3HT PCBM

Scheme 5.1. Structures of P3HT and PCBM.

In this chapter, we synthesized several hexafluoroisopropanol (HFIP)-containing

polythiophenes, and utilized them to study the effect of hydrogen bonding on charge transfer

processes and morphological phenomena. The fluorescence quenching interactions between

these polymers and PCBM indicated that the hydrogen bonding can facilitate the charge

transfer processes from the polymers to PCBM. The XRD data of the polymers and their

mixtures with PCBM demonstrated that the HFIP substitution prevented clean phase separation

between the polythiophene and the PCBM.

5.2 Synthesis of Monomers

The polymers of interest are the HFIP-functionalized polythiophenes. As discussed in

previous chapters, the HFIP group has very strong hydrogen bond acidity17 '18 and tends to

interact strongly with PCBM. Scheme 5.2 summarizes the structures of the monomers used in

this chapter. In monomer 1, the HFIP group was directly connected to the thiophene, while in

monomer 2 the HFIP group was connected to the thiophene via a C6 chain. In order to achieve
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high solubility of the polymers in organic solvents, copolymers with 3-hexylthiophene 3 were

made.

HO CF3CF3
HO CF3

CF 3

S /\ s
\/ s \//

S S

1 2 3

Scheme 5.2. Structures of monomers.

The synthesis of monomer 2 is summarized in Scheme 5.3. 5-bromo-1-pentene 4

readily reacted with magnesium to yield corresponding Grignard compound. The intermediate

then underwent nickel catalyzed Grignard coupling with 3-bromothiophene in the presence of

0.1 mol % [1,3-bis(diphenylphosphino)propane]Ni(II) chloride (NiDPPPCl2) as catalyst in

refluxing ether, leading to the 3-(4-pentenyl)thiophene 5. Olefin cross-metathesis between

precursor 5 and a HFIP substituted terminal olefin with Grubbs' second generation ruthenium

catalyst,19,20 and subsequent reduction with H2/Pd proceeded to give monomer 2, with a

pendant HFIP group, in good yield (65 %). The synthesis of monomer 1 was discussed in

Chapter 1 and monomer 3 is commercially available.
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HO CF3  
HO '

1) Mg, Et20 CF3 10 eq
reflux, overnight

2) 3-bromothiophene 1) Grubbs 2nd gen
NiDPPPC 2, 24 h DCM, 40 *C, 24 h,

Br / \ 2) H2 / Pd

89% S 65% S

4 5 2

Scheme 5.3. Synthesis of monomer 2.

5.3 Synthesis of Polymers

The synthesis of copolymer P1 is summarized in Scheme 5.4. We used anhydrous

chloroform and 4 equivalents of the iron chloride catalyst to maintain maximum catalytic

activity during the polymer synthesis. In order to achieve high molecular weights, we

fractionated the polymer by sequentially precipitating it in solvent mixtures containing

increasing amounts of a 'good' solvent, i.e. hexane, hexane/ethyl acetate (16:1) and

hexane/ethyl acetate (6:1). In this way, we produced a random co-polymer of HFIP monomer

1 and 3-hexylthiophene monomer 3 of number average molecular weights as high as 109,700.

Using a similar method, we synthesized a random co-polymer of HFIP monomer 2 and 3-

hexylthiophene monomer 3 to study the effect of the position of the HFIP group (Scheme 5.5).

In this case, we were able to produce polymers with a number average molecular weight of

76,000.
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P13

Scheme 5.4. Synthesis of polymer P1.

-CF3

1:1

FeCl3, 3 equiv.,
CHCl 3, r.t., 24h

63%

CF 3
A-CF

3

m:n = 1:1 \-
Mn = 76 K, PDI = 3.9

P2

Scheme 5.5. Synthesis of polymer P2.

5.4 Photophysical Characterizations

The photophysical properties of P1 and P2 were characterized and the results are

summarized in Figure 5.1 and Table 5.1. The data of P3HT are also listed for comparison.

From the data, we find that the presence of the functionalized HFIP groups results in no major

perturbation to the photophysical properties of the polythiophenes, including the shape of the
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absorption and emission spectra, extinction coefficients, quantum yields and fluorescence

lifetimes. The only change is the blue-shifted absorption and emission maxima of polymers P1

and P2 compared to P3HT. This effect may be attributed to the electron-withdrawing

properties of the HFIP functional group that increases the band gap of the conjugated system.

Given the fact that the molecular weight of P1 and P2 are significantly larger than that of

P3HT, the blue shift may be also attributed to the regio-random structures of P1 and P2 that

might cause a minor twist to the conjugated back bones of polythiophenes.

Table 5.1. Photophysical Data of Polymers P1, P2 and P3HT.a

Polymers Mn (PDI) Absorption Emission Extinction Quantum Lifetime
maxima maxima coefficients b yield '

(nm) (nm) (103 M- Icm- ) (ns)
P1 109(4.4) 430 558 5.4 31 % 0.60

P2 76 (3.9) 434 558 5.2 35 % 0.58

P3HT 24(1.5) 451 571 5.3 33% 0.66
a The absorption and emission spectra, extinction coefficients, quantum yields and lifetimes

bwere all measured in anhydrous toluene solution. Extinction coefficients were calculated
based on each thiophene ring on the polymer backbone as a monomer. C Fluorescence
quantum yields were achieved by comparison with fluorescein in 0.1 N NaOH as a standard.
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Figure 5.1. Absorption and fluorescence spectra of P1 (top left), P2 (top right) and P3HT

(bottom right) in anhydrous toluene.
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5.5 Solution Fluorescence Quenching Studies

Herein we explored the fluorescence quenching of the polymers in dilute solution to

understand the interaction between the functionalized polythiophenes and PCBM on a

molecular level. Anhydrous toluene was used as the solvent, and was bubbled with argon for

30 min before use.

The fluorescence quenching properties were investigated by measuring the fluorescence

intensity changes of the polymer solutions with the addition of PCBM. PCBM was dissolved

in a polymer solution with the same concentration as the initial solution, so that the polymer

concentration remained constant throughout the experiment. Figure 5.2 shows typical

fluorescence spectra of P1 with the addition of increasing amount of PCBM. Similar data were

obtained for P2 and P3HT. No new emission bands were observed with these three polymers

during the quenching studies.

Wavelength (nm)

Figure 5.2. Fluorescence of P1 solution (1.2 x 10~5 M) quenched by PCBM. [PCBM] =0 -

7.7 x10~5M (from top to bottom).
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Representative UV-Vis absorption spectra of the polymer P1, PCBM and the mixed

solution are shown in Figure 5.3. Apparently, there is a competitive absorption of PCBM at

the excitation and emission wavelengths of P1. To account for this effect, the measured

fluorescence was corrected by equation (1).21

Fz- x 1-e-ci e ' 1C 11±C+ C2_2_ 3 C2
=e. xsC 1l 1 - e-"Ic1C+--2C2 ) - e- -3c2l

In this equation, Fem, denotes the experimental fluorescence intensity, F demotes the corrected

fluorescence intensity, C1 is the molar concentration of polythiophene, C 2 is the molar

concentrations of PCBM, E, is the molar extinction coefficient of a polythiophene at its

excitation wavelength (451 nm for P3HT), E2 is the molar extinction coefficient of PCBM at

the excitation wavelength of the polymer (451 nm for P3HT), £3 is the molar extinction

coefficient of PCBM at the emission maxima of the polymer (471 nm for P3HT), and / is the

thickness of the cell.

-PCBM
-P1 +PCBM

0

0.

300 400 500 600
Wavelength (nm)

Figure 5.3. Absorption spectra of toluene solutions of P1 (1.2 x 10-5 M, blue), PCBM (1.7 x

10-5 M, black) and P1 (1.2 x 105 M, blue) / PCBM (1.7 x 10-5 M, black) mixture.
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Figure 5.4 shows the relative changes of the corrected fluorescence intensities of P1 as

a function of PCBM concentration. The change in the lifetime of P1 is shown in red. Both the

relative fluorescence intensity change and the lifetime changes have a linear relationship with

the PCBM concentration. The fact that the fluorescence intensity and lifetime have different

slopes indicates that the quenching process is a combined process of dynamic quenching and

static quenching.22  Since dynamic quenching is due to diffusive collisions between the

photoluminescence emitter and the quencher, the lifetime will change in the same fashion as

the fluorescence intensity. In contrast, since static quenching occurs through the formation of a

ground state complex, the lifetime of the polymer is not affected.

1.3

1.2

L*

1.1

1.0

0 20 40 60 80
[PCBM] (pam)

Figure 5.4. Stern-Volmer plots of P1 in anhydrous toluene in response to PCBM: Fo/F (black

solid square), ro/r (red hollow square), fitting of experimental data to equations (3) and (4)

with KD and Ks determined to be 1.2 x 103M- and 2.2 x 103 M 1, respectively.
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The quenching effect can be quantitatively described by Stern-Volmer equation (2).22

F =(1+K[Q])(1+Ks[Q]) 
(2)

F

In this equation, Fo and F are the fluorescence intensities in the absence and presence of

quencher Q, respectively. KD is the dynamic quenching constant, Ks is the static quenching

constant and [Q] is the quencher concentration. At low quencher concentrations, equation (2)

can be simplified into a linear equation (3).

F
F-1 =+(KD +Ks)[Q] (3)

The value for (KD + Ks) can be obtained as the slope of the Stern-Volmer plot, while the

dynamic quenching constant KD can be determined by lifetime measurements:

= KD[Q] (4)

where ro and r are the lifetime of polymers in the absence and presence of quencher Q,

respectively.

By fitting the quenching data of P1 with equations (3) and (4), KD and Ks were

determined to be 1.2 x 103 M~1 and 2.2 x 103 M-1, respectively. Large dynamic quenching

23constants have also been observed with a poly(phenylvinylene) quenched by PCBM, and can

be explained based on the efficient exciton diffusion that occurs in conjugated polmers.

Given the hydrogen bonding acidity of the HFIP group, the large value of static quenching

constant can be attributed to the closely associated hydrogen bond complex between the HFIP

functionalized P1 and the PCBM. The enhancement of fluorescence quenching, induced by

specific chemical bindings, has been conceptualized as a "molecular wire" effect, which finds

widespread applications in fluorescence based chemical sensing.25 ,2 6
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Interestingly, the same quenching experiment of P1 was repeated using 1%

tetrahydrofuran in anhydrous toluene as a solvent, and remarkably different results were

obtained (Figure 5.5). We observed a comparable KD value (1.3 x 103 M-) but a largely

decreased Ks value (1.2 x 103 M-'). The decrease in static quenching constant can be attributed

to the fact that tetrahydrofuran, a very strong hydrogen bond acceptor, binds strongly with the

HFIP group and hinders the formation of a complex between HFIP and PCBM.

1.3 . .

1.2

U.

1.1-

1.0

0 20 40 60 80
[PCBM] (sm)

Figure 5.5. Stern-Volmer plots of P1 in anhydrous toluene in response to PCBM: Fo/F (black

solid diamond), ro/r (red hollow diamond), fitting of experimental data to equations (3) and (4)

with KD and Ks determined to be 1.3 x 103 M- 1 and 1.2 x 10' M-1 , respectively.

Quenching experiments with P2 and P3HT were performed both in anhydrous toluene

and in 1% tetrahydrofuran/toluene solvents, and the results are summarized in Figures 5.6-5.7

and Table 5.2. Similar to P1, the presence of tetrahydrofuran decreased the static quenching

constant of P2, but did not influence the quenching behavior of the P3HT-PCBM system. The
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fact that P3HT experiments yielded almost the same the slope for fluorescence changes and

lifetime changes indicates that the quenching of P3HT is dynamic in nature.

1.2

L* 1.1

1.0

0 20 40 60 80
[PCBM] (4m)

0 20 40 60 80
[PCBM] (pm)

Figure 5.6. Stern-Volmer plots of P2 in anhydrous toluene (left) and in 1%

tetrahydrofuran/toluene (right) in response to PCBM: Fo/F (black labels), ro/r (red labels).

1.2

1.0

1.2

IL.

to' .

0 20 40 60 80 0 20 40 60 80
{PCBM] (pm) [PCBM] (Pm)

Figure 5.7. Stern-Volmer plots of P3HT in anhydrous toluene (left) and in 1%

tetrahydrofuran/toluene (right) in response to PCBM: Fo/F (black labels), ro/z (red labels).
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Table 5.2. Quenching Constant Data of polymers P1, P2 and P3HT.a

Polymers In Anhydrous Toluene In 1% Tetrahydrofuran/Toluene

Ks+KD Ks KD Ks+KD Ks KD
(103M I) (103M 1) (103M-1) (10IM-1) (103M-1) (10IM-1)

P1 3.4 2.2 1.2 2.4 0.9 1.5

P2 2.8 1.4 1.4 1.8 0.3 1.5

P3HT 1.9 0 1.9 1.9 0 1.9
a All dynamic quenching constants were determined by fitting the experimental data of
the lifetime changes to equation (4). All static quenching constants were determined by
fitting the experimental data of the fluorescence intensity changes to equation (3) and by
subtracting the dynamic quenching constants.

As shown in Table 5.2, the HFIP functionalized polythiophenes generally have smaller

dynamic quenching constants than P3HT. Considering the electron-withdrawing properties of

the HFIP group, it is likely that the energy levels of the HFIP-containing polymers are less

favorable for charge-transfer to the PCBM than that of P3HT. Another possible reason,

especially in the case of P2 where the HFIP is not directly connected to the conjugated

backbone, is that the bulky HFIP group may hinder the collisions of PCBM with the

polythiophene backbone. However, these HFIP-polymers still have larger total quenching

constants than P3HT in anhydrous toluene due to the contribution of hydrogen bonding-

induced static quenching.

5.6 Crystallinity of the Polymers

The crystallinity of the polymers was investigated by X-ray Diffraction (XRD). Figure

5.8 shows the XRD data of P3HT after annealing in vacuum at 140' C for 1 hour. A typical

lamellar structure (diayer = 16.3 A) is observed with these samples.14 The two new sharp peaks
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that appeared at 16 and 200 (20) in the polymer/PCBM mixtures are assigned to the PCBM

phase.

P3HT
L

0

0 5 10 15 20 25 30 35 40

20

Figure 5.8. XRD patterns of P3HT in pure form and with PCBM (1:1 by weight), after

annealing in vacuum at 140 'C for 1 hour.

As shown in Figure 5.9, P1 and P2 have less ordered structures than region-regular

P3HT. The direct functionalization of the HFIP on the polythiophene backbone creates an

amorphous material of P1. P2, with pendant HFIP groups, has an ordered structure with a

sharp peak at d = 11.0 A. This peak can be explained by a layered structure with

interpenetrating chains. However, this order is completely lost in the 1:1 composition with

PCBM. This suggests that the binding of the HFIP group leads to a homogenous dispersion of

the polymer and PCBM. It appears that the interaction of the HFIP group with PCBM prevents

phase separation.
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P1/PcBM P2/PCBM

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

20 20

Figure 5.9. XRD patterns of P1 and P2 in pure form and with PCBM (1:1 by weight), after

annealing in vacuum at 140 0C for 1 hour.

5.7 Conclusions

Several HFIP-containing polythiophenes have been designed and synthesized. Their

photophysical properties and the fluorescence quenching phenomena have been systematically

investigated. An interesting enhancement of the energy transfer constants was observed with

these polymers, and was demonstrated to result from the strong hydrogen bonding between the

HFIP group and PCBM. The XRD data of the polymers and their mixtures with PCBM

demonstrated that the HFIP substitution prevents clean phase separation between the

polythiophene and the PCBM. These results together proved the power of molecular

interactions in changing the donor-acceptor interactions and in controlling the polymer

morphology. Our future plans are to use this effect to create controlled interfaces between

P3HT and PCBM by blending HFIP-containing polythiophenes with P3HT. In this way, we

have the potential to control the morphology and also facilitate the charge separation processes

in our systems.
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5.8 Experimental Section

Materials.

All chemicals were of reagent grade from Sigma-Aldrich, Alfa Aesar or Acros and used

as received. All solvents were of spectroscopic grade unless otherwise noted. Anhydrous

tetrahydrofuran and toluene were obtained from J. T. Baker and purified by passing through a

Glasscontour dry solvent system.

General Methods and Instrumentation.

All synthetic manipulations were carried out under an argon atmosphere using standard

Schlenk techniques unless otherwise noted. Glassware was oven-baked and cooled under N2

atmosphere. 'H NMR spectra were recorded on a Varian Mercury-300 MHz or a Varian

Unity-500 MHz instrument. Polymer molecular weights were determined by gel permeation

chromatography using an HP series 1100 GPC system running at a flow rate at 1.0 mL/min in

THF and a diode detector. The molecular weights are reported relative the polystyrene

standards purchased from Polysciences. UV-vis spectra were recorded with an Agilent 8453

diode-array or Cary 50 UV-vis spectrophotometer, corrected for baseline with a solvent-filled

cuvette. Emission spectra were acquired on a SPEX Fluorolog-t3 fluorometer. The spectra in

solution were obtained at room temperature using a quartz cuvette with a path length of 1 cm at

right angle detection. The absorbance of all samples used for fluorescence studies were equal

to or below 0.1. Lifetime experiments were performed using a SPEX MF2 Multi-Frequency

Fluorometer equipped with a 365 nm LED. Time decay of fluorescence was determined by a

phase-modulation method, using frequencies between 10 and 250 MHz. Lifetimes were

calculated relative to POPOP in ethanol, which has a lifetime of 1.35 ns. X-ray data were
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collected using an Inel CPS 120 position sensitive detector using an XRG 3000 generator (Cu

Ka)

Synthesis of Compound 5.

Into a 25 mL three-neck flask was added magnesium turnings (0.79 g, 33 mmol)

followed by sequentially vacuuming and refilling with argon for three times. 3 mL ether was

then added to the flask via syringe. 4-pentenyl bromide 4 in 10 mL ether was then added

dropwisely to the reaction mixture with an addition funnel. After refluxing overnight, the

reaction mixture was then transferred via cannula to a second addition funnel, and added

dropwisely to a mixture of NiDPPPCl 2 (15 mg, 0.1 mol % ) and 3-bromothiophene (2.3 mL, 25

mmol) in 10 mL ether under argon at 0 "C over 1 h. After refluxing for 24 h, the reaction

mixture was cooled down to room temperature and was hydrolyzed by 10 mL 1 N HCl and 30

mL ice water. The mixture was then extracted with ether for 3 times. The combined organic

phases was then washed to neutrality, and dried over MgSO 4. After removal of the solvent, the

crude product was purified by column chromatography (hexane) to yield 3.4 g (89 %) of a

colorless liquid. 'H NMR (300 MHz, CD2Cl 2): 6 7.26 (dd, 1 H, J = 3, 5), 6.97 (d, 1 H, J = 5),

6.96 (d, 1 H, J = 3), 5.85 (in, 1 H), 5.06 (m, 1 H), 5.00 (m, 1 H), 2.65 (t, 2 H, J = 7), 2.11 (in, 2

H), 1.72 (m, 2 H).

Synthesis of Compound 2.

Into a 25 mL Schlenk flask was added compound 5 (0.38 g, 2.5 mmol) and 0.01 g (0.01

mmol) of Grubbs' second generation ruthenium catalyst followed by sequentially vacuuming

and refilling with argon for three times. A solution of 1,1,1-trifluoro-2-(trifluoromethyl)-pent-
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4-en-2-ol (5 g, 24 mmol) in 5 mL dichloromethane was added to the flask via syringe. The

reaction mixture was heated to 40 *C for 24 h. After cooling to room temperature, the solvent

was removed and the crude product was separated with column chromatography (hexane :

dichloromethane = 2 : 1). The compound with RF of 0.3 was collected. Removal of the

solvent yielded 0.62 g of a colorless liquid. The liquid was dissolved in ethanol and then

subjected hydrogenation with Pd as catalyst (0.1 g of 10% Pd on carbon) at 40 PSI overnight.

The reaction mixture was filtered through of a pad of celite. After removal of the solvent, the

crude product was purified with column chromatography (hexane : dichloromethane = 2 : 1)

and yielded 0.54 g (65 %) of a colorless liquid. 'H NMR (300 MHz, CD 2Cl 2): 6 7.25 (dd, 1 H,

J = 3, 5), 6.96 (d, 1 H, J = 5), 6.94 (d, 1 H, J = 3), 2.99 (s, 1 H), 2.63 (t, 2 H, J = 7), 1.94 (t, 2 H,

J = 8), 1.62 (in, 2 H), 1.42-1.26 (in, 2 H). 19F NMR (282 MHz, CD 2C12): & -77.32.

Synthesis of Polymer P1

To a 25 mL round-bottom flask with anhydrous iron trichloride (0.13 g, 0.8 mmol) in

chloroform (15 mL) was added monomer 1 (41 mg, 0.1 mmol) and monomer 3 (17 mg, 0.1

mmol) in a chloroform solution (1 mL). The mixture was sonicated for 2 h, and then stirred at

room temperature for 24 h. It was then diluted with tetrahydrofuran (100 mL), reduced with

sodium thiosulphate (0.5 g), then washed sequentially with water (100 mL), 0.1 M hydrazine

aqueous solution (100 mL), water (100 mL), brine (100 mL), dried over MgSO4, filtered with

a 0.2 g m PTFE filter and evaporated to 10 mL under reduced pressure. The polymer solution

was then precipitated into 60 mL of hexane. The precipitate was isolated by centrifugation and

decantation of the liquid. The precipitate was dissolved in tetrahydrofuran (10 mL) and

precipitated into hexane/ethyl acetate (16:1, 60 mL in total). The precipitate was isolated by
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centrifugation and decantation of the liquid. The precipitate was dissolved in tetrahydrofuran

(10 mL) and precipitated into hexane/ethyl acetate (6:1, 60 mL in total). The material was

dried under vacuum to yield an dark-red solid (31 mg, 54 %). According to gel-permeation

chromatography (with tetrahydrofuran as eluent and with polystyrene standards), polymer P1

has a number average molecular weight (Mn) = 109.7 K and a polydispersity index (PDI) = 4.4.

'H NMR (300 MHz, THF) 5: 7.69 (1 H), 7.34 (2 H), 7.25 (2 H), 7.20 (1 H), 7.09 (1 H), 2.85

(2 H), 1.77 (2 H), 1.47 (2 H), 1.35 (2 H), 0.92 (3H). 19F NMR (282 MHz, THF) 8: -76.36.

Synthesis of Polymer P2

To a 50 mL round-bottom flask with anhydrous iron trichloride (0.19 g, 1.2 mmol) in

chloroform (20 mL) was added monomer 2 (67 mg, 0.2 mmol) and monomer 3 (34 mg, 0.2

mmol) in a chloroform solution (2 mL). The mixture was sonicated for 2 h, and then stirred at

room temperature for 24 h. It was then diluted with tetrahydrofuran (100 mL), reduced with

sodium thiosulphate (0.5 g), then washed sequentially with water (100 mL), 0.1 M hydrazine

aqueous solution (100 mL), water (100 mL), brine (100 mL), dried over MgSO4, filtered with

a 0.2 g m PTFE filter and evaporated to 10 mL under reduced pressure. The polymer solution

was then precipitated into 60 mL of hexane. The precipitate was isolated by centriftigation and

decantation of the liquid. The precipitate was dissolved in tetrahydrofuran (10 mL) and

precipitated into hexane/ethyl acetate (16:1, 60 mL in total). The precipitate was isolated by

centrifugation and decantation of the liquid. The precipitate was dissolved in tetrahydrofuran

(10 mL) and precipitated into hexane/ethyl acetate (6:1, 60 mL in total). The material was

dried under vacuum to yield a black solid (65 mg, 63 %). According to gel-permeation

chromatography (with tetrahydrofuran as eluent and with polystyrene standards), polymer P2
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IH NMR (300 MHz, THF) 8: 6.99 (2 H), 2.97-2.42 (4 H),

1.93 (2 H), 1.80-1.62 (4 H), 1.62-1.07 (13 H), 0.91 (3H). 19F NMR (282 MHz, CDC13) 6: -

77.04.
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Appendix 1

NMR Spectra for Chapter 2
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Appendix 2

NMR Spectra for Chapter 3
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Appendix 3

NMR Spectra for Chapter 5
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