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Adsorption on Carbon Nanotubes Studied Using Polarization-Modulated Infrared
Reflection—Absorption Spectroscopy

V. M. Bermudez*
Electronics Science and TechnologyviBion, Naval Research Laboratory, Washington, D.C. 20375-5347

Receied: February 16, 2005; In Final Form: April 4, 2005

Single-wall carbon nanotubes (SWNTSs), deposited onto an Al substrate from a liquid suspension, have been
cleaned by annealing in ultrahigh vacuum. The effects of exposing the sample in situ to atomic H (or D)
and/or to dimethyl methylphosphonate [DMMP, (§3),(CH3)P=0] were then studied using polarization-
modulated infrared reflectiorabsorption spectroscopy. Atomic H reacts preferentially near strained or defective
regions in the nanotube wall to produce a spectrum consistent with alkane-like speCids §nd —CHj).

Only a small fraction of thee C=C< sites in the nanotube wall react with H, and there is no clear evidence

for monohydride>C(H)—C(H)< species. For DMMP, data were obtained under steady-state conditions in
reagent pressures in excess of half the room-temperature vapor pressure. Adsorption occurs=¢i@ the P
group with a coverage that depends on the ambient pressure. Varying the DMMP coverage by changing the
pressure causes changes in the spectrum that can be related to the strength of the DMMP/SWNT interaction.
Preadsorbed H is seen to have little or no effect on the subsequent adsorption of DMMP. For DMMP, the
molecular features are superimposed on a broad, smoothly varying background that can be related to adsorption-
induced changes in the Drude parameters characterizing the SWNT free-carrier density and scattering lifetime.

1. Introduction present the problem of charging during electron-beam irradiation

The chemistry of single-wall carbon nanotubes (SWNTSs) has or_lg_):otoelectrltl))T em:silon. initiall idered here-
been a subject of interest for several years. (For recent reviews, ree possibie Solutions were Initially considered here- (a)
see refs +3.) Much of this work has used vibrational free-standing SWNT films sa_nd_wmhed _between_ layers of W
spectroscopy (either infrared (IR) or Raman) as the most suitablemeSh fc_)r su(;oport andf for rgslstn(/;e heat:jng, (ft')l) f||rgs depos(;ted
technique for identifying functional groups and has focused on on semiconductor wa ers (Sior Ge), an (c) films eposited on
samples prepared in liquid media and handled in ambient air a metallic substrate. Methods a and b involve IR transmission

The high surface-to-volume ratio of even multiwall nanotubes mtfelastjrementts ﬁt negrz-Pormalll |nfc_|de_gce. MeThOd N en:gloys
makes chemical phenomena intrinsically surface-related ang'eflectance at a high{827) angle of incidence with respect to

suggests the value of working with well-characterized samples the s;Jrface ncirml?z\l,sg\dsls thl)uslyer'med IR reliltec%flah)sorrf[trl]or&
under controlled conditions. Furthermore, contamination by spectroscopy ( ) ) reliminary resufts for method a
atmospheric species (e.g.,® and Q) is knowrf to be showed that it was difficult to prepare a sample thin enough

important in the electronic properties of SWNTs. Despite this, for 9°°d.”.“d"R transmission that was "?‘ISO free of plnholes
few studies of SWNT chemistry have combined vibrational and suff|C|entIy. rqbust to. allow hangillng .and mounting.
spectroscopy with any form of surface analysis, such as X-ray Howe\_/er, a var|at|_on_of this me_thod, In Wh.'Ch SWNTs are
photoemission or Auger electron spectroscopy (XPS or AES). deposited from a |IQUI(33 suspension onto a fine W mes_h, _has
The purpose of the present work is to evaluate a method for been used elsewhefe: Method b is a workaple soluthn,
performing IR studies of adsorption on SWNTSs that is also fully however, many reagent; of interest W!" chgm|sorb readily at
compatible with the use of such electron spectroscopies. room temperature on Si, Ge, a}nd their O.X'des as well as on
Designing an experiment that permits both IR and electron- SWNTs Wh"_:h complicates th? interpretation of spectroscopic
spectroscopic studies of SWNTs presents certain difficulties. data. Theze IS a}lso the pptentlal problem of reaction (e..g., .S'C
The standard approach to obtaining IR data for SWNTs is to formatiort) during cleaning of the SWNTs by annealing in

deposit samples on an IR-transmitting material such as KBr or ultrahigh vacuum (UHV). ) .
Cak. However, all such halides are extremely susceptible to | '€ Present work has made usehof methrc])d ¢, which ﬂfox":]es
damage (i.e., halogen desorption) by electron impact which & number of advantages over other methods and which has
results in a defective surface lajerapable of reacting with already been usétito facilitate the recording of AES and XPS

the SWNTs and/or the reagent being studied. Oxides such asdat@ for SWNT samples. For a thin dielectric layer100 nm

Si0, or Al,Os, although somewhat less easily damaged by thick or less) on a metallic substrate, which is termed a “buried
electron impact (especially when free of surfac®H groups9), meta}l layer” (BML) structure, the mid-IR optical properties are

have unfavorable IR transmission properties for substrates ofdominated by th_ose of th? metal (e.g., re_fs .16 gnd 1.7 and
practical thickness~0.3 mm or more). In addition, insulating references therein). Specifically, the electric field intensity at

substrates (even those less susceptible to damage, such as znSiE Surface is negligibly small except in p-polarization and at a
high angle of incidence. This combination of a high electric

* Phone: +1-202-767-6728. Fax: +1-202-767-1165. E-mail: field intensit_y_and a hlgh angle of incidence is what makes
bermudez@estd.nrl.navy.mil. IRRAS sensitive to sub-monolayer coverages of adsorbates on
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metals!® For nonmetals, on the other hand, the surface electric chamber has also been described previotfSihe spectrometer
field intensity maximizes at a smaller value and at a smaller is now a Nicolet 870 which permits simultaneous recording of
angle of incidence than for a metal. The BML approach has both the unmodulatedRj and polarization-modulatedAR)
been used by many grods** to enhance the IRRAS sensitiv-  interferograms. In addition to halving the data acquisition time,
ity to adsorbates on nonmetallic surfaces over what can bethis eliminates instabilities associated with recording the two
attained in external reflection measurements on the sameinterferograms sequentially. The “narrow-band” 8d;—xTe
materials in bulk form. The thickness of the nonmetallic layer (MCT) detector now has a preamplifier with built-in compensa-
typically employed in a BML experiment is such that the layer tion for nonlinear respons¥:3¢ These modifications greatly
is “optically thin but chemically thick”. This means that the improve the cancellation of strong gas-phase absorptions in the
mid-IR optical properties are essentially those of the metal, but individual single-beam spectra. As discussed in refAR/R is
the chemical response to adsorbates is that of the nonmetallicrelated toS, the measured signal after intensity calibration, by
material of interest. ARR = 9[1 + Jo(A)(1 — )], whereJo(A) is the zeroth-order
The polarization properties described above define the so- Bessel function of the phase modulation amplitéd&he sign
called “metal-surface IRRAS selection rut&'which dictates depends on the azimuthal angles of the polarizer and modulator
that only adsorbate vibrational modes with a finite component relative to the surface normal. The correct sign, as well as the
of the dynamic dipole moment along the surface normal are value of A (which varies with the IR wavelength), can easily
detectable, and then only in p-polarization and at a high angle be determined (see below) from the overall shape of the
of incidence. The s-polarized IR radiation does not couple to intensity-calibration spectrum. Sindeis known at any point
the vibrational modes of adsorbates on metals or on BML in the spectrumjy(A) can be computed and used to obtAR/R
substrates because the electric field vanishes at the surface. Onfrom the measured signal. This procedure, rather than the
can make use of this effect by employing polarization modula- approximation described in ref 26, was used to include the effect
tion (PM) to measure the quantiyR/IR = (Rs — Ry)/(Rs + of the dependence dh(A) on photon energy. This correction,
Ro), whereRs (Ry) is the s (p)-polarized reflectance. This offers  which is often neglected in PM-IRRAS, can significantly affect
two distinct advantages over a transmission measurement,relative intensities across the spectrum. The difference between
although at the expense of an increased experimental complexitythe corrected\R/R spectra thus obtained before and after gas
First, weak adsorbate absorptions (which appear only in exposure then gives the final quantity of interé$t\R/R), which
p-polarization) can be seen in the presence of much strongeris the change in the spectrum due to the adsorbate. Given the
but isotropic gas-phase absorptions. This has been exploited indefinition of 9(AR/R), features in the spectrum arising from
a number of in situ studié¥ 2° of surface reactions at elevated absorption caused by the adsorbate will be “positive” (i.e.,
reagent pressures and is expected to be useful in observingipward-pointing) and those due to absorptions that are removed
SWNT surface chemistry under practical conditions. Many by the adsorbate will be “negative” (i.e., downward-pointing).

species of interest adsorb only weakly on SWNTs, and  1he p)\.|RRAS data were obtained at 8 chresolution,

maiqtaining a §ufficiently high coverage at room temperature typically by averaging 2000 scans in 17 min. Triangle apodiza-
requires experiments to be performed under a finite steady-stateiq and 4-fold zero-filling were applied to the interferograms

reagent pressure. Secoifiys unaffected by the adsorbate and  efqre Fourier transformation. The phase modulation was set
thus serves as a reference signal, making the experiment in effect | give half-wave amplitude (i.eA = x) at 2600 cm® which

a double-beam measurement even though there_ Is phy§icallycan be checkéflby comparing the shapes of the observed and
pnly one IRh bgqfr?. I-égnce, the PI|\4 eprglr'lrnen:] IS rf?IatNer calculated intensity-calibration spectra, given &g(A)/(1 +
”T‘mlung tot (IengAgn instrumental instabilities that affect true Jo(A)), wherec is a constant independent of photon energy and
single-beam ) Jo(A) is the second-order Bessel functionffThe variation of

_The adsorbates considered here are atomic H (and D) anda yith photon energy, which depends on the choice of the half-
dimethyl methylphosphonate [DMMP, (GB),(CH3)P=0] wave point, determines the energy dependence of the experi-

which are of interest for specific reasons. Adsorption of H has ,antal sensitivity? Data were obtained in the 406000 cnt?
been foun@"*2to have the potentially useful effect of convert-  n46 \yith the lower limit being fixed by the transmission cutoff
ing SWNTs from metallic to semiconducting, and the vibrational ¢ e 7nse polarization modulator and by the detector response.
spectrum of adsorbeq H can be a useful probe of surface 2.2. Sample and Reagentdhe SWNT sample was deposited
structure (e.g., for semiconduct®is Sensors based on S_VVNTS_ by s;p;aying a suspension MN-dimethyIformamide (DMF~5
have been qlenjonst_rated for a n_umber of gases mcludmgmg/L) from an airbrush onto the substrate at about"mm"he
DMME’M WhllCh Is of interest as a simulant for pest;]mdes and suspension was prepared by ultrasonic agitation of .a concen-
for chemical warfare nerve agents. However, the surface : .
chemistry involved in adsorption of DMMP on SWNTs has not gatg? [[T'"Xtu'lr'?]fg(\)/vrpﬁ'/l_)t okaWNT.bu?dIeslllndDmg foIIowted. |
been studied in detail. The combined use of the BML and PM- }t/)t Hu 'grf]' '(3: b NS oct wss sllng e-\l/va EECNII) cghma fr![ad

. , . ained from Carbon Nanotechnologies Inc. with a state
IRRAS approaches, described above, permits the detec‘ftlpn ,,Ofgurity of about 96% and was used without further processing.
these species on SWNTSs with high sensitivity and under “high - . :

The SWNT film appeared to the unaided eye as a faint and

ambient pressures. Although AES and XPS data were not i dull black h h b ™ b
obtained in the present study, due to instrumental limitations, Unform dull black haze on the substrate. The substrate was an

the sample configuration is completely compatible with such electrolyticglly polished Al block. A second, nominally identical
measurepment§5. g P y P Al block with no SWNT layer was used as a reference, and

this block included a small hole in which a chromelumel
thermocouple was buried for temperature measurement. A
manipulator allowed positioning of one block or the other in
2.1. Infrared Measurements. The PM Fourier transform  the light path. The samples were mounted in an UHV chamber
infrared (FTIR) apparatus and measurement techniques havewith a base pressure af2 x 1071° Torr after~18 h of baking
been described in detail previougkalthough some improve-  at about 140C. It has been fourid that SWNTs do not react
ments have been incorporated since the original work. The UHV with Al at temperatures below about 70C, which is above

2. Experimental Details
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Figure 1. PM-IRRAS data showing the effect of annealing at 3G7
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Figure 2. AR/R spectrum of the 520C-annealed SWNT/AlI sample

in a vacuum on the as-inserted SWNT/Al sample. The plot shows the atter subtraction of the spectrum of a bare Al substrate subjected to
AR/R spectrum of the annealed sample after subtraction of the spectiuMe same annealing. The positive (upward-pointing) features indicate
before thermal treatment, and the negative (downward-pointing) peaksabsorption associated with the SWNTs. The peak assignments are

indicate the desorption of surface species. The insets show parts of theyiscussed in the text.

spectrum in more detail. The very weak structure near 2400,c38en
in this spectrum and in others, is an artifact resulting from the signal-
processing electronics.

the Al melting point of 660°C. Also, no degradation of the

~5 x 107° Torr in the unbaked UHV chamber (see above).
The spectrum was obtained by recordindr/R for the as-
inserted sample and subtracting it frodR/R recorded after

sample (e.g., a change in chemisorption behavior) was noteg@nnealing and is intended to indicate the range of species that

after many annealing treatments up to 320(see below). The
thermally stable native oxide on the Al surface probably
impeded any extensive carbide formation.

Exposure to H or D atoms was done by back-filling the
chamber with nominally 99.995% pureldr 99.65% pure B
gas through a leak valve wiita W filament resistively heated
to ~1700-1800°C at a distance of about 5 cm from the sample.
The H, cracking efficiency on W at this temperatéftes ~2.5%.
The gas was pumped continuously by a cryopump while
maintaining a pressure of5 x 1076 Torr (Hp) or ~4 x 1075
Torr (Dy), based on uncorrected cold-cathode ionization gauge
readings. The Kland D, exposures are given in Langmuirs (L)
where 1 L=1 x 1076 Torr-s. The purity of the gas was checked

using a quadrupole mass spectrometer in the UHV chamber.

The sample was biased-atll V to repel low-energy electrons
from the hot filament, and a positive voltage drop8(V) was
maintained across the filament during operation to impede
electron emission. The sample temperature typically rosest®

°C due to radiative heating by the filament.

The DMMP was stored in a glass bulb and degassed by
repeated freezepump—thaw cycles, with freezing in liquid N
Exposures were done by static back-filling of the chamber
through a leak valve. The purity was checked using an IR

transmission spectrum of the gas in the chamber during an

experiment. This was obtained from the ratio of the unmodulated

(R) single-beam spectra recorded before and after admitting the

gas and was compared to a standard reference spettrum.

3. Results and Discussion

3.1. In Situ Carbon Nanotube Cleaning. Previous IR
studie4®**have shown that SWNTs contain adsorbed O in the
form of C—OH and G=0 species until heated in UHV to at
least 450°C. Other work13 indicates that a much higher
temperature is needed to remove completely all traces of O.
Figure 1 shows PM-IRRAS data illustrating the effect of
annealing the “as-inserted” sample to 3W in a vacuum of

desorb from an otherwise-untreated sample under moderate in
vacuo annealing. Here, the negative peaks in df&R/R)
difference spectrum show the removal of surface species by the
annealing process. The desorption of alkane-like hydrocarbon
contaminants is indicated by the-# stretching modes at 2851,
2923, and 2955 cmni. Some of the other features in Figure 1
have been discussed elsewh&&.41The broad band at3450

cm! indicates the loss of H-bonded-OH groups and/or
physisorbed BLD. The structure in the 168a.735 cnt? range

has been assigned to the loss of various carbor@=€0O)
species. The other features are assumed to be associated with
the removal of adsorbed hydrocarbons; however, no attempt at
a complete assignment has been made. It is noted that temper-
ature-programmed desorption studfdsave suggested that the
pyrolysis of O-containing sites leaves the nanotube wall in a
strained and more reactive state than a pristine SWNT.

Figure 2 shows the spectrum of the SWNT sample after
heating in UHV to 520°C, referenced to that of the bare Al
substrate This is the maximum annealing temperature used in
the present work and was the typical treatment prior to
adsorption studies. Heré(AR/R) was obtained by subtracting
AR/R for the bare Al reference sample (see above), which was
annealed identically, from that of the SWNT/Al sample. The
spectrum cannot be directly related in any simple way to the
“true” IR spectrum of the SWNTs themselves for two reasons.
First, the subtraction used to obtaf{AR/R) involves the
assumption that optical absorption in the surface layer (the
SWNTs) has a small and strictly additive effect on the
reflectance of the bare substrate (Al). While this is valid for
the weakly absorbing, sub-monolayer adsorbate layers of interest
herel8 it is not true for the SWNT layer itself. Second, the IR
polarization vector within the SWNT film makes an angle with
respect to the surface normal which is determined by the angle
of incidence and by refraction at the vacuum/SWNT interface.
The SWNT film, consisting of a network of tubes “lying flat”,
has anisotropic optical propertf€ghat depend on this angle.
The value of Figure 2 is in identifying chemical species
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Figure 3. PM-IRRAS data for a SWNT/Al sample exposed to H atoms.
The inset shows the €H stretching region in detail together with a
least-squares fit with three Gaussians and a quartic polynomial
background. The points show the data after subtraction of the fitted
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background, and the lines show the three components and the total fit.
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also noted that the peak intensities in Figure 3 are small
compared to those in Figures 1 and 2. A limited study (not
shown) was performed of the effect on the H-exposed sample
of annealing in UHV. Up to 150C, little or no change was
seen other than a sharpening of thekCstretching absorptions.
A 300 °C anneal caused a loss of about two-thirds of theHC
intensity.

Least-squares fits in the-€H stretching region, using a sum
of Gaussians and a quartic polynomial background function,
were done to define more clearly the peak positions and relative
intensities. A two-component fit reveals peaks at 2853 and 2935
cm 1 with a full width at half-maximum (fwhm) of 49 and 75
cm1, respectively. The data could also be fitted with a sum of
three Gaussians but with little or no improvement in the quality
of the fit, as measured by the sum of (fit-d&tayer all points.
The three-component fit (shown in Figure 3) gives peaks at
2856, 2923, and 2962 crh with a fwhm of 57, 49, and 55
cm 1, respectively. There is no statistical basis for favoring the
three-component fit. However, the higher-energy band does
appear (reproducibly, for all experiments) to consist of a peak
with a shoulder on the high-energy side. This fact, and the
similarity of all fwhm’s for the three-component fit, suggests

The upper trace in the inset shows the raw data. Note the difference inthat it is the correct model. These widths are much greater than

the scale o (AR/R) versus Figures 1 and 2.

remaining after a maximum annealing treatment in UHV. For

example, a species that is completely unaffected by annealing

would not appear in thé(AR/R) difference spectrum in Figure
1 but would be seen in Figure 2.

The feature at 1588 cm is assigned to the SWNT phonon
observed very near this energy in*fR44and Ramat? spectra.
No indication of the hydrocarbon or carbonyl absorptions, noted
above, is seen for the annealed sample. The band at 1241 cm
is assigned to the €0 stretching®*!associated with EO—C
groups in the nanotube wall. Previous w&rke-40-4lindicates
that annealing in excess of 700 is needed to eliminate these
species. The peak at 1140 chis assigned to AFO—C groups
formed by C atoms in direct contact with the oxidized Al
surface. This is based on the-AD—CHj stretching frequend§
of 1091 cntt for CHzO— on Al,O3 and is consistent with the
presence of a negative feature at 958 &nthe longitudinal-
optic phonon frequenéyfor a very thin AbO; film on Al, which
indicates the loss or modification of oxide on the Al surface.
This feature did not appear strongly in the spectrum until the
SWNT/Al interface had been annealed abex00°C. Previous
IRRAS result4® (without PM) for SWNTs deposited on
electrolytically polished Al (without subsequent annealing) also
show a band at about 1200 ctwhich was assigned to a
disorder-induced SWNT mode. It is noted that the electric field
intensity in a BML structure is largest at the metal surface which
will enhance the IRRAS intensity for species directly adsorbed
on the metal versus farther away in the SWNT layer.

3.2. Hydrogen.No H-related absorptions were observed, for

the instrumental resolution of 8 crhand indicate a high degree
of inhomogeneous broadening. The Lorentzian width of-diC
stretching mode in this case is expeéfed be negligible ¢1
cm~1). An interpretation of the €H stretching modes will be
presented after additional data are examined.

Figure 3 shows a negative peak at about 1580cwhich
indicates the removal of C=C< groups by H adsorption. A
comparison of the intensity of theC=C< peak in Figures 2
and 3 indicates that H adsorption under the present conditions
removes only a small fraction (roughly 10%) of such sites.
Figure 3 shows one, and perhaps two, other features. One is
the negative peak at1300 cntl. A peak at about this energy
is typically observed in SWNT Raman speétréwhere it is
termed the “D-band”) and assigned to regions of disorder,
defects? and/or sp-hybridized site$3 In IR transmission
datal®4%41an ill-defined structure in the 136500 cn range
is typically observed but not assigned. If the 1300 &émpeak
is, in fact, associated with strain or defects of some kind, then
the data are consistent with these being reactive sites. The
elimination of the Raman D-band by thermal oxidation has been
reportec?® and previous theoretical wof®® indicates that
adsorption of H should be enhanced near regions of strain in
nanotube walls. In the region between the negative 1300 and
1580 cnr?! peaks, there is a suggestion of a positive peak at
about 1450 cml, the expected energy of a<H bending mode.

For example, on the hydrogenated C(100)(2l) (diamond)

surface, a €H bending mode of the C(H)—C(H)< group is

found at 183 meV (1476 cm) in high-resolution electron
energy loss spectfd.

SWNT samples cleaned as described above, in an ambient of For H/SWNT, regardless of whether a-& bending mode

~107* Torr of H; in the absence of a hot W filament. Molecular
H,, which can be seen in Raman spettaf SWNTSs in a high
pressure of B would be difficult to detect in the IR, even for
molecules in a non-centrosymmetric environment within a

can be detected in the PM-IRRAS data, the fact remains that it
is expected to occur in the vicinity of 1450 cf Hence, the
first overtone 2900 cnT?, neglecting anharmonicity) falls in
the range of the €H stretching fundamentals, and attention

SWNT. In any case, the present experimental sensitivity is poor must then be paid to the possibility of Fermi resonance. In this

in the region of the Wmode (4150 cnt?). Figure 3 shows
data for H-atom exposure. An,Hexposure of~2 x 10* L,

process (see, e.g., ref 58), an overtone of a lower-energy mode
is accidentally degenerate with a higher-energy fundamental of

under the conditions described above, was sufficient to reachthe same symmetry. Mixing of the overtone and fundamental,
saturation in that further exposure led to no significant change via anharmonic coupling, leads to “intensity borrowing” by the

in the spectrum. None of the features in Figure 3 were seennormally weak overtone absorption and to a “repulsion” or
when exposing the bare Al reference sample to H atoms. It is “avoided crossing” which shifts the two components away from
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=0.012 T T amplitude (see above) to increase sensitivity in this region,
| D/SWNT C-H revealed a broad band in the 3688700 cnt? range consistent
with H-bonded —OH groups on AIO; (ref 62). There is,
however, no indication of a CED stretching mode in the
2400-2500 cnt! range in Figure 4 which would indicate attack
by D atoms on €O—C groups in the nanotube wall. Figure 4
also shows the same negative peaks, at about 1300 and 1580
cm1, as do the H-atom data in Figure 3. However, the apparent
positive peak at 1450 cm (Figure 3) due to €H bending

has been shifted to lower energy by D substitution. TheDC
bending mode is expected to fall in the 950050 cn1?! range,

but the signal-to-noise ratio in the present data is not sufficient

i - A/M\« | to permit a clear identification of this mode.

T i We now proceed to an interpretation of the results
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1000 1500 2000 2?20 3000 3500 4000 a “perfect” SWNT. This species exhibits two-Ei stretching

cm modes, namely, symmetried and asymmetrici(y). For the

Figure 4. Similar to Figure 3 but showing the results for adsorption hydrogenated C(100)-(%2 1) surface’ only one of the two
of D atoms. The AIG-D stretching mode, due to D adsorption on the  modes of this “monohydride” structure is sufficiently intense
substrate oxide, is indicated. to be detected in a multiple internal reflection experiment and
is found at 2897 cm. It is also seefl to have an annealing
. . dependence different from that ®8CH, modes, which are also
each other and from their unperturbed positions. If such an effectfoupnd at 2854 and 2921 crh None %f the H/SWNT modes
were important here, then one of the modes identified above 8S¢een here are sufficiently close in energy to 2897 cto be
C—H stretching” might in reality be the overtone of -6 assigned with confidence toC(H)—C(H)<. On the other hand,

bending mode. . :
: - . the energies are all close to those typically obsei/&dfor
To test this possibility, and also to help clarify the low-energy n-alkaneg. For these species(> CHy) a)rll%vs(JCHg) fall near

end of the spectrum by shifting any bending mode to below .
. ~ 2920 and 2851 cn, respectively, andr,(—CHs) occurs near
1 , ’
the 1206-1600 cnt! range, the experiment was repeated with 2957 cnmt. The vs(—CHs) mode consists of in-plane and out-

D, instead of H. For the diamond (100)-(% 1)D surface? .

. of-plane components which arel0 cn1! apart and would not
cuffcionly fa rom the C.D sietching fndamental at 2151 D TeSOVabi nthepresent cata Tie-C H9 mode undergoes
cmt that)I/:ermi resonance should beg recluded. In the resen'[':ermi resonance with the overtone of CHs) asymmetric

; “p o P deformation, and this effect produces absorptions at about 2937
case of SWNTSs, observation of three-*€l stretches” but only 1 : . .
and 2878 cmt. In samples with randomly oriented alkyl chains,

two C-D stretches would signal a Fermi resonance for the the intensity of either of these features is less than that of the

former.
Figure 4 shows the D-atom data in the same form as the va( CH3_) mode near 2957 cnt.
H-atom data in Figure 3. The-D stretching region£2050- Applying these results to the present data then suggests a

2250 cm) cannot be fitted well with only two Gaussians, but Model in which H reacts preferentiatf°at or near defective

a three-component fit in the €D region gives peak energies ©OF Strained sites, causing a reduction in intensity in the 1300
(fwhm’s) of 2100 (51), 2153 (53), and 2208 (44) cmThe cm1 mode, as well as a loss of someC=C< sites (1580
fwhm values are close to the correspondingtCwidths given cm), to produce alkyl-like—(CHz)nCH3 or —C(Hz)—C(Hp)—
above, and thecy/vep ratios are in the range 1.34.36, as species. Such a process implies an opening of holes in the
expected from resuf8for n-alkyl chains. The observation of ~Nanotube wall. Similar structures have been suggested for
three G-D modes indicates that any effect of Fermi resonance Nanotubes grown by radio frequency plasma-enheficed

on the C-H stretching region is negligible at the level of the €lectron cyclotron resonance chemical vapor depositidar
sensitivity and resolution of the present data, possibly as a resultWhich C=H spectra similar to those obtained here were
of there being only a weak anharmonic coupling to the bending observed. There is no clear spectroscopic evidence in the present
overtone. Furthermore, the fact thai/vcp lies in the expected ~ data for the formation of a high concentrationro(H)—C(H) <
range for all three modes argues against the Fermi resonancéites. Perhaps this mode of adsorption is inhibited by the

repulsion effect noted above which would have yielded an Presence of €0—C groups in the nanotube wall, which has
anomalous value for one or moren/vep ratios. However, it not to our knowledge been considered in theoretical discussions.

is unclear why the relative intensities are different in thetC 3.3. DMMP. The adsorption of DMMP on nonmetals,

and C-D spectra. primarily on oxides’}~7® has been studied extensively due to
Figure 4 also shows a weak feature in the K stretching its importance as a simulant for toxic nerve agents and

range, due to kicontamination in the B and a peak at+2728 pesticides. The interaction of DMMP with activated carfon

cm~! with some evidence of a shoulder on the low-energy side. and with alkanethiolate self-assembled monolayers (SAMs) on
This feature is assigned to the AKD stretck® due to D Au’® has also been investigated. Activated carbon is féUted
adsorption on the oxidized Al substrate, and the shoulder may catalyze the decomposition of DMMP at elevated temperatures,
result from hydrogen bonding between adjacent AIOD sites. and the SAM result§ show that functional groups able to form
The absence of a similar feature in Figure 3 for H adsorption H-bonds to the O group significantly increase the heat of
(at 3745 cm?, ref 61) results from the poor sensitivity at the adsorption of DMMP. Detailed vibrational mode assignments
extreme high-energy end of the spectrum. Repeating thefor the IR and Raman spectra of liquid DMMP have been given
H/SWNT experiment, after adjusting the phase modulation by Moravie et al’®
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Figure 5. PM-IRRAS data for a SWNT/Al sample in a 0.23 Torr

ambient of DMMP vapor. The transmission spectrum of DMMP vapor
(ref 39) is also shown. The insets show parts of the spectrum in more

0.02

detail, and various regions are assigned according to refvZ9ahd 0.01

“va" refer to symmetric and antisymmetric stretching modes. In the 1'/ (P-0)

C—H stretching region (upper inset), adsorption-induced frequency o sa
shifts are noted in the more intense peaks. A schematic model of the 0.00 800 1000 1200 1400 1600
DMMP molecular structure is also shown. In the lower inset, a feature 1

believed to be due to the 1580 ct'SWNT phonon is indicated. cm
Figure 6. Similar to Figure 5 but showing the effects of evacuating a
Figure 5 shows IR data for DMMP adsorbed on SWNTs and 0.58 Torr DMMP ambient. Note the different energy ranges in the two
in the vapor phas® The adsorbate spectrum was recorded in Panels. Various regions are assigned according to ref¢9%ahd “o."
a 0.23 Torr ambient of DMMP vapor. The room-temperature refer to symmetric an'd antisymmetric-El _deformatlon modes. The
. two —OCHs; deformations are too close in energy to resolve in the
vapor pressuf@ of DMMP is about 1.0 Torr. Due to the long present data.
(30 cm) optical path through the UHV chamber, strong
absorptions occur due to gas-phase DMMP which are effectively 1050-1075 cnt! range. These are virtually unshifted from the
eliminated inAR/R. Except where noted, increasing the DMMP  vapor-phase energies, although there is a change in relative
pressure to 0.58 Torr had no significant effect other than a intensity. The lack of a significant frequency shift suggests that
uniform increase in the intensity of all bands. Because of the the O atoms in the-OCH;z groups arenotinvolved in bonding
porous nature of the SWNT film, adsorbed DMMP molecules to the SWNT, unlike in the case of SiQref 75) where they
are randomly oriented with respect to the surface normal. Hence,form H-bonds to surface-OH groups. In solid DMMP (ice),
all modes have a finite projection of the dynamic dipole moment intermolecular interaction causes -a21 cnt?! shift’”* of
on the surface normal and thus are detectable in PM-IRRAS. v,(O—CHjs) andv{O—CHz), whereas, again, no similar shift is
Except where noted below, all adsorbate peaks correspond toseen for adsorption on SWNTSs.
those observed for the molecular vapor, and none of the free- As a check, similar experiments were performed for the bare
molecule peaks appear to be missing or strongly shifted in the Al reference substrate (see above). In a DMMP ambient of 0.23
adsorbate spectrum. This indicates that adsorption is nondisso-Torr, very little adsorbate signal was detected. This consisted
ciative. However, small changes are noted in the positions andof weak, broad bands (not shown) at about 1050 and 1248 cm
relative intensities of various peaks upon adsorption, and thesein qualitative agreement with previous restitfor exposure
effects will be discussed below. of Al,O3 powder to DMMP at room temperature. In the present
A clear shift to lower energy is seen for the=P stretching case, the bare Al was not cleaned in situ other than by heating
frequency of the adsorbate which indicates that this group is to about 520C in UHV and almost certainly was contaminated
involved in bonding to the SWNT. The red-shift ofP=0) with amorphous C as well as with oxide. In any case, the results
from the gas-phase value (1276 thhis known (e.g., refs 74 show that the spectra in Figures 5 and 6 receive no significant
and 75) to be a sensitive indicator of the strength of the contribution from interaction between DMMP and the substrate.
interaction between DMMP and the local environment. The data  There is one feature for DMMP adsorbed on SWNTSs that
in Figure 5 show a shift of-23 cn! (to 1253 cn1?) which is does not appear in the vapor spectrum, namely, the peak at 1580
smaller than the shift of-34 cnm? upon going from the vapor ~ cmtindicated in Figure 5. This is close in energy to the SWNT
to the solid (ice) phaséof DMMP. These results are consistent >C=C< stretching mode (see above) and may indicate that
with recent theoretical wok which finds that DMMP adsorp-  this bond is perturbed by adsorption so as to increase the
tion occurs via a very weak van der Waals interaction involving intensity (i.e., the dynamic dipole moment) of the mode without
the P=0 dipole. causing a significant shift in energy. An effect of this nature
An additional indication of the adsorbate structure is found has been reportéd in the ozonation of SWNTs. Another
in the v(O—CHg3) and v5(O—CHjs) methoxy O-C stretching possible explanation lies in the observed (see below) reduction
modes which give rise to the pair of overlapping peaks in the in free-carrier density that results from DMMP adsorption. This
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would reduce the screening of the dynamic dipole moment of 0.8

SWNT phonons and make such modes appear stronger in \ 1,2,3 : n=10"°, 10'°, 10*

IRRAS. N\ (y=2000cm ") ]
Upon evacuation, part of the DMMP remains on the surface 0.6 L\ \\ o -1 |

and subtle changes in the spectrum occur, as shown in Figure ’ \ 4.5: 7=4000, ;0°°°°m

6. The main effect of evacuating the DMMP is a uniform loss I \ (n=10") |

of intensity across the whole spectrum with slight changes in

the relative intensities of various features (see below). However, R 0.4

v(P=0) is further red-shifted (to 1246 cr¥) and broadened
somewhat, relative to the high-coverage spectrum, indicating L
that the remaining DMMP interacts more strongly with the
SWNTSs. A weaker interaction at higher coverage, corresponding 0.2 |-
) . 4
to a higher P=O frequency, could result from a repulsive
interaction between DMMP molecules due to steric effects. The F
shift could also indicate a distribution of different adsorption | 1 | 1 1 1
sites (due, e.g., to defects in the nanotube walls) such that the 0.0 mtm
less attractive sites (with a higher#® frequency) are populated 10001500 2000 25’100 3000 3500 4000
only at higher coverage. The latter model, involving defect sites o cm o S
that saturate at lower coverage, is favored by the increased linefigure 7. Normal-incidence reflectance, in air, for a semi-infinite
- - - SWNT substrate computed using a Druderentz dielectric function
width fpr the P=0 mod(_e after eva(_:uatlon which suggests that of the form given by Ugawa et al. (ref 86). The Drude parameters are
such sites may be relatively more important at lower coverage. n — 1 x 1%, 1 x 10, and 1x 10?Lcm 3, respectively, for curves 1,
Changes in the relative intensity of various features are noted2, and 3 (all withy = 2000 cn?). The corresponding plasmon
in comparing the data in Figures 5 and 6. The sequence vaporifequencies arey, = 2994, 947, and 9472 cm respectively. Curves
— high coverage (0.58 Torr~ low coverage (pumped out) 4 and052>6 resgectwely, are fer= 4000 and 1000 crt (both withn =
corresponds to an increase in the DMMP/SWNT interaction, 1 107 em™).
as deduced from the trend #fP=0) discussed above. As the  treatment causes desorption of DMMP from the SWNTs and/
strength of the DMMP/SWNT interaction increases, tgand or diffusion from the SWNTs to the substrate. The further
va modes for—OCH; maintain an approximately constant possibility of a reaction between DMMP and the SWNT at
relative intensity, whereag(PCHg) gains andvs(PCH;) loses elevated temperature cannot, at present, be completely elimi-
relative intensity. Th&,{OCH;) C—H deformation modes of  nated, especially in view of the resuftéor DMMP on activated
the methoxy—CHjs, and perhaps the(PCHs) C—H deforma-  carbon. However, the very weak DMMP/SWNT bonding at
tion of the—PCl—b, also gain relative intenSity in the adsorbed room [emperature makes this appear to be un|ike|y_
state (Figure 5). The DMMP/SWNT interaction does not appear  3.4. The Broad Background.The DMMP spectra discussed
to affect other relative intensities, although(P—O) and above exhibit a broad and smoothly varying background that is
v{(P—0) may be lost in the noise after evacuation (Figure 6b). completely reproducible. A similar phenomenon has been widely
Finally, small adsorption-induced shifts to lower energy are seen studied for metallic substrates (refs -885 and references
in the v(OCHs) andv(OCHs) modes (Figure 5). therein), for which adsorption is seen to shift the background
Effects similar to those noted here have been Seém in the direction of decreasirfg, to a degree that increases with
comparing the transmission spectra of vapor-phase and con{photon energy over the far- and mid-IR range. This has been
densed (ice) DMMP. This suggests that they are related to explained quantitatively in terms of an adsorption-induced
intermolecular interactions (in the case of DMMP ice) or to decrease in both the free-electron density at the surface (due to
DMMP/SWNT interaction (in the present case). Due to the chemical bond formation) and the electron scattering lifetime.
metal-surface IRRAS selection rule noted above, changes inThese effects are correlated with a measurable decrease in the
dipole orientation with respect to the surface normal could also, electrical conductivity of metallic thin films when exposed to
in principle, affect relative intensities in the present experiments. reactive gases. The net effect is to make the adsorbate-covered
However, such factors would not affect the DMMP ice data  surface “look less metallic” in the IR than does the clean surface
which were obtained by transmission for an isotropic, nonmetal- which leads to the observed decreas&in
lic substrate. A similar discussion can be applied to the case of SWNTs
A further experiment was performed in which the SWNT using the Drude Lorentz complex dielectric function introduced
sample was first exposed to H atoms, as described above, prioly Ugawa et af° to account for the SWNT reflectance in the
to exposing it to DMMP. This was done to determine if ~3 meV to 3 eV (-25to 25x 10° cm™?) range. This is given
preadsorbed H would modify the DMMP/SWNT interaction to by
a measurable extent. The PM-IRRAS data (not shown) in a 0.23 I 0 2 ) )
Torr ambient of DMMP and after evacuation of the vapor were € = (N +1K)* = €, — o /(0" + iyw) + Z[QT[(wo;” —
essentially identical to the corresponding results given above wZ) —iCw] (1)
for a sample not previously exposed to H. This is consis- !
tent with the finding, noted abOve, that H adSOfptiOﬂ under the Wherewp = (47[ne’m)1/2 is the p|asm0n frequency of the free-

present condition removes only a small fraction of the electron gas. Herey, (cm™2) = (8.9698x 10-4n)¥2in terms

>C=C< sites. of the carrier density (cm~3) andm ande are the carrier mass
A limited study of annealing effects (not shown) was also and charge (both set equal to the free-electron values). Figure
performed. After evacuation of the DMMP, heating+d.50 7 shows normal-incidence reflectance spectra calculated using

°C converted the spectrum to one resembling that repGrted eq 1 and the Fresnel relations for a semi-infinite SWNT substrate
for DMMP on Al,Os, with almost complete elimination of the in air with different values fon andy (the plasmon damping
P=0 stretching mode. This suggests that a mild thermal term). These results are useful in visualizing the relationship
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Figure 8. (solid) PM-IRRAS data for a SWNT sample in a DMMP
ambient of 0.58 Torr. (dashed) Computed spectrum for a SWNT layer
on Al showing the effect of modification of the Drude parameters by
DMMP adsorption (see text).

between the electronic and mid-IR optical properties. The single-
oscillator Lorentz parameter€2(= 3629 cnT?!, wo = 161.3
cm™ 1, T = 338.7 cntl) and the frequency-independent term
(e« = 8.5) are those given in ref 86 for room temperature. The
conduction in air-exposed SWNTSs occurs via hdledhowever,
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The computed spectrum in Figure 8 was obtained with
2x 10 (2 x 10 cm=3andy =2 x 10 (6 x 1% cm™?®
before (after) DMMP adsorption. The results show that the
simple and approximate model used here can account qualita-
tively for the overall shape of the background. The sample is
assumed to be a mixture of metallic and semiconducting tubes,
and the n values thus represent average quantities. The
adsorbate-induced changesiimandy are both consistent with
the observett increase in resistance when a SWNT layer is
exposed to DMMP. In principle, a more accurate least-squares
fitting procedure should enable the determination of SWNT
electronic properties from IR reflectance data. The effect of
adsorbed H was not considered, since it alters the structure of
the SWNT wall, as discussed above, which means that the
optical effects of H cannot be modeled simply in terms of
changes in the Drude parameters. Furthermore, H adsorption
under the present conditions appears to occur locally, rather than
uniformly over the entire SWNT, which would lead to an
inhomogeneous H/SWNT layer.

4. Summary

Carbon nanotubes were deposited on an Al substrate and
cleaned by heating in UHV. The sample was then exposed to
H (or D) atoms and/or to DMMP, and PM-IRRAS spectra were
recorded. The results are as follows.

(1) The PM-IRRAS approach is shown to be a viable
technique for obtaining vibrational spectroscopic data for

no distinction is made here between holes and electrons as theédsorption on SWNTs deposited on metallic substrates. It is

majority carriers. Curve 1 in Figure 7, with= 1 x 10?°°cm3
andy = 2000 cnt?, corresponds approximately to the single-
oscillator best-fit results discussed by Ugawa et al. for their
sample®

Figure 7 illustrates the basic points mentioned above. Increas-

ing n or decreasing (=1/t, wherer is the electron scattering
lifetime) makes the substrate “look more metallic”, leading to

thus possible to observe weakly interacting surface species under
finite steady-state reagent pressures. Although the present work
has focused entirely on IR-spectroscopic aspects, the use of a
metallic substraé will also facilitate the application of surface-
sensitive electron spectroscopies such as AES and XPS.

(2) Adsorption of atomic H occurs preferentially near strained
or defective regions in the nanotube wall to produce a spectrum

an increased reflectance. Note that the differences between théonsistent with alkane-like species¢H, and—CH). Only a
curves in Figure 7 are much greater than the adsorbate-inducecsmall fraction of the>C=C< sites in the nanotube wall react

reflectance changes seen in the data given above. Hénce,

with H, and there is no clear indication for production of

(AR/R) is expected to be very sensitive to changes in the Drude monohydride>C(H)—C(H)< species.

parameters. Any adsorbate is expected to increadmit the
SWNT n can change in either direction depending on the
chemical species. The situation is further complicated, in the

(3) For DMMP, data were obtained under steady-state
conditions in reagent pressures in excess of half the room-
temperature vapor pressure. Adsorption occurs via #¥©P

case of SWNTSs, by the combined presence of both Drude andgroup with a coverage that depends on the ambient pressure.
Lorentz terms. It is noted that a similar approach has been Varying the DMMP coverage by changing the ambient pressure

applied to a qualitative interpretation of changes in the IR diffuse
reflectance spectra of SWNTSs following saturation with &t
high pressuré?

Figure 8 shows the application of this model to DMMP
adsorption on SWNTs. The calculation was done for a SWNT
layer on Al (ignoring any chemical effects at the interface) at
an angle of incidence of 82as in the experiment. The single-
oscillator Drude-Lorentz function described above was used
to model the SWNT layer, ignoring any anisotropy in the optical
constants, and the Al optical constants were obtained from
tabulated dat& An effective SWNT layer thickness of 50 nm

causes changes in the spectrum that can be related to the strength
of the DMMP/SWNT interaction. Preadsorbed H is seen to have
little or no effect on the subsequent adsorption of DMMP.

(4) The DMMP molecular features are superimposed on a
broad, smoothly varying background that can be related to
adsorption-induced changes in the Drude parameters character-
izing the SWNT free-carrier density and scattering lifetime.

A shortcoming of the present approach, and of any others
involving SWNTSs supported on another material, is the issue
of substrate effects. The data presented here show only minor
features due to adsorption on the support, such as AIOD

was assumed, and the Drude parameters for both the bare anébrmation during D-atom exposure and reaction with DMMP

DMMP-covered SWNT layer were varied by trial and error in
order to reproduce qualitatively the overall shape of the

during annealing. However, similar experiments with ot
discussed here) were in fact dominated by adsorption on the

background. The adsorbate was assumed to affect the entireoxidized Al surface. In principle, such perturbations could be

depth of the SWNT layer uniformly. The calculated spectrum
was very sensitive to all four parameters, thahiandy before
and after DMMP adsorption, and the result shown in Figure 8
was divided by a factor of 5 in order to match the scale of the
observed spectrum.

diminished through the use of a more inert material such as
Au, but the possibility of substrate effects, which have been
documented here, remains a concern. A further issue has to do
with chemical reaction between the SWNTs and the substrate,
particularly for high-temperature anneals when the support is a
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carbide-forming metal. Some indication of such an effect has

been seen here in the formation of-AD—C bonds during

annealing. This ability to detect chemical processes at the(R)

SWNT/metal interface actually offers certain opportunities.
Recent work® has shown that the electronic properties of
SWNT/metal contacts can be significantly modified by the

introduction of organic adsorbates, and it thus appears feasible
to study such phenomena spectroscopically. In principle, the

ability to perform AES or XPS measurements in parallel with

the IR experiments will shed light on the issue of substrate

effects.
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