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Topographical and adhesive force measurements were acquired simultaneously on single-walled carbon
nanotube (SWNT) paper using chemically modified atomic force microscopy probe tips. Gold-coated
cantilever probe tips were chemically modified with a serieswe$ubstituted alkanethiols grara-
substituted arylthiols. The observed adhesion forces were highly dependent on the contact area between
the tip and paper, the type of thiol (alkane versus aryl), and the identity of the terminal group. The
adhesion force per molecule interacting with the sidewall of single-walled carbon nanotubes was elucidated
after correcting for variations in tip shape and sample topology.

Introduction not desired (i.e., the nanotubes serve strictly as a reinforcing
i_agent).

Research is ongoing to find ways to disperse nanotubes
without covalent modificatioA’ *® If polymers can be
tailored to enhance the dispersal of the nanotubes and not
sacrifice their conductive properties, viable composites for
space applications will become a reality. To date, only a few
theoretical and experimental studies have been reported on
the chemical and physical interactions at the nanotube/
‘polymer interfacé? 18 In our view, a better understanding
é)f the interfacial chemistry between carbon nanotubes and
polymeric materials will aid in the dispersal of nanotubes
into polymer composites and yield materials that have

uniformly distributed electrical and mechanical properties.

Carbon nanotubes possess a unique combination of electr
cal, thermal, and mechanical propertiéthat has prompted
a global investigation of their use in polymeric composites.
If reliable methods for aligning and distributing the nanotubes
in a polymer matrix can be found, an unprecedented
lightweight, high-strength, and thermally and electrically
conductive material will result. With present composite
fabrication methods, nanotube aggregation is commonplace
leading to composites with less than optimal properties and
unacceptable defect densities. Current techniques applicabl
for studying the dispersion of nanotubes within the composite
are scanning electron microscopy and magnetic force mi-
croscopy®

To increase dispersal of nanotubes in the polymer by () Eitan, A.; Jiang, K.; Dukes, D.; Andrews, R.; Schadler, LC&em.
reducing aggregation, researchers have chemically modified _ Mater. 2003 15, 3198-3201. _
the nanotubes. While the dispersion of the tubes has been (7 Boul P- 3. Liu, J.; Mickelson, E. T.; Huffman, C. B, Ericson, L. M.,

Chiang, I. W.; Smith, K. A.; Colbert, D. T.; Hauge, R. H.; Margrave,
enhanced using this approach, the electrical conductivity has
been significantly reduced® Chemical modification results
in a change in the hybridization of the carbon in the nanotube
from sp to sp, resulting in a significant reduction in the
electron transport properties of the nanotube. Composites
made with chemically modified nanotubes would thus be
appropriate for applications where electrical conductivity is
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Chemical force microscopy (CFM) is an extremely
versatile technique for examining interfacial interactions
between two chemically modified surfac€sVith chemical
modification of an AFM cantilever tip and use of it to probe
the sidewalls of SWNTSs, the interfacial interactions between
the sidewall of a nanotube and the chemical moieties that

comprise the backbone and side chains of polymers com-
monly used in composites can be measured. We have

previously reported on the suitability of CFM for investigat-
ing the interfacial chemistry of SWNT pap®&?! In this
report, we build upon our preliminary results and present a
thorough and systematic investigation of the interfacial

Poggi et al.

Scanning electron micrographs were obtained on an Hitachi
S-5200 high-resolution scanning electron microscope. Samples were
mounted on aluminum stubs using graphite paste. Images were
acquired at an accelerating voltage of 1.0 eV.

Methods. A thin film of gold was evaporated onto both sides of
the cantilevers to enable chemical functionalization of the probe
tip by self-assembly of alkane- or arylthiols. To prepare chemically
modified probe tips, cantilevers were first cleaned in “piranha
solution”, thoroughly rinsed in ethanol, and then placed into a 1
mM solution of the desired thiol dissolved in filtered absolute
ethanol or filtered hexane (Sigma-Aldrich) for a period ef23! h.

All of the alkane- and benzenethiols used herein are known to form
well-ordered monolayer®. Upon removal of the cantilever from

interactions between SWNT paper and gold-coated cantileverthe self-assembling thiol solution, the cantilever was thoroughly

probe tips chemically modified with a serieswfsubstituted
alkanethiols angbara-substituted benzenethiols.

Experimental Section

Materials. All experiments were carried out on purified SWNT
paper obtained from the Advanced Materials and Processing Branch
NASA Langley Research Center. This paper was prepared accordin
to Liu's method?? The following alkanethiols were used as received
from the supplier: 11-amino-undecanethiol (Dojindo Chemicals),
1H,1H,2H,2H-perfluorodecane-1-thiol (FluroFlash), 11-dodecaneth
iol, 11-mercaptoundecanoic acid, and 1,6-hexanedithiol (Sigma-
Aldrich). The following alkanethiols were synthesized according
to literature methods: bis(11-hydroxyundecyl)disulfiland 11-
undecenethict* The purity of these two materials was verified by
mass spectrometry and bdth and*3C nuclear magnetic resonance
spectroscopy. The followingara-substituted benzenethiols were
used as received from the supplier: 4-mercaptobenzonitrile (Apin
Chemicals Ltd.), 4-bromobenzenethiol, 4-methylbenzenethiol, 4-ni-
trobenzenethiol, benzenethiol, 4-methoxybenzenethiol, 4-fluoroben-
zenethiol, 4-mercaptophenol, and 4-amino-benzenethiol (Sigma-
Aldrich). The cantilevers (NSC 12) were obtained from MikroMasch.

Instrumentation. AFM-based adhesion measurements were
carried out with a Nanoscope llla Extended MultiMode llla
scanning probe microscope (Veeco Metrology) operated in “Force
Volume” mode. All piezoelectric scanners were calibrated, iy,
andz with NIST-certified calibration gratings (MikroMasch). Force

rinsed in the same solvent used to prepare the thiol solution, dried
in vacuo, and then stored under nitrogen until ¥se.

Adhesion measurements were made in “force volume mode”
using the relative triggering option. (Readers desiring a more
detailed description of force volume imaging are referred to the
Veeco Metrology application note entitled “Applications of Force

Volume Imaging with Atomic Force Microscopes”.) Force and
gtopographic images were acquired using a580 nm scan domain

at 256 pixels per image. The same loading rate was used in all
force spectroscopic measurements (200 nN/s, scanuelocity

= 400 nm/s). Force volume images were acquired at a minimum
of 10 randomly chosen locations on the SWNT paper for each
chemically modified tip. Cantilever deflection versus scanner/sample
position data was extracted from the NanoScope llla data file and
imported into a Microsoft Excel spreadsheet using a data extraction
program written in Visual Basic based on the one reported by Eaton
et al31-32Macros written in Excel converted individual force curves
from deflection vs point number to force vs separation format and
calculated the force at maximum tip deflection (i.e., adhesion force).
Adhesion forces were mapped relative to the position of the tip
over the SWNT paper.

Results and Discussion

The single-walled nanotube paper used herein was pre-
pared by Prof. Richard E. Smalley’s group at Rice University

constants for the cantilevers were acquired via the thermal resonancéccording to their previously reported mettfédhe paper

method®26 using the Signal Access Module (Veeco Metrology) consisted of single-walled nanotube ropes and bundles of
and a Model SR785 Dynamic Signal Analyzer (Stanford Research ropes. Figure 1 depicts scanning electron microscope (SEM)
Systems). Force constants ranged from 0.7 to 1.2 N/m. The tip images of the paper and verifies the presence of a high
radius of each cantilever was determined using tip-deconvolution nymber of tubes and bundles per unit area. Prior to force

software (SPIP by Image Metrology). All experiments were

performed under a custom-built nitrogen atmosphere to reduce the

relative humidity to less than 2%:.28

(19) Noy, A.; Vezenov, D. V.; Lieber, C. MAnnu. Re. Mater. Sci.1997,
27, 381-421.

(20) Bottomley, L. A.; Poggi, M. A,; Lillehei, P. TProc.—Electrochem.
Soc.2003 2003-15, 297—304.

(21) Poggi, M. A.; Bottomley, L. A.; Lillehei, P. TNano Lett.2004 4,
61—64.

(22) Liu, J.; Rinzler, A. G.; Dai, H.; Hafner, J. H.; Bradley, R. K.; Boul,
P. J.; Lu, A.; Iverson, T.; Shelimov, K.; Huffman, C. B.; Rodriguez-
Macias, F.; Shon, Y.-S.; Lee, T. R.; Colbert, D. T.; Smalley, R. E.
Science (Washington, DAP98 280, 1253-1256.

(23) Bottomley, L. A.; Jones, J. A.; Ding, Y.; Allison, D. P.; Thundat, T.;
Warmack, R. JSPIE Proc. Biomed. Opt. So&993 1891, 48—55.
(24) Bain, C. D.; Troughton, E. B.; Tao, Y. T.; Evall, J.; Whitesides, G.

M.; Nuzzo, R. G.J. Am. Chem. S0d.989 111, 321—335.

(25) Butt, H.-J.; Jaschke, MNanotechnologyl995 6, 1—7.

(26) Hutter, J. L.; Bechhoefer, Rev. Sci. Instru.1993 64, 1868-1873.

(27) Patton, S. T.; Eapen, K. C.; Zabinski, JT&bol. Int. 2001, 34, 481~
491.

(28) Willing, G. A.; Neuman, R. DLangmuir2002 18, 8370-8374.

volume imaging, the SWNT paper was imaged in Tapping
Mode using an uncoated cantilever to locate areas on the
paper that possessed a high density of tubes/bundles per unit
area. A typical image is depicted in Figure 2. This image
reveals the presence of individual nanotubes as well as
nanotube ensembles (intertwined tubes, bundles, and rib-
bons). Once areas with a high number of individual nano-
tubes were located, the chemically modified cantilever was
mounted into the AFM and force volume measurements were
performed.
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50 nm
0 nm
0 nm
50 nm
Figure 1. Scanning electron micrographs of SWNT paper prepared by the Cc.
HiPco process at low (a) and high (b) magnification.
150 nm
75 nm Figure 3. (a) Highly pixelated topographical image acquired in force

volume mode using a cantilever tip modified with a hydroxyl-terminated

alkanethiol (50 nmx 50 nm scan size). (b) Fore&zolume image acquired

simultaneously with the topographical image. (c) Adhesion map generated

_ 0nm from the individual force curves measured at each pixel in the image. The
contrast in the adhesion map is blue represents an adhesive force from 0 to

Figure 2. Tapping Mode AFM image of SWNT paper. Image domain is 4 nN, maroon 48 nN, and yellow 812 nN.

lum x 1um.

Adhesion Mapping of SWNT Paper. Figure 3a is a Figure 4a is a histogram plot of the adhesion force at
topographical image acquired in force volume mode at higher rupture of the hydroxyl-terminated alkanethiol-modified
magnification with a cantilever derivatized with a hydroxyl- cantilever during force volume imaging of the SWNT paper.
terminated thiol. Figure 3b is the force volume image A bimodal distribution of the forces, one band centered at 5
acquired in parallel with the topographical image. Each pixel nN and the other at 12 nN, is present in the data. Histograms
corresponds to an individual force measurement. Ferce summarizing the adhesion forces obtained during force
separation curves were extracted from force volume imagesvolume imaging with other alkanethiols are also presented
and from these adhesion forces were calculated from thein Figure 4. For these, mono-, bi-, or trimodal distributions
point of maximum cantilever deflection. Figure 3c depicts a of forces are obtained. The average rupture force (and
mapping of the adhesion force relative to the position of the standard deviation) was determined for each thiol; the data
tip over the nanotube paper. The figure was generated byare presented in the first two columns of Table 1. Adhesive
point-by-point multiplication of the spring constant of the interactions ranged from 55 3.4 to 11.7+ 5.6 nN for the
cantilever multiplied by the cantilever's maximal deflection. perfluoro- and amino-terminated alkanethiols, respectively.
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Figure 4. Histograms showing the distribution of forces required to detach a chemically modified cantilever tip from the SWNT paper. The tips were
chemically modified with the following series af-substituted alkanethiols: (a) 11-hydroxy-undecanethiol, (b) 11-dodecanethiol, (c) 11-mercaptoundecanoic
acid, (d) H,1H,2H,2H-perfluorodecane-1-thiol, (e) 11-undecenethiol, (f) 1,6-hexanedithiol, and (g) 11-amino-undecanethiol.

Table 1. Summary of Adhesion Forces between SWNT Paper and Close examination of Figure 3 reveals that a direct

the Cantilever Tip Modified with e-Substituted Alkanethiols correlation exists between the topographic and adhesion force

. average _ no.of adhesion images. The highest adhesion forces were observed in areas

thiol rupture force/radiu8  force forced . . . . w "
end group  force? (NN) (pPN/nm)  curves  (pN/molecule) that are low in the topographical image (in the “valley
—CHs 6.9+ 65 150+ 40 142 7620 between nanotube_s) Wherea§ the _Iowest adhesion _forcx_as were
—SH 6.2+ 3.8 110+ 40 1185 8.2+ 2.6 observed on the highest regions in the topographical image
—perfluioro  55+3.4 120+ 40 863 8.7+ 2.6 : ]
_OH 117489 90+ 20 696 96t 24 (along the backbone of.a nanotube or bundle). Th|s.phen
—C=C 10.0£6.0 180440 943 11.4-2.8 omenon has precedent in adhesidAand force modulation
—COOH 9.3+58  180+40 289 12.2:26 measurementd and is illustrated graphically in Figure 5.
—NH; 11.7£5.6 340+ 60 1029 23.4-4.1

Comparison of topographic and force-volume images for all

aMean force+ std dev computed from 2560 force curves acquired at Al s ; : : :
10 different locations on the SWNT paper surfatEorce per unit radius thiol mOdmeq probes mvgstlgated herein gave equwaflem
+ std dev computed from adhesion forces after parsing the data to excluderesults; the highest adhesion forces occurred at topologically

adhesion measurements from topologically low lying arédsimber of low areas of the paper. This observation explains why the

force curves in the parsed data seRupture force per molecule std dev L . . ;
computed from parsed adhesion force data and the radius of the tip assumindglistribution of forces presented in the histograms of Figure

a perfectly ordered, close-packed monolayer. 4 and the first two columns of Table 1 are so broad.

No clear tre_nd between adhesion force and nature of the thIO|(33) Bar, G.: Rubin, S.: Parikh, A. N.: Swanson, B. | Zawodzinski, T.
end group is apparent. A., Jr.; Whangbo, M. HLangmuir1997, 13, 373-377.



CFM on Single-Walled Carbon Nanotube Paper Chem. Mater., Vol. 17, No. 17, 2[0%3

a. b. depending upon whether the nanotube compresses under the
AFM applied load. If contact of the tip with the nanotube results
Tip in compression of the nanotube and the thiol monolayer, then
the following equation approximates the surface area contact:

2

2 2 2)
\/(rtip )7 = 1y + Ay — 4ryr
Mip = 2Nt

contact areas

1)

“} small Force

wherery, = radius of the cantilever tigynr = the radius of
Figure 5. lllustration of the impact of sample topology on the force of the nanotube, anid= height of thiol. If the nanotube remains

adhesion. (a) High adhesion forces are observed when the tip is in contactuncompressed during contact by the tip but the thiol
with a topographically recessed area (i.e., between nanotubes). (b) Low

adhesion forces are observed when the tip is in contact with a topographi- monolayer is compressed, the following equation describes
cally high area (i.e., along the backbone of a nanotube). Below each the area of contact.
illustration is an idealized force curve.

2 / 2
Forces Corrected for Contact Area. To eliminate the contact area -y Zr“Pt +r @)

contribution of sample topology, the force data were parsed
so that data taken from regions of “low” topography were
discarded and data taken from regions of “high” topography
were retained. The remaining adhesion forces were then
compiled for further analysis. Parsing of the data in this
manner accounts for the role of the SWNT paper’s topology

n de';ermmlng the probe tippaper cor_1tact area; it does not tip onto the sample was computed by multiplying the upward

taks_: Into faccount the shape _Of the tip. o deflection of the cantilever at the point of maximum scanner
Tip rz_idu of each of the cant|l_evers use_d in this sfcudy Were extension multiplied by the spring constant and dividing by

determined after each adhesion mapping experiment. Theyhe contact area. The applied pressure computed from both

cantilever was exposed to oxygen plasma to remove the thio'equations exceeded the known value for monolayer compres-
from the cantilever tip. Then high-resolution (500 mr500 sion3-3 Thus, we conclude that the thiol layer is fully

nm) Tapping Mode images were acquired at eight locations compressed during contact.
on the nanotube paper. These images were then processed poes the nanotube also undergo compression? The cal-
using commercially available tip-deconvolution software cyjated pressure exerted on the substrate using the area from
(SPIP by Image Metrology) to provide a measure of the tip oq 2 was 66 MPa. (Note that the contact area for eq 2 is
radius. smaller than that from eq 1.) In comparison, the reported
A common approach for comparing adhesion force pressure to radially compress a single-walled carbon nano-
measurements is to divide the mean adhesive force by thetube is~1 GPa3* 4! Thus, we conclude that the pressure
radius of the cantilever tigH(r).1*34The force-to-radius ratio  used in these experiments was much too small to buckle or
was determined for each thiol-coated tip by dividing the mean compress the nanotubes but large enough to compress the
adhesion forces from the parsed data set by the radius ofthijol.
the tip. The values obtained as well as the number of force  Next, to correlate the adhesion force with the terminal
curves in the parsed data set is presented in Table 1. Thegroup on the thiol, we used the contact area from eq 2 to
force-to-radius ratio ranged from a low of 90 pN/nm for the compute the number of thiols interacting with the nanotube.
hydroxyl terminus to a high of 340 pN/nm for the amino For this calculation, we assumed a nanotube radius of 0.75
terminus. While this approach accounts for variations in tip nm was in contact with a densely packed, highly ordered
geometry in measured adhesion forces, it does not take intomonolayer with a packing density of 4.65 molecules per
account the number of molecules making contact with the square nanomet¥ér*243and a tilt angle of 30relative to the
nanotube or their compressibility.

To account for compressibility of the nanotubes and/or (35) FSaIEmeron,,l\/ll-g:)gFZoIé:hé 8%2 NZ%linauer, G.; Tomitori, M.; Ogletree, D.
H . Langmuir y .
the thiol m_onOIayer’ We have modeled the contact bGtweer](%) Salmeron, M.; Neubauer, G.; Folch, A.; Tomitori, M.; Ogletree, D.
the chemically modified probe and the nanotube paper F.; Sautet, PLangmuir1993 9, 3600-3611.

i i i ; i (37) Thomas, R. C.; Houston, J. E.; Michalske, T. A.; Crooks, GSéRence
geometrically as a sphere pressing on a cylindrical object. 1993 259 18631885

This model suggests that the contact area is elliptical since(sg) Joyce, S. A.; Thomson, R. C.; Houston, J. E.; Michalske, T. A.; Crooks,

the radius of contact along the longitudinal axis of the (39) g IR-E’fP/i- F;"-é—?“- 1922 28,D27g@27§3j VB R R Kulik
. . . . alvetat, J.-F.; briggs, G. A. D.; bonard, J.-M.; bacsa, R. R.; KUllK,

na_notube is larger than the radius of contact alon_g its radial ™™ A"y Stockii, T.. Burnham, N. A.; Forro, LPhys. Re. Lett. 1999

axis. Two expressions can be written from this model, 82, 944-947.

(40) Srivastava, D.; Menon, M.; Cho, Rhys. Re. Lett.1999 83, 2973~
2976.

(34) Seog, J.; Dean, D.; Plaas, A. H. K.; Wong-Palms, S.; Grodzinsky, A. (41) Wang, Z. L.; Gao, R. P.; Poncharal, P.; de Heer, W. A;; Da, Z. R,;
J.; Ortiz, C.Macromolecule2002 35, 5601-5615. Pan, Z. W.Mater. Sci. Eng. @001, 16, 3—10.

In our experiments, relative triggering was used to limit the
maximum pressure applied by the tip on the paper. Given
the small size of the probe tip, it was not possible to fully
characterize the quality of the alkanethiol monolayer self-
assembled onto it. We assumed a densely packed, highly
ordered monolayer. The maximum pressure exerted by the
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Table 2. Summary of Adhesion Forces between SWNT Paper and 80 -

the Cantilever Tip Modified with para-Substituted Benzenethiols 70

average no. of adhesion 2 60

arylthiol rupture force/radiu8 force forced o ] N
substituent force? (NN) (PN/ nm) curve§  (pN/molecule) g 50 -| "

—CHs 35+20 220+ 60 873 18.9+ 5.6 “:' 40 - OCH, | ¢-F

—NO; 27+21 260+ 60 1735 21.8:5.3 -g 30 -OH

—NH; 35+23 410+ 80 1580 22.6:4.7 2 1 {ar

—Br 42425 230+ 30 649 26.9+ 3.6 2 20 }*‘“z %_cﬂj }-N%

—OH 55+27 550+ 140 1044 32.0: 84

-F 3.9+23 390+ 090 1436 39.5: 8.8 101

—OCHs 41+21 580+ 150 1531 41.5-10.9 0 ; ‘ ; s

—H 44+28 520+ 130 1256 46.8£ 11.8 -1.00 -0.50 0.00 0.50 1.00

—C=N 57+25 660+ 180 1392 56.9t 15.4 c

p

2 Mean force+ std dev computed from 2560 force curves acquired at Figure 6. Plot of the adhesion force per molecule versus the corresponding
10 different locations on the SWNT paper surfatEorce per unit radius Hammett parameter of para-substituted benzenethiol molecule.
=+ std dev computed from adhesion forces after parsing the data to exclude

adhesion measurements from topologically low lying aré&dsimber of . . L .
force curves in the parsed data seRupture force per molecule std dev CompUted adhesion force per arylthlol molecule is given in

computed from parsed adhesion force data and the radius of the tip assumingl able 2. Adhesion forces ranged from 18.9 pN/molecule for
a perfectly ordered, close-packed monolayer. methylbenzenethiol to 56.9 pN/molecule for the cyanoben-

i zenethiol. The trend in the adhesion force per molecule for
surface normet?*®> The adhesion force per molecule was o para-substituted benzenethiols iscC=N > —H >

computed for each thiol from the parsed data set and is aISO—OCI—b > —F>—0H> —Br> —NH, > —~NO, > —CHs.
listed in Table 1. Adhesion forces ranged from 7.6 pN per tpe aghesion forces for the arylthiols are significantly higher
molecule for the methyl-terminated alkanethiol to 23.4 pN 3 those observed for the alkanethiols. This finding
per molecule for the amino-terminated alkanethiol. The latter g,ggests significant interaction between the nanotube and

finding correlates with previous reports of SWNTs having @ ine penzene ring at the point of compression and supports
higher propensity to “stick” on a surface modified with . claim of a compressible monolayer.

amine-terminated moleculé%The affinity of the alkanethiol
decreases in the following order:NH, > —COOH > —C=
C> —-OH > —CRK ~ —SH > —CHs.

Adhesion of Arylthiols to SWNT Paper. Force volume

As a predictive tool, we have attempted to correlate the
observed adhesion force per molecule with a variety of
parameters including the hardnesgy, (onization potenti&t
. I q d usi . hemicall (1), and Hammett constat (o,*) for the benzenethiol
renxcf)oﬁ;il;ndec\tisthwaer56er?e?soogoa?a-iitk?stitﬁfelzggbtelﬂieﬁefr:?gl:: Y substituents. The plot of the adhesion force per molecule

" versus the Hammett constant is depicted in Figure 6. (Note:

Adhesion maps and hlstog_rams of adhe5|o_n forces for ?aChcorrelation of hardness and ionization potential with adhesion
of these are presented in the Supporting Information.

Pertinent results from this set of experiments are listed in force is provided in the Supporting Information.) A somewhat
! u : xper ! " linear relationship is found. Electron-withdrawing substitu-
Table 2. The average rupture force ranged from=2.2.1

AN for para-nitrobenzenethiol to 5.2 2.5 nN for para- ents on the arylthiol display higher adhesive interactions with

the sidewalls of the nanotube compared to electron-donating

cyanobenzenethiol and is smaller than that observed for th.esubstituents. It is interesting to note that Star and co-workers

alkanethiol series. The data were parsed to remove topologl-have recently found a linear relationship between the gate

ga[[lyrlr:(ijnucotlatijndgﬁpers:?]n ar\:dntr:lershaze ofrtige dprot? evtlpfs ;Ntisvoltage modulation of a SWNT-based field-effect transistor
etermine [N€& same manner as described above 101 IN&, 4 1he Hammett substituent constant para-substituted
alkanethiol series. Force-to-radius ratios were computed from

the parsed data and ranged from 220 bN/nm forrhe: benzenes with many of the same substituents as used herein
metrl? Irbsen egeth'ol t(; ego l\:/nm for tp e a;%?)en— for the para-substituted benzenethidiWe suggest that the

yibenz ! PN/ fpeara-cy lack of a linear relationship in Figure 6 may be due to defects
zenethiol. To compute the adhesion force per molecule, we

) ) . .~ in the monolayer, improper assessment of the area per
again assumed a nanotube radius of 0.75 nm in contact with y brop P

. . .~ molecule, or differences in the packing density from one
a densely packed, highly ordered monolayer 0.7 nm in height . S . :
with a packing density of 3.07 molecules/Affs® The arylthiol to another. Similarly, correlation of the adhesion

force for the alkanethiols with the electronegativity of the
terminal group was attempted. No well-defined trend was

(42) Chidsey, C. E. D.; Loiacono, D. Nlangmuir199Q 6, 682—691.

(43) Ulman, A.Chem. Re. 1996 96, 1533-1554. observed.

(44) :’L\JIUZZZSOSYBE)'&SSQ; Dubois, L. H.; Allara, D. L1. Am. Chem. 504990 Our findings demonstrate that the interfacial interactions

(45) Dubois, L. H.; Nuzzo, R. GAnnu. Re. Phys. Cheml992 43, 437— between SWNT paper and terminally substituted hydrocar-
463. . . . . ~ bons can be evaluated with an AFM, provided that one

(46) IF}'ilrJ,;bJé’r; i\?ajﬁ‘”sth“ﬁhfkc,;’f'c“gibgf 'tgrsf_?'sﬁgli?,%?éh":rh?’v” accounts for variations in contact area caused by tip shape
Phys. Lett.1999 303 125-129. and sample topology. In a broader context, our findings

(47) Ruths, M.Langmuir2003 19, 6788-6795.
(48) Nielsen, J. U.; Esplandiu, M. J.; Kolb, D. Mlangmuir 2001, 17,

3454-3459. (51) Parr, R. G.; Pearson, R. G. Am. Chem. Socl983 105 7512
(49) Tao, Y.-T.; Wu, C.-C.; Eu, J.-Y.; Lin, W.-L.; Wu, K.-C.; Chen, C.-h. 7516.

Langmuir1997 13, 4018-4023. (52) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165-195.
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suggest that surface adhesive force measurements based aontact with the modified substrate. The results of these
multiple force curves taken at a single point on the surface experiments and the insights gained from them will be
or based on the interpretation of single-force curves acquiredreported in due course.

at different locations on the surface may be subject to a In conclusion, chemical force microscopy has been used
systematic error resulting from variations in contact area. to probe the local adhesion between substituted alkane- and
Second, surface adhesive force measurements acquired usingrylthiol molecules and the sidewalls of single-walled
multiple force curves acquired at several points on the surfacenanotubes. The results reported herein suggest that polymers
without consideration of the compliance of the surfaces may comprised of aryl groups with electron-withdrawing substit-
also be subject to errors resulting from variations in contact uents should exhibit stronger interfacial interactions with the
area. Contact area assessment requires characterization cfidewalls of carbon nanotubes compared to polymers com-
tip shape, consideration of sample topography, and carefulprised of extended alkyl moieties. Greater interfacial interac-
examination of the compliance of both surfaces. tion should result in reduced nanotube aggregation and

We are continuing in our effort to assess interfacial increased mechanical strength. It is anticipated that the
interactions with the sidewalls of carbon nanotubes. Ferce information presented herein will be of direct utility in
volume imaging experiments under liquid are currently designing polymer/nanotube composite materials with im-
underway to ascertain the role of hydration layers on the tip Proved properties.
and substrate in interfacial adhesion. In another experiment, Acknowledgment. M.A.P. would like to acknowledge

we are bringing a nanotube attached to a tip in contact with support from the NASA Graduate Student Researchers Program

a chemically modified substraté.In this experiment,  (NGT-1-02002). Partial support of this research from NIH
uncertainty in the contact area will be dramatically reduced (Grant EB000767) is gratefully acknowledged.

since the measured adhesive force should be proportional to ) ) _ N _ )
the length of tube in contact with the underlying surface. Supporting Information Available: Additional figures showing

Also, there will be no compression of the nanotube upon NNy pixelated topographical images, histograms, and plot of
adhesion force per molecule (PDF). This material is available free

of charge via the Internet at http://pubs.acs.org.
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