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Abstract: The reaction of Group 6 metals with SWCNT has the potential to bridge the resistive
SWCNT -~ SWCNT junctions by the formation of “Cr(SWCNT),” complexes analogous to Cr(CgHg)s.
This study reports that the formation of such species is very sensitive to oxidation by a residual
iron oxide catalyst used for the growth of the SWCNTs and adsorbed /bound oxygen functionality.
The reaction of raw HiPco SWCNTs with M(CO)g and (C;Hg)M(CO)3 (M = Cr, W) or (C¢Hg)Cr(CO)3
results in the formation of the Group 6 metal oxides. Annealing and acid treating the HiPco SWCNTs
to reduce the catalyst content allows for the observation of zero valent metals by XPS, while the use
of very high purity SWCNTs and graphene allows for the addition of primarily zero valent Group 6
metals, including the bis-hexahapto metal complex.
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1. Introduction

The isolobal relationship between arenes and nano carbon materials suggests that the coordination
of metals to their surface should be facile [1]. In particular, n°-coordination of the Group 6 metals (Cr,
Mo, and W) should be possible. Whereas the curvature of fullerenes disfavors 1°- or n°-coordination
due to the m-orbitals being directed away from the metal center, this is less of an issue in carbon
nanotubes (CNTs) due to their lower circular (rather than spherical) strain [2]. More importantly,
the orbital overlap offers the potential for the alteration of the electronic properties of CNT bundles,
without breaking the sp? hybridization of the tubes [3]. Further, theoretical calculations have
shown that there is no potential barrier between semiconducting single walled carbon nanotubes
(SWCNTs) and a molybdenum contact, indicating that electrons flow freely between the two [4].
Thus, the formation of Group 6 metal-SWCNT sandwich complexes has the potential to act as an
electronic bridge between the resistive metallic and semiconducting SWCNT junctions present in
bundles of tubes [5]. The formation mechanism of Cr(SWNT), should be analogous to that of related
organometallic chromium systems [6].

In a study by Haddon and co-workers, it was reported that Cr(0) is effective in increasing the
conductivity of SWCNTs by the formation of Cr(SWCNT), complexes that reduce the inter-nanotube
junction resistance [7]. In concept, this is an extension of doping studies where metal and non-metal
species are known to intercalate within CNT bundles [5]. As part of their work, it was reported that
the “Cr(CO)3” moiety could be coordinated to both the graphene surface and also the sidewalls of
SWCNTs [5,7]. Films of their Cr(SCWNT), sandwich complex were observed to have an increase in
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conductivity of over 100% [5]. They also reported conductivity increases for tungsten and molybdenum
sandwich complexes synthesized by the same method [7].

During our study of the interaction of metals with SWCNTs, as part of our interest in the enhanced
conductivity of metal-SWCNTs composites [8,9], we wanted to explore the use of these “Cr(CO)3”
complexes as seeds for the growth of metal particles with intimate electronic interaction to the side-wall
(as opposed to the end) of the SWCNTs. However, our initial experimentation did not result in the
formation of the claimed “(SWCNT)Cr(CO)3” species. In particular, the lack of a Cr(0) peak in the XPS
analysis and consistent IR spectra provided no evidence for the formation of the claimed species.

The Haddon Group reported a Cr 2p3/, binding energy for (SWCNT)Cr(CO)3 of 576.9 eV as being
consistent with Cr(0) n®-complexes [7]; however, the accepted value for (C4Hg)Cr(CO); is 576.1 eV [10].
We note that they also reported the binding energy for Cr,Oj3 to be 575.5 eV, which does not fall within
the accepted literature values of 575.7-578.9 eV [11]. Additionally, the infrared spectrum of the species
assigned to (SWCNT)Cr(CO)s is reported to show a single signal for the carbonyls at 1971 cm 1 [7],
but the local environment of “(SWCNT)Cr(CO)3” has a Cs, symmetry [12]. With this symmetry, the A4
and E vibration modes are IR-active; therefore, two bands should be observed, as seen in the spectra of
(CeHg)Cr(CO)3 [12]. The observation of a single peak is more in line with the presence of unreacted
Cr(CO), starting material, which shows a single signal at 2000 cm~! [7]. The observation of a shift to
lower wavenumbers is consistent with physisorption [13,14]. Thus, the characterization reported was
inconsistent with the proposed species.

It is conventional to view SWCNTs as molecular species that are extensions of the lower fullerenes
(Ce0, Crp, etc.); however, while they are idealized in graphical representations as pristine carbon species,
this is far from the truth. In reality, SWCNTs comprise a myriad of species that are dependent on the
route of their synthesis and the method of purification. Open termini contain oxygen functional groups
such as hydroxides and carboxylic acids [15], while side-walls have significant concentrations of
epoxides [16]. The concentration of the latter functional group can be one oxygen per 123 carbon atoms
in as prepared samples and as high as one oxygen per 105 carbon atoms in “purified” samples [16].
Clearly, this dramatically alters the chemical nature of the surface of the SWCNT, although this is
often used as an advantage when reacting species at the surface [17,18]. Another complication in
the real picture of SWCNTs is the presence of significant residue from the catalyst used to grow the
tubes. In most cases, this exists as metal and metal oxide particles, and is often iron-based, such as
found in HiPco SWCNTs [19]. The presence of the metal has raised concerns with regard to bio-nano
interactions, where oxidative stress and a decrease in cell viability are consequences of the large
proportion of metal catalyst (iron and nickel) [20,21]. Although the study of nanotubes in biological
systems is very different from the organometallic system under investigation here, it illustrates the
significance of the residual catalyst materials and exemplifies the need for further investigation into
their effects on chemical systems.

2. Results and Discussion

2.1. Reaction of Group 6 Complexes with Raw SWCNTs

HiPco SWCNTs were reacted with Cr(CO)g, (C7Hg)Cr(CO)s, and (CgHg)Cr(CO)3, with the goal
being to maximize the amount of zero-valent Group 6 metals deposited on the SWCNTs. XPS analysis
of the resulting products confirmed the presence of Cr (Table 1). The Cr content follows the trend:
(C7H8)CT(CO)3 > CI‘(CO)6 > (C6H6)CI‘(CO)3.

Without curve fitting, the high resolution Cr 2p3,, spectra for the products with Cr(CO)s,
(CeHg)Cr(CO)3, and (C7Hg)Cr(CO); are centered at 577.0, 577.3, and 576.7 eV, respectively, which is
similar to that reported by Kalinina et al. (576.9 eV) [7]. However, comparing the deconvoluted spectra
(Figure 1a, Table 1) with the literature values for various Cr species (Table 2), it appears that these
peaks are more likely associated with Cr oxides, since the literature reports that the Cr 2p3,, peaks for
(CeHg)Cr(CO)3 and (CsHg)Cr(CgHg) occur at 576.1 and 575.2 eV, respectively [10]. Thus, the reported
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value of 576.9 eV is too high for either the “(SWCNT)Cr(CO)3;” or “(SWCNT)Cr(CsHg)” complexes.
In addition, the literature also reports a multi-peak structure for the Cr 2p spectra of Cr(CO)g and
(CeHg)Cr(CO)s from shake-up-shake-off processes [10]. Neither our spectra, nor those previously
assigned to (SWCNT)Cr(CO)s, display these shake up peaks, despite having the same local structure
as (C¢Hg)Cr(CO)3 [7].

Table 1. Observed XPS Cr 2p3,, binding energies and atomic percentages for reactions of SWCNTs.

Reagent Cr Content (%)  Cr2p3/2 Binding Energy (eV) FWHM (eV)
(CgHg)Cr(CO)3 1.70 576.2 1.45
577.4 1.75
578.9 1.75
Cr(CO)q 3.5 576.0 1.45
577.3 1.75
578.9 1.75
(CyHg)Cr(CO)3 5.01 576.1 1.45
577.3 1.75
578.9 1.75

Table 2. Literature values of the XPS Cr 2p3,, binding energies for various chromium species.

Species Binding Energy (eV) Reference
Cr metal 574.2 11
Cr(C¢Hpg)2 575.2 10
(CeHg)Cr(CO)3 576.1 10
Cr(CO)q 576.8 10
Cr,O3 2 575.7-578.9 22
CrO; 579.6 22

2 The binding energy of the most intense portion of the peak without curve fitting is 576.8.

Kalinina et al. report that the binding energy of the Cr 2p3, and 2py /, signals for “(SWCNT)Cr(CO)3”
were 576.9 and 586.5 eV, respectively, without curve fitting [7]. This corresponds to a spin-orbit splitting
of 9.7 eV. However, spin-orbit splitting for zero valent Cr compounds is generally between 8.7 and
9.2 eV [22]. In this regard, the values for Cr(CO)g, (C4Hg)Cr(CO)3, and (C¢Hg)Cr(CgHg) are 8.9, 8.8,
and 9.1 eV, respectively [10]. In contrast, the value for Cr;O3 is 9.7 eV [22]. Clearly, the spin-orbit
splitting observed in both our study and that previously [7] is consistent with an oxide rather than a
zero valent species. The full width half max (FWHM) for our spectra Cr 2p3,, signal (without curve
fitting) is 2.6-2.9 eV, which is similar to that reported by Kalinina et al. (2.3-2.7 eV) [7]. While these
values are smaller than that observed for Cr,O3 (3.0 eV) without taking into consideration multiplet
splitting [22], they are significantly larger than those reported for bona fide zero valent chromium
compounds (1.7 and 2.3 eV) [10]. Based upon the forgoing, it appears that while our spectra are in
agreement with those reported previously [7], these peaks are actually indicative of Cr,O3, suggesting
that either oxidation of the Cr has occurred during the reaction or upon exposure to air post-reaction.

The deconvoluted Cr 2p3,, XPS spectra show a peak around 576.1 eV for the products from
all three Cr starting materials (Table 1). The shift is identical to that reported for (CsHg)Cr(CO)s,
and the FWHM of this peak is 1.45 eV, which is nearer the range reported for zero-valent chromium
(1.8 to 2.3 eV) [22]. This suggests that these products may indeed contain (SWCNT)Cr(CO)3 as a minor
component alongside Cr,O3. However, it should be noted that this peak is also within the range
reported for Cr(Ill) species and that Cr(Il) has multiplet splitting in XPS, which makes curve fitting
used to determine oxidation states very challenging [11]. Indeed, it has been calculated that 65 multiplet
peaks exist in XPS 2p spectra of Cr(Ill) species [23]. However, experimentally, these multiplets appear
as 'bundles’ of peaks (typically five for the 2p;/, peak), which must be fit with varying FWHM values
and peak heights to allow for electron coupling, as well as variances in the lifetime broadening [24].
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Figure 1. The Cr 2p3,, XPS signal for the product of the reaction between Cr(CO)¢ and (a) raw HiPco
SWCNT5, (b) iron oxide powder, and (¢) SWCNTs after microwave/HCl/anneal treatment. CrpO3 is fit
with two curves to account for its complex multiplet splitting [23].

Figure 2. TEM image of (a) raw HiPco SWCNTs and (b,c) the product from the reaction of
(CeHg)Cr(CO); with raw HiPco SWCNTs.

In the prior work [7], SEM images of increased bundle size were suggested as being an indicator
of interconnects, i.e., Cr(SWCNT),. However, the TEM images showed surface particles of a ca. 1 nm
diameter, which would be consistent with a small cluster based upon the diameter of Cr (0.424 nm) [25].
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TEM images of our samples show similar particulates, but these are impossible to differentiate from
the residual catalyst materials on raw HiPco SWCNTs (Figure 2).

The presence of oxidized products could be put down to the reaction with adventitious
oxygen; however, since careful air-free techniques (including the use of degassed THF distilled
over sodium/benzophenone) were used in the reactions, it is also possible that the Group 6 metal
oxidation occurred with the oxygen impurities that are present on the outside of the SWCNTs [26].
To prevent this, the oxygen was removed from the SWCNTs by annealing them at 550 °C in an inert
atmosphere [19]; however, this did not solve the oxidation problem. As noted in the introduction,
we have been concerned with issues associated with the presence of residual catalyst particles in
SWCNTs with regard to any meaningful investigation of their reactivity. Based upon prior work,
we suggested that the presence of oxidized Cr species is due to a reaction with the iron oxide catalyst
residue that is commonly present [21,22,27].

2.2. Reaction of Cr(CO)g with Iron Oxide

A consideration of the standard reduction potentials shows that iron oxides, in particular Fe(Il),
could be causing the oxidation of zero valent chromium [28]. To confirm the impact of the catalyst
residue, Cr(CO)¢ was heated in freshly distilled THF in the presence of mixed iron(ILIII) oxide powder.
After filtration, the sample was washed to remove any residual Cr(CO)g, and the resulting red powder
was analyzed by XPS. In addition to the expected iron species, the powder contained Cr (11.37%),
indicating that the reaction had indeed occurred.

The high resolution Fe 2p3,, signals (Figure 3) show the presence of Fe(IlI) and Fe(Il) in both
the starting material and the product; however, there is a distinct shift in the relative speciation.
Analyzing the peak areas shows an increase in Fe(Il) from 58 to 63% after heating with Cr(CO)s.
As expected, the Cr 2p3/, signal (Figure 1b) shows no zero valent chromium in the sample, and
assuming that the unreacted Cr(CO)g was removed by washing (and through sublimation in the UHV
of the XPS chamber), the peak is consistent with a mixture of CrpO3 and CrOj3 [11]. The increase in
Fe(Il) content indicates that this observed oxidation is not due to accidental contamination with air or
water, but rather that iron oxides do oxidize Cr(CO)g. Given that TGA analysis indicates, even within
a single batch, that raw HiPco SWCNTs contain 20-40 w/w % oxidized iron catalyst, the removal of
this residue is imperative if zero valent Group 6 moieties are to be formed on SWCNTs.
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Figure 3. The Fe 2p3,, XPS signals for (a) mixed iron oxide powder and (b) the product of the reaction
with Cr(CO)s.

2.3. XPS Analysis of SWCNT Purification

The XPS analysis of raw HiPco SWCNTs and after thermal annealing under Ar and vacuum is
shown in Table 3. The analysis of the high resolution O 1s XPS signal of the as received tubes (Figure 4)
shows that the oxygen containing species comprise iron oxides (530.3 eV), in addition to a range of
oxygen moieties associated with the side walls of the SWCNTs. Prior studies suggest that the latter are
due to the single and double bonds that oxygen makes to carbon in carboxylic acid, ketone, epoxide,
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and alcohol groups [16,29]. Annealing the tubes in argon or under vacuum reduces these oxygen
moieties relative to the iron oxide peak (Table 3). Interestingly, annealing under argon appears to favor
reduction in the C-O species (Figure 4b), while annealing under vacuum (Figure 4c) results in the
reduction of both classes of substituent.
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Figure 4. The high resolution XPS O 1s signals for (a) as received raw HiPco SWNTs, after
annealing at 550 °C under (b) argon atmosphere and (c) dynamic vacuum, and (d) after combined
microwaved /HCI/Ar anneal [27].

Table 3. XPS O 1s and Fe 2p assignment and relative composition for raw SWCNTs, after thermal
annealing at 550 °C in argon or vacuum, and microwave treatment.

Peak Assignment Raw-HiPco Ar Annealed Vacuum Microwave/HCl/Ar
(eV) (%) (%) Annealed (%) Annealed (%)
533.3 c-O0 37.47 22.68 21.74 45.40

531.5 Cc=0 24.16 32.42 26.64 8.42

530.0 Fe oxides 38.37 44.90 51.62 46.18

706.6 Fe(0) 64.86 64.08 9.17 51.59

709.5 Fe(II) 11.76 13.63 43.11 28.92

711.0 Fe(III) 23.38 22.29 47.73 19.49

An analysis of the Fe 2pj, signals (Figure 5 and Table 3) shows that the majority (ca. 65%) of
the Fe present in the raw SWCNT sample is due to zero valent iron, indicated by the peak at 706.6 eV
(Figure 5a); the remainder is a mixture of Fe(I) and Fe(Ill) oxides [11,30]. Annealing at 550 °C under
Ar atmosphere has no obvious effect on the relative iron oxide concentration (Figure 5b). By contrast,
annealing under vacuum increased the iron oxides relative to Fe(0) (Figure 5c), presumably due to
leaks in the system. In order to be able to successfully characterize zero valent species on SWCNTs,
it is important to remove as much of the iron catalyst residue as possible, or alternatively, the higher
oxidation states.

The most common routes for the removal of catalyst residue involve oxidation with HNO;3,
piranha, H,SO,, and others [31]. However, these treatments add oxygen functional groups [16,32],
which are possibly detrimental to the chemistry of interest. We have previously reported that
microwaving SWCNTs in air causes carbon-encapsulated iron to break out of its carbon shell and be
oxidized, facilitating its chemical removal with acid or chlorine [27]. In an adaptation of the prior
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procedure, raw HiPco SWCNTs were subjected to microwave irradiation followed by refluxing in
concentrated hydrochloric acid to dissolve the iron oxides, and finally annealing to 550 °C to remove
oxygen functional groups, adsorbed oxygen, and any remaining acid residue. The XPS analysis of
the resulting “cleaned” SWCNTs shows a decrease in the number of C=O groups on the SWCNTs
(Figure 4d), as well as an overall decrease in oxygen species, as indicated by the lower signal intensity.
In addition, a significant decrease in Fe(Ill) is observed relative to untreated SWCNTs (Figure 5d),
which, given the reduction potentials, is most likely responsible for the oxidation of Cr(0).
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Figure 5. The Fe 2p XPS signals for (a) as received raw HiPco SWNTs, after annealing at 550 °C under
(b) argon atmosphere and (c) dynamic vacuum, and (d) after combined microwaved /HCl/Ar anneal.
For simplicity, the Fe(IIl) signal and its complex satellites are fitted with a single peak.

2.4. Reaction of Cr(CO)g with Purified SWCNT5

Despite the incomplete removal of catalyst materials from the cleaned SWCNTs,
the microwave/HCl/annealed SWCNTs were chosen for further study due to the lowest Fe and
in particular Fe(III) content. XPS was used to characterize the reaction product with Cr(CO),. Figure 1c
shows the Cr 2p3,, peak, which indicates the presence of chromium oxides in a similar manner to
that observed with the reaction with raw SWCNTs. Considering the incomplete removal of the iron
catalyst from the SWCNTs, this is expected. However, unlike prior results, the chromium signal
also has an 18.5% contribution from a zero valent chromium peak at 574.0 eV. It is important to note
that this peak is in line with that expected for Cr metal [11]. However, as was previously discussed,
the binding energy of (C¢Hg)Cr(CO); overlaps with that of chromium(IIl) oxide. There is a possibility
that (SWCNT)Cr(CO);3 is also present in this sample, but it is very difficult to confirm. Additionally,
the iron signal in Figure 6 shows a shift in intensity toward lower binding energies compared to the
iron signal for the cleaned SWCNTs (Figure 5c¢), indicating that the Fe(Ill) is reduced (as a consequence
of the oxidation of the Cr), confirming that it is the higher valent Fe that is the cause of the detrimental
Cr oxidation, as opposed to catalyst residue generally.

The presence of Cr(0) is confirmed in the current study after the removal of a significant portion
of the iron catalyst, and the prior report [7] appears to also be consistent with the oxidation of the
Cr by the catalyst residue (4.2 wt %). Although our study did not confirm “Cr(CO),” complexes of
SWCNTs per se, it does suggest that such complexes may indeed be prepared upon the removal of
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sufficient catalyst residue and oxygen bound to the SWCNTs. It is interesting to note that there is
a negligible decrease in the Raman spectrum Ip /Ig ratio from 0.026 to 0.025 after the reaction with
Cr(CO)g, indicating that the degree of conjugation of the SWNTs is not influenced by the addition of
Group 6 metals.
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Figure 6. The high resolution Fe 2p3,, XPS signal for the product from the reaction of Cr(CO), with
microwave/HCl/vacuum annealed SWCNTs.

2.5. Reaction of Cr(CO)s with Graphene

In contrast to SWCNT5, graphene can be prepared with high purity (99.9999%), and the lack of
catalyst residue should preclude the undesired oxidation reaction of the Cr(0) species. A reaction
between graphene and Cr(CO)g was conducted in THF using a similar procedure to the one previously
reported [33]; however, the graphene was annealed under argon (600 °C) before use to remove epoxide
functionality [32].

The Cr 2p3,, XPS signals of the product from the reaction of Cr(CO)¢ with graphene (Figure 7)
show the presence of zero-valent chromium before (a) and after (b) sputtering . The concentration of
zero-valent chromium decreases from 22.04 to 16.88% after sputtering (1 min, 3 kV, 2 x 2 mm? Ar*
beam). However, the total chromium signal (relative to the carbon signal) increases from 4.2 to 9.2%
after sputtering. This increase suggests that chromium prefers to be sandwiched between the graphene
sheets in the manner reported by Haddon and co-workers [5]. Interestingly, the XPS spectra are best
fitted by the presence of a curve (575.2 eV) that is consistent with the formation of Cr(graphene), by
analogy with the shift of Cr(CgHg), (575.2 eV) [10]. Comparing the curves before and after sputtering,
an increase from 17.44 to 22.30% Cr(graphene); is observed. This supports the prior claim that Group 6
metals migrate across SWCNTs to form “Cr(SWCNT),”, since such interconnects can only form within
bundles, rather than on the surface of the sample [5].

A comparison of the combined percentages of “Cr(0)” for functionalized graphene (39.5%) and
functionalized SWCNTs (18.5%) is consistent with the lower metal catalyst residue in the graphene
(ppm). Nevertheless, there is still a significant percentage of the peaks that are consistent with
chromium(Ill) oxide, possibly by atmospheric oxidation post synthesis. Unfortunately, as with the
SWCNT complexes, there is a possibility that a curve for (graphene)Cr(CO); is overlapping with the
Crp0Oj3 signal.

Given the presence of Cr,0O3, it is clear that adsorbed oxygen plays an important role in Group
6 metal oxidation on SWCNTs and graphene. As was demonstrated by the study in the previous
section, the complete removal of oxygen from the surface of SWCNTs is not accomplished by annealing
(Figure 4b). It seems likely that the same is true for graphene, especially considering the fact that
graphene and CNTs have been used for gas sensing and adsorption due, in part, to their extremely
high surface areas [26,34,35].
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Figure 7. The XPS chromium 2p3 /, signals for chromium-functionalized annealed graphene (a) before
sputtering and (b) after argon ion sputtering for 1 min. Cr,Oj is fit with two curves to account for its
complex multiplet splitting [11].

2.6. Reaction of W(CO)¢ with Raw and Highly Purified SWCNTs

The lower propensity for oxidation of W(0) versus Cr(0) would suggest that it would be
less susceptible to oxidation by the catalyst residue; however, the reaction of either W(CO)g or
(C7Hg)W(CO)3 with raw SWCNTs (see Experimental) results in the formation of an oxidized species,
as evidenced by XPS analysis. Due to an overlapping fluorine signal resulting from the use of PVDF
filter papers (see Experimental), the W 4f XPS peaks could not be used to identify these products.
Rather, the less commonly cited W 4d5,, XPS signals were used in this case. The high resolution W
4d5,, XPS binding energies of the products from the reaction of raw SWCNTs with both compounds
(Table 4) appear to be more similar to that of WO3 rather than W(0) (Table 5) [36,37]. This is consistent
with the oxidation of any adsorbed species. It is worth noting that the reaction with (C;Hg)W(CO);3
results in a higher W content (4.54%) than the analogous reaction with W(CO)¢ (2.51%). This is in line
with the results for Cr(CO)q or (C;Hg)Cr(CO)3, see above.

Table 4. Observed XPS W 4d;,, binding energies and atomic percentages for reactions of SWCNTs.

Reagent W Content (%) W 2p3/2 Binding Energy (eV) FWHM (eV)
W(CO)6 2 1.01 247.8 4.07
W(CO)4 P 2.51 2475 4.96

(C7Hg)W(CO);3 4.54 247.7 4.09

2 Small scale reaction. P Large scale reaction.

Table 5. Literature values of the XPS W 4d5,/, binding energies for various tungsten species.

Species Binding Energy (eV) Reference
W(0) (metal) 244.2 36
W(CO)q 247.8 38
WO3 248 37

After the results for Cr(CO)g with purified SWCNTs, we investigated the analogous reaction
with W(CO)g. To eliminate metal oxidation due to residual catalyst materials, SWCNTs with ppb
catalyst content (supplied by Lockheed Martin) were employed. In order to enable maximum reaction
and optimum orientation for W(SWCNT), interactions, the purified SWCNTs were spin-coated from
aqueous solution onto silicon wafers, allowing for a suitable surface for the reaction (Figure 8).

After annealing the SWCNT-coated wafers (600 °C) used to remove any oxygen-containing
functional groups (see above), a concentrated (14 mg/mL) solution of W(CO)4 was drop-coated on
the wafer and allowed to dry. This was then loaded into a 600 °C argon-purged tube furnace to
decompose the W(CO)g [38]. Upon removal from the furnace, the SWCNT-coated wafer had a gray
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film covering much of its surface and seemingly uncoated regions that appeared purple to the naked
eye. Inspection by SEM showed the gray regions to have a densely packed layer of WOj3 particles
(330 nm) due to excess reagent, which precluded the analysis of the SWCNTs below. In contrast, SEM
of the “purple” region showed a sparser coverage of particles (Figure 9). The presence of the particles
was undoubtedly a consequence of the excess of W(CO)¢ being deposited on the wafers.

*
4/28/2015 | dwell HV mag B | WD — 11| Re—)
12:17:19 PM | 10 ps 110.00 kV|10 000 x{9.6 mm

Figure 9. SEM image of the surface of the purple region of the SWNT-coated wafer after reaction with
W(CO)g, showing the presence of W particles with a clear visibility of the SWNTs below.

XPS analysis indicates the presence of significant W (1.5%). The analysis of the high resolution W
4f XPS signal shows the presence of both W(0) and the oxidized product in the form of WOj3 in equal
concentration (Figure 10a) [37]. The presence of WOj3 is expected since these samples were exposed
to the air, and is undoubtedly predominantly the particulate features seen on the surface (Figure 9).
The XPS depth profile of the sample (Figure 11) indicates an almost constant W intensity with depth,
while C shows a small decrease with sputtering. The observed decrease in C and the lack of change
in the W intensity with depth indicates a higher concentration of W relative to C with depth. This
supports the hypothesis that W has infiltrated the SWCNT layers and bridges the SWCNT-SWCNT
junctions, since these junctions are not present at the surface of the sample. The analysis of the high
resolution W 4f XPS signal after 15 s sputtering shows that the concentration of the W(0) signals
increases to 81% (Figure 10b). Further sputtering and analysis resulted in no change in the spectra
for up to 1 min total sputter time. Thus, the majority of WO3 is on the surface, suggesting that W(0)
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is present within the SWCNT layers, consistent with its bridging SWCNT-SWCNT junctions [5,7].
Furthermore, this result confirms the proposition that the formation of a significant concentration of
M(SWCNT), moieties is only possible with ultra low catalyst residue.
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Figure 10. The high resolution XPS W 4f signals for the ultrapure SWNT-coated silica wafer after
reaction with W(CO)g before sputtering (a) and after 15 s Ar ion sputtering (b).
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Figure 11. The XPS depth profile of a W(CO)g functionalized SWNT-coated wafer. The sample was
sputtered for 15 s between data collections. The MultiPak software uses the most intense region of the
spectra, along with a correction factor, to calculate the intensity of the elements in the depth profile:
W =31.6 eV, Si = 103.3-104.1 eV (varying due to the decrease in SiO, with depth), and C =284.4 eV.

3. Experimental Section

3.1. Materials and Characterization

All reagents were used as received, unless otherwise noted. Pristine HiPco single-walled carbon
nanotubes (SWCNTs), 09-HiPco-0093 batch No. 195.7, were obtained from the Carbon Nanotube
Laboratory (CNL) at Rice University (Houston, TX, USA) and used as received. High purity annealed
SWCNT-coated silicon wafer samples were obtained from Lockheed Martin. The wafer was diced
up into 1.0” x 0.5” coupons. Exfoliated graphite, (CH3CN)3M(CO)3, and (C7Hg)M(CO)3 (M = Cr, W)
were prepared according to the methods presented in the literature [39,40]. All solvents were distilled
(unless they were obtained from the solvent purification system) and degassed. Glassware was placed
in a base bath before use, then washed with soap and water, and dried in an oven overnight. X-ray
photoelectron spectra (XPS) were recorded on a PHI Quantera XPS Scanning Microprobe (Physical
Electronics, Chanhassen, MN, USA) using a monochromated Al-K,, source. All spectra were recorded
using a charge neutralizer to limit differential charging and were subsequently calibrated to the carbon
peak at a binding energy of 284.5 eV. Survey scans were recorded at a pass energy of 140 eV and
high-resolution data at a pass energy of 26 eV. Before spectral fitting, each spectrum was corrected for
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the reference binding energy for C1s to 284.5 eV. Data was fitted using MultiPak software (Physical
Electronics, Chanhassen, MN, USA). Solution IR spectra were obtained on a PerkinElmer Spectrum
Two FT-IR (PerkinElmer, Waltham, MA, USA). Scanning electron microscopic (SEM) images were
obtained by a FEI Quanta 400 ESEM FEG high-resolution field emission scanning electron microscope
(FEI, Hillsboro, OR, USA). SEM samples were prepared by attaching the SWCNT-coated wafer to an
SEM sample stub using carbon tape. Transmission electron microscopy (TEM) images were recorded
using a Jeol 1230 High Contrast TEM with a W filament and an operating voltage of 80 kV or on a Jeol
2100 TEM with a field emission electron gun and an operating voltage of 200 kV (Tokyo, Japan). TEM
samples were prepared by drop-drying a dilute solution of carbon nanotubes suspended in THF onto
a 300-mesh copper grid with a lacey carbon film (Ted Pella, Inc., Redding, CA, USA). Raman spectra
were measured in a Renishaw Raman microscope equipped with a 514 nm excitation laser (Renishaw,
West Dundee, IL, USA).

3.2. Microwave/HCI Treatment of SWCNT5s

Dry HiPco SWCNTs (0.2 g) were placed in a domestic microwave (860 W) oven with a beaker
(500 mL) half filled with water (for dissipating heat) [27]. The SWCNTs were heated for 1 min and then
allowed to cool. This process was repeated until the SWCNTs had been heated for a total of 10 min.
They were then placed in concentrated HCI (150 mL), stirred, and refluxed overnight. The mixture
was allowed to cool to room temperature and then diluted to 300 mL with DI water. The SWCNTs
were removed by filtering the mixture through a 0.22 um polyvinylidene fluoride (PVDF) filter paper
(Millipore, Billerica, MA, USA). They were rinsed with DI water until the pH of the rinse was no
longer acidic. The purified SWCNTs were then placed under vacuum to dry overnight. Once dry,
the SWCNTs were put into a quartz boat and loaded into a tube furnace. As the inside of the furnace
was preheating to 550 °C, the SWCNTs were degassed under a 600 mL/min flow of argon in the tube,
just outside of the furnace itself. After 30 min, the SWCNTs were slid into the furnace (using a magnet
on the outside of the tube) and heated for 2 h. The SWCNTs were allowed to cool under argon and
then quickly transferred to a glove box for storage or a Schlenk flask for immediate use. Yield: 69.6%.

3.3. Reaction of SWCNTs with M(CO)g, (C;Hg)M(CO)3, or (C¢Hg)Cr(CO)3

This protocol was adapted from the literature [40]. In a general procedure, SWCNTs (0.04 g) were
placed in a Schlenk flask equipped with a stir bar and were heated at 100 °C under vacuum overnight.
After cooling to 25 °C under argon, THF (20 mL) and as appropriate M(CO);, (CHg)M(CO); (M =W
or Cr), or (C¢Hg)Cr(CO)3 (0.65 mmol) were added. The mixture was sonicated in a bath sonicator
to disperse the SWCNTs (ca. 2 min). The sample was then heated to reflux for four days under an
argon stream. The product was allowed to cool and was then centrifuged (4400 rpm for 30 min).
The supernatant was decanted, leaving a black solid. THF was added and the resulting suspension
was sonicated in a bath sonicator to redisperse the product. The dispersion was centrifuged again.
This process was repeated three times. The black solid was then dried and stored under vacuum.

3.4. Reaction of Graphene with Cr(CO)sg

Using a method adapted from the literature [33], graphene (50 mg) and Cr(CO)¢ (0.18 g, 0.83 mmol)
were added to a Schlenk flask in a glove box. THF (20 mL) was added to the reaction vessel via a
cannula and it was then heated to 110 °C under argon for five days. The suspension was cooled and
was then centrifuged at 4400 rpm for 30 min. The yellow supernatant was decanted off, leaving a black
solid. THF (25 mL) was added and the vial was sonicated in a bath sonicator to redisperse the product.
The dispersion was centrifuged again. This process was repeated three times. The black solid was then
dried and stored under vacuum.
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3.5. Reaction of Annealed SWCNT-Coated Si Wafer with W(CO);

A coupon of the SWCNT-coated Si wafer was placed in a quartz boat with a magnet attached to it
by way of a long steel wire. Using another magnet on the outside of the quartz tube of the furnace,
the boat was slid into the end of the tube. The tube was degassed with argon for 30 min as the furnace
was preheated to 600 °C. The boat was then slid into the furnace using the outer magnet and heated
under a 600 mL/min flow of argon for one hour. The SWCNT-coated Si wafer was slid back to the end
of the tube and allowed to cool under argon. The wafer was removed from the tube furnace and placed
under flowing argon. A W(CO); solution (ca. 14 mg, M = Cr or W) in THF (1 mL) was drop-coated on
the wafer’s surface and allowed to dry. The wafer was transferred in air to the tube furnace, where it
was allowed to sit under 600 mL/min flowing argon for about 1 minute (longer purge times resulted
in significant loss of W(CO)4 due to sublimation). The argon flow rate was decreased to 100 mL/min
and the wafer was slid into the 600 °C furnace. After 20 min, the wafer was slid back out of the furnace
and allowed to cool at the end of the quartz tube. The sample was stored under vacuum until it was
ready to be analyzed.

4. Conclusions

We have shown that the functionalization of carbon materials with Group 6 metals is very
challenging and not as straightforward as previously reported [5,7]. Furthermore, the spectroscopic
characterization reported was inconsistent with the species claimed. The primarily product is the
formation of Group 6 metal oxides as a consequence of the residual SWCNT growth catalyst and
oxygen functional groups. Cleaning the SWCNTs using a microwave and HCI treatment helped
to decrease the residual iron catalyst, but, again, it did not eliminate it. However, it enabled the
observation of a Cr(0) species on a SWCNT, albeit contaminated with oxide. Reactions with ultrapure
SWCNTs (ppb Fe) and graphene do facilitate the formation of M(0) species intercalated into the
carbon nanomaterial. In the case of graphene, we were able to observe XPS spectra consistent with
Cr(graphene); species, but were unable to confirm the presence of “(graphene)Cr(CO)3” species as a
result of their overlapping binding energies with chromium(III) oxides.

We can conclude that in order to make the functionalization of carbon materials with Group 6
metals successful, it is imperative that the carbon materials are extremely pure and free of both a
catalyst and absorbed oxygen; however, the former appears to be the greater issue and challenge.
This result confirms that the formation of a significant concentration of M(SWCNT), or M(graphene),
moieties is only possible for samples with ultra low catalyst residue; however, the benefit for increased
conductivity is clear [40-42] and therefore should prompt future research into new approaches to high
purity carbon nanomaterials.
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