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Abstract: Nano-1, a designed peptide, has been demonstrated to efficiently disperse individual single-
walled carbon nanotubes (SWNTSs) by folding into an amphiphilic a-helix wherein the phenylalanine (Phe)
residues on the hydrophobic face of the helix interact via w-stacking with the aromatic surface of the SWNT.
In this study, the ability of electron-donating (hydroxyl) and electron-withdrawing (nitro) groups on the phenyl
ring of Phe to affect the interactions between the peptide and SWNTSs is examined by substituting the Phe
residues in the nano-1 sequence with tyrosine and p-nitro-phenylalanine, respectively. Atomic force
microscopy measurements and optical absorption spectroscopy revealed that the ability to disperse individual
SWNTSs increases with increasing electron density of the aromatic residue on the hydrophobic face of the
amphiphilic helical peptides. Scanning tunneling spectroscopy (STS) and Raman analyses were used to
examine the effect of noncovalent protein functionalization on the electronic properties of SWNTs. Small
shifts in the Raman G band peak for the peptide/SWNT composites, as well as weak features that appear
near the Fermi energy (&) in the STS d//dV spectra of the peptide-coated SWNTSs, are suggestive of a
weak charge-transfer interaction between the peptides and the SWNTSs.

The unique electronic properties of single-walled carbon diagnostic and clinical purposést! Therefore, along with their
nanotubes (SWNTs) are a major reason for interest in this electronic properties, the biocompatibility of SWNTSs is another
material. Depending only on their diameter and chirality, important factor for these applications.

SWNTs are either semiconducting or metatié. Moreover, Theoretical and experimental studies have shown that SWNTs
their nanometer diameters and micrometer lengths lead to largeare capable of interacting strongly with both electron donors
aspect ratios that make SWNTs behave as nearly ideal one-and electron accepto?$:*>* One approach for tailoring the
dimensional (1D) quantum wiré<. Their high mechanical, electronic propertie§ of SWNTSs has been to add.dopants, such
thermal, and chemical stabilities further qualify SWNTSs for use @S Poron (B) and nitrogen (N) atoms, to the lattice of carbon
in nanoelectronic componerfté However, it is widely recog- ~ Nanotubes:12Scanning tunneling spectroscopy (STS) results
nized that the ability to tune the electronic properties of SWNTs
into both n- and p-type materials is critical to their application
in carbon-based nanoelectronics and to their ability to compete
with current silicon-based microelectronic technolddyln
addition, SWNTs have recently been considered as potential
candidates for nanoelectronic devices and probes for biomedical
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and calculated local density of states (DOS) revealed that

However, changes to the electronic structure of SWNTs

B-doped SWNTs exhibit strong electronic acceptor states in the through covalent or noncovalent functionalization are of fun-

valence band,whereas N-doped SWNTs present electronic
donor states in the conduction bah@®ther studies have used
ion doping focusing on alkali metals (e.g., potassium, rubidium,

damental importance to potential SWNT-based molecular
devices and sensors. Covalently functionalized sites on the
SWNT disrupt the extended-network of sg hybridized carbon

lithium) as donors and halogens (e.g., bromine, iodine) as atoms by introducing Sphybridized carbons, which function

acceptord3-15n these studies, shifts in the characteristic SWNT

as defects. Previous studies have shown that this change to the

Raman vibrational modes provided evidence for charge transferelectronic structure of the SWNT simultaneously weakens all

between these dopants and the SWIFT$?

interband transitions and eventually destroys the electronic band

The electronic properties of SWNTs were also shown to be structure altogethéf:3435> Additionally, side-wall covalent
sensitive to the chemical environment wherein exposure to chemistry on metallic SWNTs has been shown to rapidly

oxidizing gases (e.g., £NO,) increased electrical conductivity,
whereas a reducing gas (NHlid the reversé®l” STS measure-
ments of SWNTs exposed to,@vealed a p-type behavior with

modulate the density of states at the Fermi enerBy), (
converting a metallic SWNT to a semiconducting SWHNT.
Hence, one of the major advantages of noncovalent function-

a reduction of the apparent band gap and an increased densitglization is the possibility of introducing chemical moieties for

of valence band staté$Additionally, as-produced SWNTs have

targets of interest without significantly perturbing tiresystem

been found to be p-type, presumably due to an oxygen layerand electronic structure of the SWNT.

on the nanotube lattic®.This sensitivity of SWNT electronic

Biological materials, such as peptides, are well-known in

properties to gases launched the prospect of introducing donornature for having extreme specificity for other biomolecules or
or acceptor levels through molecular adsorption. In one study, ligands and the ability to self-assemble into a wide variety of
aromatic acceptor molecules (anthracene derivatives) werecomplex functional structures. In previous studies, we have
shown to strongly adsorb to SWNTs through a charge-transfer demonstrated that a designed peptide, denoted nano-1, coats and
interaction, in which the SWNT acted as an electron donor and debundles SWNTs and promotes the assembly of these coated

anthracene served as an acceptom addition, doping of
SWNTSs by the adsorption of polymers with donor or acceptor
functional groups has been reported.Interestingly, a study
comparing polyimide with a nitrile-functionalized polyimide
revealed that a donefacceptor interaction between SWNTs and
the electron accepting nitrile-functionalized polymer resulted
in improved SWNT dispersiof?.

Interest in exploiting the remarkable properties of SWNTs
in novel electrical devices is tempered by their hydrophobicity

nanotubes into novel hierarchical structu¥&s® Nano-1 folds

into an amphiphilico-helix, in which apolar residues occupy
one face of the helix and more polar residues form the other
face. Amphiphilicity is achieved through appropriate placement
of apolar and polar residues in the peptide primary sequénce.
Importantly, the apolar face of nano-1 contains four phenyla-
lanine (Phe) residues. Phe, being aromatic, should interact
effectively with the SWNT surface via-stacking®®:37In fact,
results from a study involving a designed series of peptides

and tendency to aggregate into bundles or ropes due to intertubéased on the nano-1 sequence, in which the aromatic content
van der Waals forces. Since many applications will require the was systematically varied, confirmed thaistacking plays an
separation and further manipulation of SWNTSs, substantial effort important role in peptide/SWNT interactioffsln this context,

has been placed on developing techniques first to isolate w-stacking refers to the attractive interaction between two

individual SWNTs and then to assemble them into useful

aromatic systems, here the phenylalanine in the peptide with

structures. One strategy for improving the dispersion of SWNTs the SWNT surface, that is predominantly due to dispersion

is to functionalize them covalently at the side-w&lt?23
Alternatively, SWNTs can be functionalized noncovalently by
immobilizing aromatic molecules throughstacking interac-
tions?* or disrupting the hydrophobic interface by wrapping
SWNTs with a wide variety of molecules including surfac-
tants?52% conjugated polymerd,;2° oligosaccharide¥® and
biological molecule§!—33

forces3® Designed synthetic peptides may provide a route for
tailoring the electronic properties of SWNTSs, wherein the SWNT
could potentially be doped by introducing electron donor or
acceptor functional groups on the benzene ring of Phe. In this
study, we will probe the effect of an electron-donating (hy-
droxyl) and an electron-withdrawing (nitro) group on peptide/
SWNT interactions by substituting the Phe residues in the
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Table 1. Amphiphilic Helical Peptides Designed to Test the Role Silicon cantilevers/tips (Veeco Probes) with force constants of 5.0 N

of Electron-Donating and Electron-Withdrawing Groups on m-* and an average resonant frequency of 180 kHz were used to ensure

Peptide/SWNT Interactions minimal sample compressidhThe AFM J scanner was calibrated using
nano-1 E VEAFEKK VAAFESK VQAFEKK VEAFEHG a NanoDevices Inc. standard consisting of lines withn2 pitch and
Tyrnano-1  EVEAYEKK VAAYESK VQAYEKK VEAYEHG 20 nm height, dimensions similar to those of SWNTs. The height

i - - * *| * *|
hitro-nano-1  E VEAF*EKK VAAFTESK VQAFEKK VEAF*EHG calibration was verified using hydrofluoric acid etched pits in muscovite

a Seven-residue repeats indicate helix heptads. The effect of an electron-M'c2 where 2 nm steps are observed along the long axis and 1 nm

donating (hydroxyl) or an electron-withdrawing (nitro) group was examined Steps are observed along the short &iSWNT diameters were
by substituting the phenylalanine (F) residues in the nano-1 sequence withdetermined using AFM height measurements. AFM image

tyrosine (Y) andp-nitro-phenylalanine (F*), respectively. acquisition parameters for height analysis of peptide-coated SWNTs
. . . . included a scan size of 2.2 2.0 um? and a reduced-limit range
nano-1 sequence with tyrosine armnitro-phenylalanine, (100-200 v)42Images were acquired from at least three different areas

respectively (Table 1). These specific substituents were chosenon each substrate to ensure that the data were representative of the
on the basis of their Hammettvalues, a measure of electrone- sample.

gativity defined on the basis of the ionization constant of a  Scanning Tunneling Microscopy (STM) and Scanning Tunneling
substituted benzoic acid in water (Supporting Information). The Spectroscopy (STS).STM images were acquired using a Digital
effect of the noncovalent protein functionalization on the Instruments, Inc. Nanoscope Ill STM with a Qifn A scanner and
electronic properties of SWNTs will also be examined using commercial Pt/Ir tips (Veeco Probes) operated at room temperature

Raman and STS analyses. and ambient conditions. Typical image acquisition parameters included
current set points of 466600 pA and bias voltages of 66800 mV.
Experimental Section The mechanical vibrations were isolated by setting the STM on a gel

pad on a cement block attached to a tripod with bungee cords. The tip
was engaged in the constant current mode with a large scan size ranging
from 100-400 nm in order to ensure scanning on the surface of a Au-
(111) island. After determining the presence of SWNTSs, the scan size
was reduced and the imaging conditions were changed to the constant
height mode.

During brief interruptions in the STM scans, the microscope was
switched to the STS mode of operation, and ldcaV/ curves were
acquired on the same region of the SWNT as was imaged by STM.
STS |-V spectra were collected from1.0 to 1.0 V. Before taking
STS measurements, reference measurements were performed on the

Peptide Synthesis and Purification.The peptides nano-1, Tyr-nano-
1, and nitro-nano-1 (Table 1) were synthesized and purified following
previously published method$:3840

Peptide/SWNT Sample PreparationsSolutions of 2Q:M and 100
uM nitro-nano-1 were prepared using deionized water, and the peptide
concentration was verified using quantitative amino acid analysis
(analysis done by the lowa State Protein Facility). The nitro-nano-1
extinction coefficient was then determined by preparing a Beer’s Law
standard calibration curve (Supporting Information). Solutions of 100
4M nano-1 and 10uM Tyr-nano-1 peptides were prepared using
deionized water. Peptide concentrations were verified using UV ’
molecular absorption spectrometry, with the peptide extinction coef- gold substrate to ensure theV curves on gold were ohmic. In order

ficients calculated based on the extinction coefficients of the chro- [© reduce noise, 20—V curves were signal averaged and, after
mophores, Phe and Tyr (197 L mélcm at 257 nm and 1420 L numerical differentiation, the resulting/dV curve was Fourier filtered.

STSI-V curves were also taken at approximately the same position

SWNTs produced by high-pressure decomposition of carbon mon- on a bare SWNT spun-cgst from a dispersion in 1,2-dichloroethane
oxide (HiPco proces&) were supplied by Carbon Nanotechnologies, onto a Au(_l_ll)-coated mica substrate. ST&M curves tgken at the
Inc. (Iot no. R0233). For each samptel mLvolume of 20uM or 100 same posmon on Fhe _SWNT control showed con_S|stent feat_ures
4M peptide was added to HiPco SWNTs (07650 mg) in an demonstrating reliability in the measurements (Supporting Information).
Eppendorf tube, and the mixture was then vortexed for approximately ~ Ultraviolet —Visible—Near-Infrared (UV —Vis—NIR) Spectro-
1 min. Peptide/SWNT samples were then sonicated for 1 min with the Photometry. Peptide/SWNT dispersions were prepared following the
sample immersed in an ice water bath using a VWR Scientific Branson described sample preparation procedures usin® In place of
Sonifier 250 at a power level of 10 W, yielding dense black mixtures. deionized water. Absorption spectra of peptide/SWNT dispersions in
The sonicated samples were centrifuged for 10 min atg7@0an D20 were vaUIYE_d using a common® blank in a Perkin-Elmer
Eppendorf 5417C centrifuge. The upper 75% of the supernatant was-@mbda 900 UV¥-vis—NIR spectrophotometer.
recovered using a small-bore pipet and transferred to a Beckman Circular Dichroism (CD) Spectroscopy.CD spectra were acquired
centrifuge tube. Samples were then centrifuged for 30 min at 5 000 at 25°C using an Aviv model 202 circular dichroism spectrometer
in a Beckman TL-100 ultracentrifuge with the temperature controlled @nd a 1 mmpath length rectangular quartz cuvette. Spectra were
at 4 °C. The upper 50% of the supernatant was recovered using a collected from 190 to 260 nm at 1 nm intervals @gsan6 sdwell time
small-bore pipet, avoiding sediment at the bottom, and transferred to a @t €ach wavelength increment.
clean tube. The 50 0@0supernatants were diluted 10-fold with Raman SpectroscopyPeptide/SWNT supernatantsZ ul) were
deionized water, and 1@L volumes were drop-cast onto freshly ~ spotted on a SpectRim substrate (Tienta Sciences, Inc.) and placed in
cleaved muscovite mica (Asheville-Schoonmaker Mica Co.) and a desiccator to dry prior to Raman analysis. Raman analyses were
allowed to dry for 24 h in a desiccator prior to imaging by AFM. acquired from three different peptide/SWNT sample preparations to
Aliquots (20uL) of the same supernatants were also spun-cast onto ensure reproducibility. Raman spectra were taken using a Jobin Yvon
Au(111)-coated mica (Molecular Imaging) for imaging by STM. Peptide Horiba high-resolution LabRam Raman microscope system, which has
control samples, lacking SWNTs, were prepared using an identical an optical microscope adapted to a double-grating spectrograph and a
procedure. CCD array detector. A Spectra-Physics model 127 hetineon laser
Atomic Force Microscopy (AFM). AFM images of sample provided the excitation at 632.8 nm. The laser power at the sample
preparations were obtained using a Digital Instruments, Inc. Nanoscopewas ~8 mW and was focused to a spot ofl um diameter using a
Il Multimode Scanning Probe microscope operated in tapping mode. 10x objective lens and 2bm slit. Wavenumber calibration was carried

mol~t cm™ at 276 nm), respectively.

(40) Bodanzsky, MPeptide Chemistry: A Practical Approach ed.; Springer- (42) Poenitzsch, V. Z.; Musselman, |. Mlicrosc. Microanal.2006 12, 221—
Verlag: New York 1993. 227.

(41) Nikolaev, P.; Bronikowski, M.; Bradley, R.; Rohmund, F.; Colbert, D.;  (43) Nagahara, L. A.; Hashimoto, K.; Fujishima, A. Vac. Sci. Technol., B
Smith, K.; Smalley, R. EChem. Phys. Lett1999 313 91-97. 1994 12 (3), 1694-1697.
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Figure 1. CD spectra of peptides (a) in water and (b) in water and in the

presence of SWNTs: 106M nano-1, 10uM Tyr-nano-1, 10Q«M nitro-
nano-1, and 2@M nitro-nano-1.

out using the 520.5 cm line of the silicon wafer. Spectra were recorded
by scanning the 583000 cnt? region with a total acquisition time of

5 min. Spectra were fitted with Lorentzian functions by searching for
the minimum number of frequencies that fit the different bands
equally well without fixing the positions and widths of the individual
peaks.

Results and Discussion

In this study, the effect of an electron-donating (hydroxyl)
group and an electron-withdrawing (nitro) group on peptide/
SWNT interactions is examined by substituting the Phe residues
in the nano-1 sequence with tyrosine gditro-phenylalanine,
respectively (Table 1). Besides electron-donating and electron-

withdrawing character, another variable among the peptides that

could affect their interactions with SWNTs is secondary
structure. Consequently, CD was utilized to characterize the
peptide’s ability to fold in aqueous solution, both alone and in
the presence of SWNTs. Figure la shows the CD spectra of
the peptides (10@M nano-1, 100uM Tyr-nano-1, 100uM
nitro-nano-1, and 20uM nitro-nano-1) in water. At ap-
proximately pH 6 and 25C, 100 M nitro-nano-1 exhibits
prominent negative CD peaks at 222 and 208 nm indicative of
o-helical secondary structure, whereas 1M solutions of
nano-1 and Tyr-nano-1 display significantly less helical and
more random coil secondary structure. Amphiphilic peptides
with a significant degree ofi-helical structure in aqueous
solution most likely self-associate to a greater degree (larger
Kassod and, thereby, should be less effective at dispersing
SWNTs. However, at 2@M the CD spectrum of nitro-nano-1
closely resembles those of 1@ nano-1 and 10M Tyr-
nano-1, indicating a similar degree of folding in aqueous solution
and, conceivably, a comparable SWNT dispersal ability.

concentration (Supporting Information). It is known for am-
phiphilic helical peptides that the CD spectra are dependent on
peptide concentration, showing intensified helical signal with
increasing concentratidit. This behavior, which is indicative

of an associating system, is indeed observed for all of the
peptides in this stud$é Nano-1 and Tyr-nano-1 appear to form
helical aggregates in solution at higher concentrations compared
to nitro-nano-1. Altogether, these results suggest that, compared
to nano-1 and Tyr-nano-1, nitro-nano-1 more effectively self-
assembles to form helical aggregates in solution.

The CD spectra of 100M nano-1, 10Q:M Tyr-nano-1, and
20 uM nitro-nano-1 in the presence of SWNTs (Figure 1b)
displayed more prominent signals at 208 and 222 nm compared
to spectra of the peptides alone (Figure 1a). This result reveals
that these peptides adopt a higher degree-bélical structure
in aqueous solution as a result of stabilization by hydrophobic
interactions between the peptidel face and the SWNT surface.
This behavior is identical to that previously reported for nano-
136 More importantly, the CD spectra of 100M nano-1/
SWNT, 100uM Tyr-nano-1/SWNT, and 2@M nitro-nano-1/
SWNT dispersions match very closely, suggesting an analogous
secondary structure. Thus, these three samples will enable us
to examine the effect of the electron-donating/withdrawing
character of a functional group on peptide/SWNT interactions
in the absence of secondary structure effects.

The 20uM nitro-nano-1/SWNT, 10&M nano-1/SWNT, and
100uM Tyr-nano-1/SWNT dispersions were all generated using
an identical sample preparation procedure. Peptide/SWNT
sample preparations were repeated at least three times for each
peptide to ensure reproducibility. AFM images of 2d nitro-
nano-1/SWNT, 10&M nano-1/SWNT, and 10@M Tyr-nano-
1/SWNT dispersions (Figure 2) exhibited many individual
peptide-coated SWNTSs. In contrast, AFM images of the peptide
control samples exhibited no SWNT-like features, demonstrating
that the peptides alone do not form fibrillar structures (Sup-
porting Information). AFM height measurements, which provide
an accurate measure of SWNT diaméfewere obtained for
the three peptide/SWNT dispersions. AFM height analysis of
the 20uM nitro-nano-1/SWNT dispersion ranged from 0.7 to
7.4 nm, with an average diameter of 2t61.4 nm (four 2.0x
2.0 um? images,n = 200). Diameters of the 100M nano-1/
SWNT dispersion ranged from 0.9 to 6.9 nm, with an average
diameter of 2.4+ 1.2 nm (four 2.0x 2.0 um? images,n =
215). Diameters of 10«M Tyr-nano-1/SWNT dispersions
provided a diameter distribution ranging from 0.8 to 9.8 nm,

with an average diameter of 2401.3 nm (three 2.6« 2.0 un?

imagesn = 200). Considering the reported diameters of pristine
HiPco SWNTSs!! and the fact that the peptide coating can add
an additional 1 to 3 nm, these height measurements for 100

UM Tyr-nano-1/SWNT, 10uM nano-1/SWNT, and 2G:M

nitro-nano-1/SWNT dispersions suggest that the majority of the
observed nanotubes are individual SWNTSs coated with peptide.

Additionally, AFM images of nitro-nano-1/SWNT, nano-1/

SWNT, and Tyr-nano-1/SWNT dispersions showed an increase
in SWNT density with an increase in the donating character of

the functional group substituted on the Phe residues of the

peptide (Figure 2). AFM images of the 1@®/ nitro-nano-1/
SWNT samples exhibited minimal SWNT dispersion and the

This optimal concentration of 20M for nitro-nano-1 was
determined by acquiring CD spectra as a function of peptide

(44) Lau, S. H.; Rivier, J.; Vale, W.; Kaiser, E. T.;Edy, F. J.Proc. Natl.
Acad. Sci. U.S.A1983 80, 7070-7074.
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Figure 2. AFM images (5.0x 5.0 um? of (@) 20 uM nitro-nano-1/SWNT, (b) 100uM nano-1/SWNT, and (c) 10«M Tyr-nano-1/SWNT
dispersions.
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Figure 3. Absorption spectra of 10@M nano-1/SWNT, 10«M Tyr-
nano-1/SWNT, and 2@M nitro-nano-1/SWNT dispersions.

Wavelength (cm™)

nano-1/SWNT ;
presence of predominantly uncoated SWNTs (Supporting In- = * =Tyr-nano-1/SWNT ;"'
formation). Likewise, UV-vis—NIR absorption spectra of the ~ 7 "nitro-nano-1/SWNT .::”

100 M nitro-nano-1/SWNT samples showed a decrease in
SWNT dispersion compared to that of the 281 nitro-nano-
1/SWNT samples (Supporting Information). These results
suggest that, at higher peptide concentrations, nitro-nano-1
helices prefer to self-associate rather than interact with SWNTSs.
The well-resolved spectral features in the Y¥s—NIR
absorption spectra of the peptide/SWNT dispersions further
suggest that the SWNTs are debundled in aqueous solution
(Figure 3)# The absorption peaks of these spectra match closely
in wavelength but differ in intensity. The increased intensity of
the absorption spectra (20M nitro-nano-1/SWNT< 100 uM Wavelength (cm™)
nano-1/SWNT< 100uM Tyr-nano-1/SWNT) corroborates the  Figure 4 Raman spectra showing the tangential mode features for (a) raw
AFM evidence of an increase in the amount of SWNTs HiPco SWNTsand 10M nano-1/SWNT composite and (b) 108 nano-
dispersed with an increase in the electron density of the aromatict/SWNT. 100#M Tyr-nano-1/SWNT, and 20:M nitro-nano-1/SWNT

di ions.
residue on the hydrophobic face of the amphiphilic helical ispetsions ) .
peptides. band peak was shown to shift to lower frequencies for electron

Raman spectroscopy was also used to probe the peptidesdonor dopants ar_u_j to higher frequencies _for (_alectron acceptor
impact on the electronic structure of the SWNTs. Previous dopants:*1=2%Additionally, a_study of a semiconjugated organic
studies have demonstrated that the tangential vibrational modeémlymer and SWNT hybrid system showed debundling of

for SWNTs are sensitive to dopif§1527 Specifically, the G SWN_TS by the polymer as ano.ther componenF that could

contribute to Raman spectral shifts of SWNTsFigure 4a

(45) O'Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.; Strano, ~ compares the tangential mode features for raw HiPco SWNTs
Mésj.HHa;ﬁééEhH,jl R\',?,'eoi';'m';n"'gfg“,"S%efli;wggé}g’hyéo'é'grzeg';f? and the nano-1/SWNT composite. Raman analyses were re-
593-506. T ' ' peated three times with a mean upshift of 3:8.4 cnt? in

Raman Intensity (a.u.)

1540 1560 1580 1600 1620
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the G band of the nano-1/SWNT spectrum. This shift provides
further support of nano-1's debundling ability as well as for
charge transfer between the SWNTs. Figure 4b compares the
tangential mode features for 1M nano-1/SWNT, 10uM
Tyr-nano-1/SWNT, and 20M nitro-nano-1/SWNT dispersions.
The G band peak of all of these peptide/SWNT dispersions are
upshifted with respect to that of uncoated HiPco SWNTs.
However, compared to 1Q0M nano-1/SWNT (red line), there

is a slight downshift in the G band of 1QéM Tyr-nano-1/
SWNT (black line) and, conversely, a slight upshift in the G
band of 2Q«M nitro-nano-1/SWNT (light blue line). The Raman
analyses were repeated three times in order to determine that
the observed shifts, while small, are real. The average peak
downshift for the G band of the 100M Tyr-nano-1/SWNT
dispersions was-0.6 + 0.2 cntl, whereas the average peak
upshift for the G band of the 2@M nitro-nano-1/SWNT
dispersions was 0.Z 0.3 cnT!. The magnitude of these peak
shifts is consistent with the minute change to the peptide design
of adding one substituent to the benzene ring of Phe, which
interacts viarr-stacking with the nanotube wall. Moreover, the
direction of the shifts correlates with the electron-donating and
electron-withdrawing character of the substituent. These shifts

supply evidence for a weak charge transfer between the SWNTsFigure 5. STM images (10.0< 10.0 nn¥) of SWNTSs coated with (a) 20
and the peptides. uM nitro-nano-1, (b) 10@«M nano-1, and (c) 10@M Tyr-nano-1 compared

. . . with that of (d) an uncoated SWNT, demonstrating that the SWNTs are
To further examine the peptide’s impact on the SWNT egsiciently or(fu)”y coated with peptide. 9

electronic properties, we used the spectroscopic capabilities of

the STM. STS measurements were performed on peptide/SwNTeXhibited a nonzero DOS in the vicinity of the Fermi level,
dispersions as well as peptide and SWNT control samples SIOun_suggestmg the presence of metallic tubes. At larger bias voltages

cast onto atomically flat Au(111)-coated mica substrates. @way from the Fermi level, the ST3/dV spectra exhibited
Samples were firstimaged by AFM to ensure reasonable SWNT relatlve]y sharpj regularly spaced features, characteristic of van
distribution on the substrate as well as to confirm the predomi- HOVe singularities (VHS).

nance of individual peptide-coated SWNTs. The AFM images ~ Figure 6 compares the ST3/dV spectrum of the nano-1

of 204M nitro-nano-1/SWNT, 10@M nano-1/SWNT, and 100 ~ control sample on Au(111) with those of the nano-1/SWNT
#M Tyr-nano-1/SWNT dispersions confirmed a suitable density dlsper3|9n. The dominant contributions to the nano-1/SWNT
of individual peptide-coated SWNTs for further STM and STS DOS (Figure 6, parts b and c) must come from the SWNT
analyses (Supporting Information). AFM images of the peptide because the peptide’s DQS is compa_ratlvely featureless (Figure
control samples exhibited no SWNT-like features, demonstrating 6@ Se€ also the Supporting Information). Moreover, the nano-
that the peptides alone do not form fibrillar structures (Sup- L/SWNT d/dV spectra also exhibit relatively sharp, regularly
porting Information). Likewise, STM images of the peptide spaced features that are characteristic of VHS, originating from
control samples exhibited no SWNT-like features (Supporting the one-dimensionality of SWNTs. STS spectra were acquired
Information). STM images of SWNTSs coated with nitro-nano- fom 14 nano-1-coated SWNTSs in multiple sample preparations,
1, nano-1, and Tyr-nano-1 are shown for comparison with that for which 12 displayed semiconducting behavior and 2 exhibited
of an uncoated SWNT in Figure 5. Overall, STM images of metallic behavior, corresponding to 86% and 14% of the tubes
the three different peptide/SWNT composites are similar, Investigated, respectively. The/dV spectrum in Figure 6b
exhibiting long tubular features coated with peptide. Peptides SNOWs & nearly vanishing DOS in the vicinity of the Fermi
have little intrinsic conductivity, and therefore, no fine atomic €Nergy implying that this SWNT, coated with peptide, is
structure can be readily resolved by STM. Yet, the STM images €/ectronically semiconducting. The other nano-1-coated SWNT
reveal an important detail about the pept@WNT interactions  (Figure 6¢) has a nonvanishing DOS in the vicinity of &g

in that they show that all three peptides efficiently or fully coat Which is consistent with metallic behavior. o
the SWNTs. Figure 7a presents an STM image of a SWNT containing

STSI—V curves were acquired from 11 bare SWNTS spun- both uncoated and nano-1-coated regions. The uncoated SWNT

cast from three different dispersions in 1,2-dichloroethane onto @€@ is distinguishable from the nano-1-coated portion by the
Au(111) as a control sample. The tunneling conductante (d atomic carbon lattice structure, more clearly observed in the
dV vs bias voltage) is proportional to the local density of states Nigher resolution STM image of the same area provided in the
(DOS) for metals and semiconductdfsThe SWNT STS inset (Figure 7a). STM images of SWNTs often do not show a
dV curves are analogous to those reported in the literature for N€xagonal configuration of carbon atoms but, instead, exhibit
SWNTs34 A total of 73% or eight SWNTs exhibited a a triangular lattice of dark and bright dots as shown in the inset
pronounced dip in the DOS in the vicinity of the Fermi level, ©f Figure 7a. The measured distance between two adjacent bright
typical of semiconducting tubes, whereas 27% or three SWNTs SPOIS is 0.26+ 0.01 nm, which correlates with the atomic
spacing of carbon in the planar graphene lattice. ThdWd

(46) Tersoff, J.; Hamann, D. Rehys. Re. B 1985 31, 805-813. spectra acquired from uncoated and nano-1-coated regions of
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Figure 6. STS d/dV spectra (DOS) of (a) nano-1 control sample on Au(111) and (b and c¢) nano-1-coated SWNTs on Au(111). The nano-1/8WNT d
spectra exhibit VHS peaks, clearly originating from the 1D SWNTSs, as the nano-1 DOS (a) is featureless. The nano-1/8W&pEcira show both (b)

a nearly vanishing DOS and (c) a nonvanishing DOS in the vicinity of the Fermi energy, suggesting that these two SWNTSs coated with nano-1 aadlyelectronic
semiconducting and metallic, respectively.

The d/dV spectrum of the nano-1-coated portion (red line,
Figure 7b) of the SWNT resembles that of the uncoated region
with some modifications. At first glance, it would appear that
the band gap in the peptide-coated SWNT DOS is shifted even
further toward negative energy; however, at closer examination,
it is evident that the energy positions of the first two VHS peaks
are not strongly altered. The black arrows in Figure 7b identify
what appears to be the first two VHS peaks in the uncoated
SWNT DOS and, thus, approximately delineate the band gap
nano-1-coated : region. Using these black arrows as a guide, it is clear that there
is a very small, if any, shift in the energy positions of the first
two VHS peaks in the DOS of the peptide-coated SWNT region.
This minor shift could be due to either a slight doping of the
SWNT by the peptide or, perhaps, a nonuniform doping by the
b substrate. Notably, these peaks are less sharp and slightly weaker

0.20 - uncoated region than those in the DOS of the uncoated SWNT portion. Although
nano-1-coated region there is generally an unavoidable broadening of VHS peaks in
0.15 - STS measurements, theoretical calculations also predict that the
intertube interactions within a rope smooth out the spikelike
0.10 structure of the singularitie,and experimental STS data of a

' l l conjugated polymer/SWNT composite exhibited broadening of
VHS peaks$? Likewise, it is possible that the—s interactions
between the peptide and SWNT could also result in similar
broadening of VHS peaks.
0 —— T Although the apparent band gap is relatively similar, there
1.0 05 0.0 0.5 1.0 are differences in the DOS spectra in the vicinity of the Fermi
Energy (eV) energy for the nano-1-coated SWNT region compared to that
Figure 7. (a) STM image of a SWNT containing both uncoated and nano- of the uncoated section. Specifically, weak features appear in
1-coated regions. The inset is a higher resolution STM image of the same the negative portion, or on the valence band side, nedgithe
uncoated area more clearly depicting the atomic carbon lattice structure.0.09 and 0.20 eV. The position of the first two VHS peaks about

(b) STS d/dV spectra (DOS) acquired at positions along the uncoated and ; ; it ;
nano-1-coated regions of the SWNT. The DOS of the nano-1-coated portion the Feml;“ Ievelaas .We"bas XHsdpefikS r:n/g;? positive portion
of the SWNT closely resembles that of the uncoated region with some slight or on the conduction ban _S' e in the spectra, are_
modifications. analogous between the peptide-coated and uncoated regions.

However, there are fluctuations in the VHS peak positions on
the SWNT are compared in Figure 7b. The tunneling conduc- the valence band side (negative portion) in tiveld spectrum
tance along the bare SWNT (blue line, Figure 7b) exhibits the of the peptide-coated region compared to that of the uncoated
expected VHS peaks and a pronounced dip in the DOS in theregion. STS curves were taken at different positieri) nm

vicinity of the Fermi energy, implying semiconducting behavior. apart along both the uncoated and peptide-coated regions
In this DOS plot, the band gap is asymmetrically positioned
Janssen, J. W.; Lemay, S. G.; Kouwenhoven, L. P.; Dekkd?h¢s. Re.

around the zero bias voltage, shifted toward negative energy. (483
B 2002 65, 115423-1115423-5.
This shift of the Fermi energy toward the valence band of the (49) LeRoy. B. 3. Lemay, S. G.: Kong, J.: Dekker, Appl. Phys. Lett2004
)

di/dV

0.05 -

Rubio, A.Appl. Phys. A1999 68, 275-282.

SWNT has been previously noted and ascribed to charge transfer 84 (21) 4280-4281.
(50) McCarthy, B.; Coleman, J. N.; Czerw, R.; Dalton, A. B.; Byrne, H. J,;
or doping from the Au(111) substrate, which has a higher work Tekieab, D.. lyer. P Ajayan, P. M. Blau W. J: Caroll. D. L.

function than the SWNT4.~4° Nanotechnology2001, 12 (3), 187-190.
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Energy (eV) Figure 9. STS d/dV curves of Tyr-nano-1-coated SWNTs on Au(111)

show both (a) a vanishing DOS and (b) a nonvanishing DOS in the vicinity

of the Fermi energy, suggesting that these two SWNTs coated with Tyr-

nano-1 are electronically semiconducting and metallic, respectively. The
black arrows in (a) point to weak peaks that appear on the conduction band
side near the Fermi energy.

Figure 8. STS d/dV curves of nitro-nano-1-coated SWNTs on Au(111)
show both (a) a vanishing DOS and (b) a nonvanishing DOS in the vicinity
of the Fermi energy, suggesting that these two SWNTs coated with nitro-
nano-1 are electronically semiconducting and metallic, respectively. The
black arrow in (a) points to a weak peak that appears on the valence band
side near the Fermi energy. that these peptide-coated SWNTSs are metallic. STS spectra were

acquired from 11 nitro-nano-1-coated SWNTs in multiple
) ) ] sample preparations, for which 9 displayed semiconducting
(Supporting Information). The STS curves taken at different pepayior and 2 exhibited metallic behavior, corresponding to
positions along the uncoated region of the SWNT show gye, and 18% of the tubes investigated, respectively. STS
consistent features. In contrast, the STS curves taken at d'ﬁeremspectra were acquired from 11 Tyr-nano-1-coated SWNTS in
positions along the nano-1-coated region of the SWNT show yitiple sample preparations, for which 8 displayed semicon-
variability in the VHS peak positions moving further away from  4,¢ting behavior and 3 exhibited metallic behavior, correspond-
the Fermi energy. These data suggest that the observed VHS,q 1o 739 and 27% of the tubes investigated, respectively. The
fluctuations result from the interaction of the SWNT with the  gT5]—v/ curves of 2QuM nitro-nano-1 and 102M Tyr-nano-1
peptide rather than from experimental reasons, e.g., mechanicalnrg| samples exhibit nonconducting behavior, and the respec-
or electrical noise, tip _contamnjatlon, or defects in the SWNT. tive di/dV (DOS) spectra are featureless (Supporting Informa-
Presumably, the peptide coating acts as a second barrier fortion).
electron tunneling which could cause a Coulomb blockade and Although the STS data demonstrate that these amphiphilic
staircase effect on thé-V curves!®#° Similar charging  peptides do not severely disturb the SWNT electronic properties,
effects have been reported for crossed carbon nandfidves there are some slight variations in the DOS of the peptide-coated
cut nanotubes weakly coupfédand suspended from the  gywNTs. The black arrow in the semiconductinddy versus
surfgce‘!g bias curve (Figure 8a) for a SWNT coated with nitro-nano-1
Since STS measurements of nano-1-coated SWNTs suggeshints to a weak feature and an increased DOS near the valence
a slight charge-transfer interaction between the SWNT and nano-p5nd side of the Fermi level. Likewise, the DOS of nano-1-
1, we acquired STS spectra of nitro-nano-1/SWNT and Tyr- cqated portions of an individual SWNT revealed the appearance
nano-1/SWNT dispersions to examine the effect of the nitro ot weak features near the valence band side of the Fermi level
(electron-withdrawing) and hydroxy! (electron-donating) groups (Figure 7b). These results are in contrast to the case of Tyr-
on the_ SWNT electronic propertie;. Figures 8 and 9 present apano-1-coated SWNTs where the semiconductirg\tiversus
selection of STS HdV spectra of nitro-nano-1 and Tyr-nano-  pias curve appears to have weak features and an increased DOS
1-coated SWNTSs, respectively. Figures 8a and 9a shéW/d  near the conduction band side of the Fermi level (indicated by
spectra with a pronounced dip in the DOS at the Fermi level, {ne plack arrows in Figure 9a), whereas the valence band
indicating that these peptide-coated SWNTs are electronically ;e mains largely unaffected. We examined the peak positions
semiconducting. On the other hand, Figures 8b and 9b displaysq, weak features found near i (from —0.20 to 0.20 V) for
di/dV spectra with a nonzero DOS at the Fermi level, suggesting 5| the SWNTs imaged, including the SWNT control and the
(51) Odom, T. W.; Huang, J.-L.; Kim, P.; Lieber, C. NL Phys. Chem. R00Q three peptide/SWNT composites (Supporting Information). The
104, 2794-2809. weak features near thg are more prevalent in the/dV spectra
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of the peptide-coated SWNTSs than in thied¥ spectra of the vanishing and nonvanishing density of states aroundBhe
uncoated SWNTSs. Only 27% of thé/dV spectra for the SWNT  suggesting that the peptide-coated SWNTs can exhibit both
control samples contained weak features found nearBhe  semiconducting and metallic behavior. STBdY spectra of
compared to 72% of theldlV spectra for the peptide/coated nano-1-coated portions of a SWNT closely resembled that of
SWNT samples. Additionally, to the best of our knowledge, uncoated regions on the same SWNT with some slight modi-
these types of features have not been reported in the literaturefications. Specifically, weak features that appeared on the
for HiPco SWNT DOS. The presence of new features at low yalence band side near the of the peptide-coated portion of
bias voltages has been observed in tunneling spectroscopy ofy SWNT, as well as a shift of the Raman G band peak to higher
bent SWNTSY The majority of the SWNTs imaged in the 100  frequencies for the nano-1/SWNT composite, are suggestive of
#M nano-1/SWNT (78%) and 2M nitro-nano-1/SWNT 5 weak charge-transfer interaction in which nano-1 acts as an
(63%) dispersions exhibit weak features on the negative region gectron acceptor and the SWNT acts as an electron donor.

or valence band side of thg. In contrast, the DOS0 of Tyr- Likewise, Raman and STS analyses suggest a very weak
hano-1-coated SWNTs have a predominance (72%) of Weakp-doping interaction between nitro-nano-1 and SWNTs. A small

features on the positive region or conduction band side of the o<t ¢ the Raman G band of the Tyr-nano-1/SWNT
.Ef (Supporting Information). These results suggest that introduc- composite, compared to the nano-1/SWNT dispersion, as well
ing an electron donor (hydroxyl) and an electron acceptor (nitro) as weak féatures on the conduction band sidg af the DOS

on the benzene ring of Phe causes mostly an increased DOS o . o
the conductance gnd valence band Sid)l/E of the Fermi level of Tyr-nano-1-coated SWNTSs, suggest a faint n-doping interac-
"tion between Tyr-nano-1 and the SWNT.

respectively. )
Previous STS studies of SWNTs intercalated with B and N Altoge_ther, thgse results suggest that the noncovalent pept_lde/
atoms demonstrated that B-doped SWNTs exhibited prominentSWNT interactions do not strongly perturb the electronic
electronic acceptor states in the valence Bantereas N-doped ~ structure of SWNTSs. In this context, designed peptides may
SWNTs had strong electronic donor states in the conduction Provide an accessible means to incorporate the desired electrical
bandl? These additional features have been attributed to properties of SWNTs into biocompatible nanoscale electronic
evidence of a doping or charge-transfer interaction. The electrondevices. Microscopy results revealing that these peptides are
acceptor and donor strength of the peptides are relatively muchcapable of fully coating the SWNT surface and dispersing
weaker owing to the nature of the noncovalent interaction individual SWNTs will facilitate many applications of SWNTs
between tubes and adsorbed peptide. It also follows that theto medical problems, such as artificial muscles or biomedical
electron donor feature observed in the spectra of ANOTyr- sensors that can be placed inside the human body. The amino
nano-1/SWNT and the electron acceptor feature observed in theacid sequence of these amphiphilic peptides could be further
spectra of 2QuM nitro-nano-1/SWNT are not always present. manipulated to promote the interaction of coated SWNTSs with
Accordingly, it is possible that these small features neaEthe  antibodies to peptide epitopes or to sense biological analytes
are the result of weak electrostatic (dipoltipole and dipole- designed to interact with the peptides.
induced-dipole) interactions caused dnstacking between the
phenyl ring in the peptide and the graphene lattice of the SWNT.  Acknowledgment. The authors thank Professor Steven O.
These types of interactions are intermittent and, at a given Nielsen for helpful discussions. The support of this research
instant, are presumably present in only certain locations alongby the Robert A. Welch Foundation (AT-1326, I.LH.M.), a
the SWNT thus explaining why the weak features observed nearDepartment of Homeland Security Fellowship (V.Z.P.), and a
the E; are not always present. Young Investigator Grant from the Human Frontier Science
Program (A.B.D., G.R.D.) is appreciatively acknowledged.
This research was performed under an appointment to the
In summary, we designed and synthesized peptides based obepartment of Homeland Security (DHS) Scholarship and
the nano-1 sequence in which the amount of electron density Fellowship Program, administered by the Oak Ridge Institute
within the aromatic residue was systematically varied. Specif- for Science and Education (ORISE) through an interagency
ically, electron density was altered through the introduction of agreement between the U.S. Department of Energy (DOE) and
an electron-donating (hydroxyl) and an electron-withdrawing DHS.
(nitro) group on the benzene ring by substituting the Phe residues
in the nano-1 sequence with tyrosine gaditro-phenylalanine, Supporting Information Available: Table of residues sub-
respectively. CD was utilized to determine concentrations at stituted in thed position of the nano-1 sequence, nitro-nano-1
which the peptides displayed an analogous secondary structurelJV—vis Beer's law standard calibration curve, STHdY
both alone and in the presence of SWNTSs, in order to allow us spectra taken at the same position on a SWNT control sample,
to examine the effect of the electron-donating/withdrawing CD spectra as a function peptide concentration, AFM images
character on peptide/SWNT interactions in the absence of of peptide/SWNT and peptide control samples, AFM images
secondary structure effects. AFM measurements and opticaland Uv-vis—NIR absorption spectra of 100M nitro-nano-
absorption spectra revealed that the ability to disperse individual 1/SWNT samples, STM images and ST8dY spectra of
SWNTs increases with increasing electron density of the peptide control samples, STS spectra taken along the length of
aromatic residue on the hydrophobic face of the amphiphilic coated and uncoated regions of a nano-1-coated SWNT, and
helical peptides. table of peak positions for weak features found nearhfer
Raman and STS were used to probe the peptide’s impact ong|| the SWNTs imaged, including the SWNT control and the

the electronic structure of the SWNTs. STM images showed three peptide/SWNT composites. This material is available free
that the peptides efficiently or fully coat the SWNTs. STIB d charge via the Internet at http:/pubs.acs.org.

dV spectra of the three peptide/SWNT dispersions displayed
VHS peaks, characteristic of 1D SWNTSs, and exhibited both JA0750827

Conclusion
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