Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 6

Nanoscale

Nanoscale

RSC

Diameter-Selective Electron Transfer from
Encapsulated Ferrocenes to Single-Walled Carbon

Cite this: DOI: 10.1039/x0xx00000x

Nanotubes

Yoko lizumi, @ Hironori Suzuki, ® Masayoshi Tange® and Toshiya Okazaki ***

Received 00th January 2012,
Accepted 00th January 2012

The diameter-selective photoluminescence quenching of single-walled carbon nanotubes

DOI: 10.1039/x0xx00000x

www.rsc.org/

(SWCNTSs) is observed upon ferrocene encapsulation, which can be attributed to electron
transfer from the encapsulated ferrocenes to the SWCNTSs. Interestingly, the dependence of the

electron transfer process on the tube diameter is governed by the molecular orientation of the
ferrocenes in the SWCNT rather than the reduction potentials of the SWCNT.

Introduction

Single-walled carbon nanotubes (SWCNTs) have strong
potential as electronic devices as a result of their high mobility,
flexibility, and applicability in solution processing.! For device
applications, carrier doping is one of the most important
techniques for contracting complementary electronics. For
instance, in  complementary = metal-oxide-semiconductor
(CMOS)-type logic gates, both p-type and n-type transistors are
used on the same integrated circuit.>® Also, in other
applications, such as photovoltaic cells* and thermo-piles,>® the
control of semiconducting properties is essential for fabricating
the desired devices. However, semiconducting SWCNTSs cannot
be doped wusing the traditional approach for bulk
semiconductors—ion implantation—because substituted
dopants significantly destroy the CNT lattice, which introduces
flaws in the inherent properties of the SWCNTSs. For this reason,
charge-transfer doping has commonly been employed.

In particular, the encapsulation of organic molecules and
organometallic complexes into the interior spaces of SWCNTSs
has been successful for carrier doping in a controllable way.”8
Doping molecules into the inner spaces instead of the exteriors
of the SWCNTs is expected to be a useful technique for
achieving realistic applications of SWCNTSs by increasing their
stability and durability. The carrier density can be controlled by
the ionization potential (Ip) and the electron affinity (Ea) of the
encapsulated materials.” It was reported that molecules having
Ip < ~6.5 eV can supply their electrons to SWCNTs with
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diameters (dy) of ~1.4 nm.” On the other hand, molecules
having Ea > ~2.7 eV accept electrons from the SWCNTSs.”

The organometallic compound, ferrocene (FeCpz), is frequently
used as encapsulated molecules.®'> Because of its lower Ip (=
5.88 eV),%6 electron transfer from the encapsulated FeCp: to
SWCNTs can be expected.” Indeed, photoemission studies
unveiled the electron doping process that took place from
FeCp2 to SWCNTs, which was rationalized by density
functional theoretical calculations.’>® The number of
transferred electrons was estimated to be 0.14 per FeCp2.13
However, the observed phenomena were average behaviors of
various SWCNTs having many (n, m) species, and information
with respect to the responses of individual (n, m) tubes has so
far been limited.

Recently, a photoluminescence (PL) study of FeCpo-
encapsulated SWCNTs (FeCp2@SWCNTs) was reported.!®
Generally, the PL method can provide rich information about
the electronic properties of individual (n, m) nanotubes at a
resolution of a few meV.” Upon FeCp2 encapsulation,
increases in the PL intensities were observed for some
SWCNTSs.®5 This behavior was attributed to local electron
transfer from encapsulated FeCp2 molecules to SWCNTSs that
were p-doped during the end-opening process and surfactant
molecules.

One of the important factors for the observed PL behavior
was the diameter of the SWCNTS, because the alignment of the
FeCp2 molecules was expected to change depending on the tube
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diameter.12141518  To  further characterize the FeCp:
encapsulation effect, FeCp2@SWCNTSs with varying diameters
require investigation. In a previous report, SWCNTSs produced
by the HiPco method were used as templates of
FeCp2@SWCNTs.!® The diameters of the examined HiPco-
SWCNTSs ranged from 0.75 nm to 1.1 nm.15

We here report the PL spectroscopic characterization of
FeCp2@SWCNTSs with diameters ranging from 0.8 to 1.4 nm.
A further investigation over a wide range of dt clearly
uncovered the diameter-dependent electron transfer between
FeCpz2 and SWCNTSs, and the importance of the molecular
orientation of FeCp2 in the SWCNTSs.

Results and discussion

Figure 1 (a-d) show typical high-resolution transmission
electron microscope (HRTEM) images of FeCp2@SWCNTSs.
HRTEM measurements were performed with a JEM-2100F at
an accelerating voltage of 120 kV. The image exhibited dark
contrasts distributed inside the SWCNT. The image simulation
(Fig. 1(e)), calculated using the structure model (Fig. 1(f)),
showed that FeCpz molecules were certainly encapsulated in
the SWCNTs (Fig. 1(d)). It is noted that the arrangements of
the FeCpz molecules inside SWCNTs were substantially
affected by the electron beam irradiations.’® Therefore, the
observed images do not exhibit the stable structures under the
ambient condition.

Fig. 1 (a-d) Typical HRTEM images of FeCp2@SWCNTs
(scale bars = 2 nm). (e) The simulated image of Figure 1(d) and
(f) the corresponding molecular structure.
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Figure 2 shows the PL intensity contour maps of (a) a
SWCNTs control sample and (b) FeCp@SWCNTs as a
function of emission (111) and excitation (122) wavelengths. The
PL peaks on the maps are clearly seen in the second interband
(E22) excitation region (122 = 550-950 nm) and the first
interband (E11) emission region (411 = 1000-1750 nm) of
SWCNTs with diameters of 0.8-1.4 nm, which can be assigned
to specific (n, m) SWCNTs by the empirical relationships of
Weisman et al.?°
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Fig. 2 Near-infrared photoluminescence maps of (a) SWCNTSs
and (b) FeCp2@SWCNTSs in sodium dodecylbenzenesulfonate
(SDBS)-D20. The same “2n + m” values are connected.

Although the PL pattern of FeCp2@SWCNTs showed a
characteristic “2n + m” family pattern (Fig. 2(b)),*5?° the PL
intensities at around A11 = 1200 nm were strongly quenched as
compared to the SWCNTs control sample (Fig. 2(a)). For
example, the PL peaks of (8, 6), (8, 7), and (12, 1) became very
weak in the PL map of FeCp2@SWCNTSs, whereas they were
clearly observed in that of the SWCNTs control sample (Fig.
2(a)).

To elucidate the difference in the PL intensities between the
FeCp2@SWCNTSs and the SWCNTs control sample, we plotted
the PL intensity ratio of FeCp.@SWCNTs and SWCNTs
(IpLFeCP2@SWCNTs/| ) SWCNTSY 35 3 function of the tube diameter
(Fig. 3). Apparently, Ip FeCP2@SWCNTs/|, SWCNTs can pe classified
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into three regions depending on the diameter. Starting from
smaller di, the values of Ip FECP2@SWCNTSs/|, SWCNTs dacreased
stepwise at dt ~ 0.92 nm, as indicated by the dotted line in Fig.
3. It is worth noting that theoretical calculations and
experimental observations predicted that di ~0.9 nm is the
smallest dt for encasing the FeCp2 molecules,**5 which exactly
matched the threshold value for the PL reduction deduced from
Fig. 3. This agreement strongly suggested that the
encapsulation of FeCpz in SWCNTSs resulted in the quenching
of PL emissions. As d: increased, the PL emissions became
brighter again at d: > 1.07 nm (the second dotted line in Fig. 3).
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Fig. 3 PL intensity ratio between FeCp2@SWCNTs and
SWCNTs  (IpLFeCP2@SWENTSs/|p SWENTsy a5 3 function of tube
diameter. The SWCNTSs shown here are classified by the so-
called “2n+m” family types (type I (mod(2n+m, 3) = 1) and
type 1l (mod(2n+m, 3) = 2)).

Meanwhile, the optimized molecular arrangements of FeCp:z in
SWCNTs have been investigated by theoretical calculations
(see Fig. S1).12141518 For smaller diameter tubes (0.94 nm < dt
< 1.02 nm), FeCp2 was fully aligned with an orientation parallel
to the tube axis.'* At dt = 1.17 nm, FeCpz2 began to oscillate and
adopt an orientation with its molecular axis oriented
perpendicularly to the tube axis.** The molecular orientation of
the encapsulated FeCp2 should affect the electron transfer from
FeCp2 to SWCNTs. Mulliken-population analysis was
conducted for the (8, 6), (9, 5), and (16, 0) tubes with diameters
of 0.966 nm, 0.976 nm, and 1.270 nm, respectively.’® The
encapsulated FeCpz molecules adopted parallel and
perpendicular alignments for the former two and the latter tubes,
respectively. The extent of electron transfer was found to be
larger in the former cases than the last case.*®

These theoretical results implied that the selective
quenching of the PL intensity for 0.92 nm < dt < 1.05 nm could
be attributed to electron transfer from FeCp2 that was aligned in
a parallel fashion to the outer SWCNTS, because carrier doping
usually diminishes the PL intensity of SWCNTs.222 If the tube
diameter was greater than ~1.07 nm, FeCp2 molecules could
find enough space to “stand up” inside the SWCNTs; the
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electron transfer does not proceed very much in that
configuration. As a result, the PL signals were observable again.
The previous PL study reported that the electron transfer from
the FeCpz to the SWCNTs occurred in almost the same
diameter region (~0.9 nm < dt < ~1.05 nm), but led to PL
enhancements.’> One possible reason for the different PL
behaviors might be due to the doping level of the original
SWCNTSs. In the case of the previous study, the SWCNTSs were
considered to be p-doped by the end-opening and solvation
processes.’> On the other hand, the SWCNTSs used here were
annealed to remove impurities under vacuum after the
purification and the end-opening processes, which may have
weakened the doping effects in the original SWCNTSs (see Fig.
S2).
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Fig. 4 PL intensity ratio between FeCp2@SWCNTs and
SWCNTs  (IpLFeCP2@SWENTSs/|p SWENTS) a5 3 function of tube
diameter.

Besides the intensity changes, shifts in the PL peak positions
were also observed upon FeCp2 encapsulation (Fig. 2 and Fig.
S3 in Supporting Information). Figure 4 shows the FeCp:2
encapsulation effect on the optical transition energies in E11 and
E22, in which the energy differences in Ei1 and E22 between
FeCp2@SWCNTs and SWCNTs (AEj = E;iFeCp2@SWCNTs _
E;iSWCNTs j = 1, 2) are plotted as a function of tube diameter (d;

J. Name., 2012, 00, 1-3 | 3



Nanoscale

> 0.92 nm). Clearly, the dependence on diameter of AE11 and
AE22 was different between type | (mod(2n + m, 3) = 1) and
type Il (mod(2n + m, 3) = 2) tubes. The AE11 for type | tubes
exhibited a concave-shaped diameter dependence with a
maximum at di ~ 1.2 nm (Fig. 4(a)). On the contrary, a convex
shape could be observed with a minimum at d: ~ 1.2 nm for the
type Il tubes. As was the case with AE11, AE22 also showed
clear tube type dependence (Figure 4(b)). Namely, AE22 for
type | tubes showed a maximum at di ~1.2 nm, whereas AE22
for type Il tubes exhibited the opposite diameter dependence
(Figure 4(b)). Clear energetic shifts in E11 and E22 at dt > 1.07
nm indicated that the FeCpz molecules were reliably
encapsulated for these tubes, but still showed PL signals (Fig.
2(b)).

In the case of Ceo encapsulated in SWCNTSs (nanopeapods),
similar tube-type and diameter dependences in AEi1 and AE22
were observed.?-?6 The effects of Ceo on the optical transition
energies of SWCNTs can be explained by a weak
intermolecular interaction.?>26 The PL and resonance Raman
results suggested that the smallest d:i for encapsulating Ceo
without friction was ~1.32 nm, and the interaction due to the
attractive intermolecular force was most effective at ~1.4 nm.%-
%6 Analogous to Ceo nanopeapods, it was expected that the
interaction between perpendicularly aligned FeCp2 and
SWCNTs would become most attractive at around ~1.15 (=
1.07 + 0.08) nm. In fact, the diameter dependence of AE11 and
AE22 observed here suggested that the interaction between
FeCp2 and the SWCNTSs reached a maximum at ~1.2 nm (Fig.
4). The coincidence of the critical diameters strongly suggested
that the interaction between FeCpz2 and SWCNTs would be
dominated by the intermolecular interaction for dt > 1.07 nm.

The present findings unveiled that electron transfer from the
encapsulated FeCp2 to the SWCNTSs was not determined by the
reduction potential of the SWOCNTSs. Electrofluorescence
measurements indicated that, as dt: increased, the reduction
potential of the SWCNTs slightly decreased.?? The lower
reduction potential is more favorable for accepting electrons.
However, in the FeCp2@SWCNTSs, the electron transfer
occurred only in the smaller diameter tubes (0.92 nm < dt <
1.05 nm), even though they have larger reduction potentials.??
This finding provides a deep insight into the carrier doping of
SWCNT-based materials. Not only the I, and Ea of the dopant,
but also deeper considerations, such as the orientation of the
dopant, are important for obtaining the desired properties.

Experimental

Synthesis of ferrocene-encapsulated SWCNTs
(FeCp2@SWCNTS).

The encapsulation of ferrocene (FeCpz) (Tokyo Chemicals
Industry) inside SWCNTs was achieved through vapor phase
doping. Briefly, SWCNTs (KH Chemicals, ED grade) were
purified by the protocol described in the literature.?* The
purified SWCNTs were heated at 500°C for 30 min to open the
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caps of the SWCNTSs, and sealed with FeCpz in a quartz tube
under vacuum (=1 x 10~* Pa). On heating at 200-300°C, FeCp2
molecules sublimed individually and migrated into the
SWCNTs (~24 h). The synthesized FeCp@SWCNTs were
washed with toluene and annealed at ~300°C under vacuum
conditions to remove excess FeCp: adhering to external
surfaces.

Aqueous micellar solutions of FeCp2@SWCNTs for
absorption, fluorescence, excitation, and PL measurements
were prepared in a similar way to the procedure described by
Bachilo et al.'” Typically, FeCp2@SWCNTs (~1 mg) were
dispersed for 10 min in D20 (~20 mL) containing 1 wt%
sodium dodecylbenzenesulfonate (SDBS) (WAKO Chemicals)
using a 200 W homogenizer (SONICS VCX500) equipped with
a titanium alloy tip (TI-6AL-4V). Each solution was then
centrifuged at 123000 g for 2.5 h (HITACHI CP 100MX) and
the supernatant was used in further studies.

Photoluminescence spectroscopy.

Photoluminescence (PL) spectroscopy was conducted with
Horiba JY Fluorolog 3-2 TRIAX and Shimadzu NIR-PL
systems. We used the latter system for the regions A11 = 1150-
1800 nm and A22 = 700-1000 nm. The spectral regions A1 =
950-1630 nm and A2z = 550-900 nm were measured with the
Fluorolog system. To combine the PL maps obtained by the
NIR-PL and Fluorolog systems, we normalized the peak
intensities of the (11, 6) tubes (Fig. 2).

Conclusion

The effect of FeCp2 encapsulation on the SWCNTSs electronic
state was investigated using PL spectroscopy over a wide tube
diameter range (di = 0.8-1.4 nm). The present results suggest
that the interaction between FeCpz2 and the SWCNTSs is
dependent on the tube diameter. In the smaller diameter range
of 0.96-1.06 nm, electron transfer occurred from FeCp: to the
SWCNTSs, which resulted in PL quenching. With increasing d,
the interaction changed to intermolecular interactions
committed among both at diameters of 1.06-1.35 nm.
Importantly, the electron transfer process in FeCp2@SWCNTSs
was not dominated by the reduction potential of the SWCNTSs,
but by the molecular orientation of the encapsulated FeCpo.
This would undoubtedly be an important advance in
development of SWOCNT-based electronics and sensory
applications.
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The diameter-selective photoluminescence quenching of single-
walled carbon nanotubes (SWCNTS) is observed upon ferrocene
encapsulation, which can be attributed to electron transfer from
the encapsulated ferrocenes to the SWCNTSs.
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