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D
evelopment and application of se-
paration techniques for the frac-
tionation of single-walled carbon

nanotube (SWCNTs) is an active ongoing
research field. Current research efforts are
driven by the absence of a single synthesis
method capable of affording carbon nano-
tube samples of preselected electronic type
(metallic (m) or semiconducting (s)), di-
ameter (dt), chiral angle, or (n,m) index. Typi-
cally, SWCNTs are synthesized by techniques
such as arc discharge, laser ablation, or the
HiPco process, wherein a complex mixture of
many different SWCNTs, described by a dis-
tribution of chiral indices (n,m), is obtained.
Therefore, the separation of SWCNTs by frac-
tionation of (n,m) species is an important,
application-oriented goal. Previously, separa-
tionhasbeenachievedbyvariousgroupsutiliz-
ingsuchtechniquesas thewrappingofSWCNTs
with short sequences of single-stranded DNA
(ssDNA) and subsequent ion exchange chro-
matography (IEX),1 the suspensionof SWCNTs
with surfactants followed by density gradient
centrifugation2�4 (DGC) or gel filtration.5�7

However, it is the Sephacryl gel filtration/
size-exclusion chromatography (SEC) meth-
od developed by Moshammer et al.4 that is
the most straightforward and allows for

high-throughput separation of m- from
s-SWCNTs. This method relies upon the use
of SWCNTs suspended in aqueous sodium
dodecyl sulfate (SDS) and has also been
shown to enrich zigzag and (n,0) SWCNTs.5

Recently Liu et al.3 further improved the
sorting of SWCNTs with SEC to include the
addition of starting SDS-SWCNT suspensions
to a series of gel columns and were capable
of isolating 13 different (n,m) species.
Despite recent success, the mechanism of

SWCNT separation by (n,m) species with gel
filtration/SEC remains unclear. SEC is known
to separate nanoscale objects passing
through a column according to differences

in their size and has been extensively used to
size-separate SWCNTs. It was therefore pro-
posed by Moshammer et al.4 that the ob-
servedm/s-SWCNT separation is reliant upon
appropriate initial dispersion of the raw
SWCNT material by sonication, with the dis-
persion of SWCNTs in SDS shown to be
selective to electronic structure. In fact, aque-
ous SDS starting suspensions obtained after
sonication of SWCNT raw material were
found to primarily contain s-SWCNTs in the
form of bundles with m-SWCNTs predomi-
nantly suspended as individual tubes.4 Upon
introduction of the SWCNT-SDS suspension
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ABSTRACT A simple, single-column, high-throughput fractionation procedure based on size-exclusion

chromatography of aqueous sodium dodecyl sulfate suspensions of single-walled carbon nanotubes

(SWCNTs) is presented. This procedure is found to yield monochiral or near monochiral SWCNT fractions of

semiconducting SWCNTs. Unsorted and resulting monochiral suspensions are characterized using optical

absorption and photoluminescence spectroscopy.
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to a size-exclusion gel medium, the bundles (s-
SWCNTs) could therefore be easily separated from
the individual (m-SWCNTs) tubes on the basis of their
hydrodynamic size difference. By choosing an appro-
priate column medium, particle size, gel porosity,
and eluent composition, it was therefore possible to
run the SEC column as a “filter”, with the longer,
rigidly bundled s-SWCNTs becoming trapped on the
gel and the smaller individualized m-SWCNTs being
eluted in a 1 wt % SDS solution. Trapped s-SWCNTs
were then removed from the gel by eluent exchange
to 1 wt % SChol (sodium cholate). It is then the
increased dispersibility of SWCNTs in SChol that
allows for trapped s-SWCNTs to be further individua-
lized and elute.
In the method of Liu et al.,3 rather than changing

the eluent medium, the wt % concentration of SDS
was altered from 2 to 5%, allowing for the separation
of 13 different (n,m) species. The authors explain
their ability to then wash individual (n,m) s-SWCNT
species from the gel by (n,m)-specific variations in
the SDS coating of SWCNTs. These variations are
proposed to be a result of differences in the surface
π-electron states pertaining to individual (n,m) spe-
cies (due to differing bond curvature), which alters
the interaction between s-SWCNTs and SDS. There-
by, this results in a strongly curvature-dependent (n,
m) separation method.
In this contribution, we demonstrate that Sephacryl

S-200, an allyl dextran-based size-exclusion gel, can be
used as a stationary phase such that monochiral or near
monochiral SWCNTs can be simply produced on one
column by altering the pH of the eluent. This, in turn,
allows simple fractionation of (n,m)-pure or almost
(n,m)-pure SWCNT suspensions from the total s-SWCNT
population.

RESULTS AND DISCUSSION

As outlined in the Methods section, the high-
throughput separation of (n,m)-pure s-SWCNTs with a
single-column SEC approach involved the following
steps: Initially, a 1 wt % SDS in H2O suspension of raw
HiPco-SWCNTmaterial was added to a Sephacryl S-200
gel bed under 1 wt % SDS in H2O. Upon addition of
further 1 wt % SDS in H2O, the m-SWCNTs were eluted
from the column. This process can be seen in the time
lapse photography in Figure 1, wherein the s-SWCNTs
(blue-green color) can be seen clearly trapped on the
top of the column in the gel while the m-SWCNTs (red-
brown color) move through the gel.
This resulted in the establishment of essentially

stationary colored bands on the Sephacryl gel, where
the top tomiddle region of the gel is characterized by a
color gradient of purple-blue to green-yellow. After
complete separation of m- from s-SWCNTs, the pH of
the 1 wt % SDS eluent solution was reduced from pH 7
to 1 in decrements of 1 pH level. Upon reaching pH 4,
the trapped s-SWCNTs can be seen to separate into
different colored moving eluent bands. The resolution
of these bands was then improved upon further
reduction of pH, with yellow, green, blue, and purple
bands afforded for pH 4, 3, 2, and 1, respectively.Within
the raw HiPco starting material, these bands corre-
sponded to comparably large (yellow) to medium
(green and blue) to small (purple) SWCNT diameters
(dt). This effect can be more precisely seen by absorp-
tion spectroscopy in Figure 2a, where the unsorted
HiPco material is compared to fractions obtained at
each pH level for the first optical transition (S11)
between 850 and 1350 nm. Complete absorbance
spectra displaying both the first (S11) and second
(S22) optical transitions between 500 and 1350 nm

Figure 1. Time lapse photography of HiPCo SWCNTs suspended in 1wt% SDS in H2O on a Sephacryl S-200 size-exclusion gel,
followed by subsequent reductions of pH.
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can also be found in Figure 1 of the Supporting
Information. Due to the well-known doping effect8

and subsequent quenching of the S11 optical transi-
tion, all fractions were neutralized to pH 7 in a 1 wt %
SDS solution by dialysis prior to measurement.
Each fraction was found by photoluminescence

spectroscopy to contain predominantly three indivi-
dual (n,m) species; however, it is important to note that
the displayed fractions only represent a “snapshot” of
many fractions obtained at each pH level. Correspond-
ing photoluminescence contourmaps for each fraction
can also be found in Figure 2 of the Supporting
Information. The SWCNT diameter (dt) of these species
was then obtained by reference to the photolumines-
cence data of Weisman et al.9 and is shown in
Figure 2b, where it can be seen that dt decreases with
eluent pH. Upon summation of each (n,m) species
diameter in a collected fraction, this trend is clearly
seen with average dt found to be 1.018, 0.957, 0.868,
and 0.778 nm for pH 4, 3, 2, and 1, respectively.
The ability of this method to generate monochiral or

nearmonochiral SWCNT suspensionswas then realized
by slowly changing the pH from 4 to pH 1 in 12, 25%
reductive steps. In order to easily visualize the obtained
fractions, photoluminescence spectroscopy was then
used and is shown in Figure 3. Additionally, absorption
spectra of each fraction are shown in Figure 4a.
Furthermore, to allow comparison, a photolumines-
cence contour map of the unsorted HiPco SWCNT
material is shown in Figure 3 of the Supporting In-
formation, wherein 17 different (n,m) species are
clearly visible. As found for coarse reductions in pH,
the dt of the collected SWCNT fractions were once
again observed to decrease with pH, as shown in
Figure 4b. However, in this instance, due to slight
variations in the pH of the 1 wt % SDS eluent added
to the top of the column and the establishment of a pH
gradient across the column, it is more difficult to
determine the true pH of each fraction. Therefore
“elution order” is used, where fractions eluted later

are obtained at relatively lower pH values compared to
earlier fractions. To aid the eye, only the major (n,m)
contribution is plotted in Figure 4b. Nanotube purity
was then determined by the relative peak intensities of
the contour map (uncorrected for the chiral-depen-
dent quantum yield). Furthermore, the fitted peak area
of absorptionmeasurementswas also used to calculate
(n,m) purity, where the major (n,m) contribution was
taken as a ratio of all other peaks.
As shown in Table 1, sorting of raw HiPco SWCNT

material with pH variation resulted in the obtainment
of 12 of the 17 (n,m) species with purities between 23
and 86%. The reduced purity level for absorption
measurements is a result of the difficulty in accurately
performing the peak fitting procedure in a region with
many overlapping first interband transitions. The ac-
tual (n,m) purity is expected to lie between the value
obtained from photoluminescence and that from ab-
sorption measurements. For an effective sorting meth-
od, it is also important to assess the yield of the various
(n,m) species. While we did not measure this directly, it
is noted that the starting solution has a dispersed
SWCNT mass of approximately 1 mg and the final
(n,m) fractions were in the microgram range. It should
also be noted that between 450 and 550 nm, nano-
tube-related transitions are clearly seen in the absorp-
tion spectra. This absorption regime is typically
associated with m-SWCNTs; however, due to an over-
lap of the third interband transition of HiPco s-SWCNTs
and the first interband transition of HiPcom-SWCNTs, it
is difficult to estimate the concentration of m-SWCNTs.
However, preliminary electrical transport measure-
ments indicate a metallic-/semiconducting-SWCNT ra-
tio equivalent to standard Sephacryl S-200 separations.
Despite being unable to achieve separations of the
same purity as Liu et al.,3 who were able to obtain 13
different (n,m) species with purities between 39 and
94%, the sorting of s-SWCNTs by pH variation pre-
sented in this work has the advantage of requiring a
single SEC column, which significantly decreases the

Figure 2. (a) Absorption spectra of unsorted HiPco material and fractions obtained at pH 4�1 in 1 wt % SDS and (b) SWCNT
diameter dependence upon pH.
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complexity of the separation process. Additionally, the
elution order of Liu et al.3 (small to large diameter)
appears to be opposite to the order observed in this
work (large to small). However, it is important to

remember that Liu et al. determined their elution order
by considering the nanotube of strongest interaction
with the gel (small diameter), which due to their multiple
short-column approach results in it being the first

Figure 3. Photoluminescence contour maps of fractions (elution order A�L) obtained upon reducing the 1 wt % SDS eluent
from pH 4 to pH 1 in 12 reductive steps.

Figure 4. (a) Absorption spectra corresponding to fractions displayed in Figure 3 and (b) SWCNT diameter dependence upon
elution order.

TABLE 1. Maximum Obtained Purity of Enriched (n,m) Species by Reducing the pH of the Eluent

(n,m) species (6,5) (7,5) (7,6) (8,3) (8,4) (8,6) (8,7) (9,4) (9,5) (10,2) (11,3) (12,1)

photoluminesence, purity (%) 86 40 38 46 30 57 44 32 35 30 41 28
absorption, purity (%) 72 27 27 19 25 64 37 19 32 17 19 23
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collected species. In this work, we see the same trend,
with strongly (small diameter) and weakly (large
diameter) absorbed species located at the uppermost
and midpoint of a single long column, respectively
(Figure 1). Upon reduction of the pH, the established
on-column nanotube ordering ismaintained, and large
to small diameter nanotube fractions are collected.
Therefore, it is purely the experimental approach and
definition of “first eluent” that results in a perceived
difference.
Despite the mechanism responsible for the separa-

tion of (n,m) s-SWCNT species ultimately remaining
unclear, we next provide an attempt to elucidate the
most likely cause upon consideration of the SDS
surfactant shell structure on nanotubes and similar
carbon surfaces and the subsequent effect of pH. The
morphology of SDS aggregates on graphite is well-
known, with theoretical calculations and contact AFM
measurements revealing the sp2 carbon lattice to serve
as a template for the organization of surfactant chains,
which is responsible for defining the surfactant micelle
morphology.10�15 SDS micelles are found as ordered
linear, parallel aggregates, which are oriented perpen-
dicular to an underlying symmetry axis and spaced
slightly more than twice the surfactant molecular
length apart. These initially adsorbed molecules then
act as nucleation sites for the growth of the hemispher-
ical micelles, wherein adjacent molecules are oriented
tail to tail, forming parallel semicylindrical rows, with
tail groups oriented parallel to the symmetry axis.
On the other hand, the SDS micelle morphology for

CNTs remains under debate with various theoretical
groups proposing disordered10 and ordered16,17 struc-
ture. Experimentally, Yurekli et al.18 alsomeasured small-
angle neutron scattering (SANS) of aqueous SDS-
SWCNT suspensions and found SDS to form disordered
aggregates. Alternatively, Richard et al.19 with the use of
cryo-TEMmeasurements found SDS to formhemispher-
ical micelles on the sidewall of multiwalled nanotubes.
However, common to all work is a strongdependence of
the micelle structure on surfactant concentration and
nanotube diameter. For partial SDS surfactant coverage
(1.0 molecules/nm), Xu et al.14 theoretically found SDS
to be disordered for small (6,6) and large (18,18)
or (30,30) dt SWCNTs. Upon reaching full coverage
(2.8 molecules/nm), they then found SDS to form stable
hemispherical micelles for large (18,18) or (30,30) dt
SWCNTs, a result that is in agreement with the experi-
mental work on graphite andmultiwalled carbon nano-
tubes. For small (6,6) dt SWCNTs and in agreement with
the work of Wallace et al.,20 SDS was found to form a
cylinder-like monolayer micelle, in which the carbon
nanotube forms the core with the surfactant extended
radially from the center. It was therefore concluded that
SDS hemispherical micelle ordering occurs on carbon
nanotubes only in the case of high surfactant concen-
tration and large diameter. Furthermore, Niyogi et al.

have demonstrated m-SWCNTs to have a higher pack-
ing density (concentration) of SDS compared to
s-SWCNTs,21whichmay therefore imply a higher degree
of SDS ordering.
However, the morphology of the SDS micelle struc-

ture has also been shown to be susceptible to changes
in the surrounding environment, with the addition of
organic molecules or electrolyte tuning capable of
surfactant shell modification.19,22,23 Toward this end,
upon reduction of pH, the presence of Hþ ions has
been shown to lead to the hydrolysis of SDS between
pH 2 and pH 3, which results in the formation of
1-dodecanol24 as given by eq 1.

C12H25OSO3
� þH2O f C12H25OHþHSO4

� (1)

This hydrolysis mechanism is the cause of the well-
known long-term instability of SDS and can also be
initiated by heating.22 Parachuri et al.have usedAFM to
show the addition of 5 mM 1-dodecanol to 100 mM
SDS to cause significant structural changes in the
continuous parallel semicylindrical surface micelle
structure on graphite surfaces.8,9 It is shown that the
parallel semicylindrical structure is replaced by a herr-
ingbone pattern upon integration of 1-dodecanol into
the micelle structure. If it is assumed (in agreement
with Xu et al.14) that SDS forms semicylindrical micelles
on the surface of carbon nanotubes, then a similar
structural rearrangement can be expected for the
SWCNT micelle upon addition of 1-dodecanol.
Such structural changes will then have a strong

influence on the SWCNT's interactionwith its surround-
ing environment. The total interaction of SWCNTs on
the Sephacryl gel is strongly dependent upon van der
Waals forces between the SWCNTs and the gel as well
as steric and electrostatic interactions. Any differences
in surfactant structure will therefore affect this interac-
tion. For example, it is well-known that electrostatic
interactions can occur between charged solutes and
charged SEC packing materials. Sun et al.25 conducted
zeta-potential measurements of SDS-SWCNT suspen-
sions and found the presence of SDS to lead to a
net negative charge, which upon addition of neutral
1-dodecanol is likely reduced, which in turn would
reduce the SWCNT interaction with the gel and cause
nanotube elution. Alternatively, SEC is by definition a
chromatographic process, which is capable of separat-
ing particles based on their hydrodynamic volume.
The introduction of 1-dodecanol may either alter the
hydrodynamic volume of individual tubes or have a
debundling effect, likewise altering the hydrodynamic
volume, as discussed in our previous work4,5 where a
surfactant change to sodium cholate is required for
nanotube elution.
We therefore propose that during SWCNT starting

suspension preparation with extended ultrasonication,
a low concentration of 1-dodecanol is produced by
microcavitation (heat), which is then integrated into
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the SDS-SWCNT hemimicellar structure. The resultant
structural change alters the interaction of the SWCNTs,
allowing them to move through the Sephacryl gel. As
the sonicated SWCNTs are added to a freshly prepared
1 wt % SDS-filled gel column and further washed
throughwith fresh 1wt% SDS, the initial concentration
of 1-dodecanol is quickly depleted and the nanotubes
become trapped on the gel. It is also proposed, and in
agreement with literature,18 that metallic nanotubes
have a higher SDS coverage compared to semiconduct-
ing nanotubes and hence have a higher degree of
surfactant ordering and are therefore capable of inte-
grating more 1-dodecanol and thereby move further
and faster in the gel. This results in the observed
metallic/semiconducting separation. The m-SWCNTs
are either debundled4,5 or have a significantly reduced
electrostatic interaction with the gel as a result of the
1-dodecanol. A similar argument is also made for large
and small diameter SWCNTs, where the increased inte-
gration of 1-dodecanol allows large diameter s-SWCNTs
to move further in the column prior to stopping. Upon
depletion of 1-dodecanol the s-SWCNTs either bundle
together4,5 or have an increased electrostatic interaction
with the gel. Upon reducing the pH of the 1 wt % SDS
solution, 1-dodecanol is then reintroducedbyhydrolysis
and allows the trapped s-SWCNTs to elute.
This model is supported by the following experi-

ments. First, we repeated the separation of raw HiPco
SWCNT material by adding increasing concentrations
of 1-dodecanol to the pH-neutral, 1 wt % SDS eluent.

Once again, the s-SWCNTs were trapped on the top half
of the Sephacryl gel. Upon increasing the 1-dodecanol
concentration in 1 μM steps to a final concentration of
5 μM, these SWCNTs could then be eluted in order of
comparatively large to small dt, as expected (data not
shown). Second and alternatively, 5 μM 1-dodecanol
was added to the raw starting material, which was then
subsequently added to a Sephacryl gel column under
1wt% SDS and further washedwith fresh 1wt% SDS. In
this instance, the s-SWCNTs did not become trapped on
the SEC gel (for a short column). However, the
m-SWCNTs once again moved faster through the gel
compared to large dt s-SWCNTs, which in turn moved
faster than small dt s-SWCNTs. In this way, a metallic/
semiconducting separation plus a s-SWCNT diameter
separation was achieved in one step without changing
surfactant, pH, or column. In addition tobeingextremely
simple, this method also has the added benefit of not
clogging the gel with trapped, unmoveable, s-SWCNTs,
hence dramatically increasing column lifetime. Corre-
sponding photoluminescence contour maps are shown
in Figure 5 and Supporting Information Figure 4,
with elution order A�G, and absorption spectra in
Figure 6a. The diameter-dependent elution order is
then more precisely seen in Figure 6b. Alternatively,
the raw material was added to a column containing
5 μM 1-dodecanol in 1 wt % SDS; however, the excess
of alcohol leads to all SWCNT species moving together
without separation and highlights the importance of a
1-dodecanol gradient.

Figure 5. Photoluminescence contour maps of fractions (elution order A�G) upon addition of 5 μM 1-dodecanol to the
starting HiPco raw material.

Figure 6. SWCNT diameter dependence upon elution order upon addition of 5 μM 1-dodecanol to the starting HiPco raw
material.
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Once again, aggregation of photoluminescence
peak intensities allowed for the determination purity,
as shown in Table 2. Furthermore, the additional
photoluminescence contour maps found in Figure 4
of the Supporting Information allowed the concentra-
tion of the (13,2), (12,4), (10,2), and (9,4) s-SWCNTs to be
determined. Additional to the (n,m) species obtained by
pH sorting, the (10,5), (12,4), and (13,2) were also purified,
resulting in a total of 15 out of the total 17 available (n,m)
species being sorted in this work. Unfortunately, in
comparison to fractions obtained from pH sorting, the
purity of (n,m) species obtained from 1-dodecanol addi-
tionwas found to be lower (between 16 and 50%). This is
presumably due to the addition of 1-dodecanol resulting
in a dynamic process without the static equilibration of
SWCNTdiameters across the gel prior to the beginningof
the experiment. Furthermore, it should be noted that

SWCNT separations from 1-dodecanol only serve as a
proof of principle and provide insights into the mecha-
nism responsible for SWCNT separationbypHvariation. It
is expected that after extensive optimization of the
1-dodecanol concentration s-SWCNT suspensions similar
to those obtainable from pH variation will be achievable.

CONCLUSION

In conclusion, we have shown the (n,m) separation of
15 different nanotube species with a purity of 16�93%.
Furthermore, sorting was achieved conveniently and
simply in a single Sephacryl column without the need
for a surfactant/eluent change. Upon tailoring the con-
centration of 1-dodecanol through reduction of pHor the
direct addition of alcohol to the raw startingmaterial, the
originally strong interactionof s-SWCNTcouldbe reduced
and allowed for diameter-dependent fractionation.

METHODS
A brief description of the experimental methods is as follows.

HiPco SWCNT rawmaterial (NanoIntegris) was used in this work.
In order to prepare starting suspensions, typically 10 mg of raw
SWCNT material was suspended in 15 mL of H2O with 1 wt % of
SDS using a tip sonicator (Bandelin, 200 W maximum power,
20 kHz, in pulsed mode with 100 ms pulses) applied for 2 h at
∼20%power. During sonication, the suspension was placed in a
500 mL water bath without additional cooling. The resulting
dispersion was then centrifuged at ∼100 000g for 1.5 h and
carefully decanted from the pellet which was formed during
centrifugation. The centrifuged SWCNT suspension was used as
the “starting suspension” for gel filtration fractionation as
described below.
A separate “reference suspension” of the raw HiPco SWCNTs

was made by suspending 10mg of raw SWCNTs in 15mL of H2O
with 1 wt % of sodium cholate. After tip sonication, the suspen-
sions were centrifuged at 100 000g for 1 h, and the suspension
was carefully decanted of the supernatant.
Gel filtration was performed as described previously4 using a

Sephacryl S-200 (manufacturer stated stability to pHof between
2 and 13) gel filtration medium (Amersham Biosciences) in a
glass column of 20 cm length and 2 cm inner diameter. After
filling the glass column with the filtration medium, the gel was
slightly compressed to yield a final height of ∼14 cm. For the
separation, ∼10 mL of SWCNT starting suspension was applied
to the top of the column, and subsequently, a solution of 1 wt %
SDS in H2O as eluent was pushed through the column by
applying sufficient pressure with compressed air to ensure a
flow of ∼1 mL/min. After ∼10 mL of 1 wt % eluent had been
added to the column, most of the m-SWCNTs had moved
through the column, whereas the s-SWCNTs remained trapped
in the upper part of the gel. After applying a total of∼120mL of
SDS solution in this fashion, the metallic tubes were completely
removed from the gel. The pH of the 1 wt % SDS in H2O eluent
was then changed from 4 to 1 upon addition of the appropriate
concentration of HCl. The pH was reduced in 12 steps, where-
by at each step 80 mL of eluent was applied to the gel.

The s-SWCNTs subsequently eluted from the column were
collected separately in 2 mL fractions.
For spectroscopic characterization, gel filtration fractions

were subsequently dialyzed for 24 h to readjust the pH to 7 in
1 mL Float-A-Lyzer G2 dialysis devices (Spectra-Por) by using
500mL of a 1wt% SDS solution in water. UV�vis�NIR absorption
spectra of the dialyzed fractions were recorded on a Varian Cary
500 spectrophotometer. Photoluminescence maps were mea-
sured in the emission range of ∼900�1700 nm and excitation
range of 500�950 nm (scanned in 3 nm steps) using a modified
FTIR spectrometer (Bruker IFS66) equipped with a liquid-nitrogen-
cooled Ge-photodiode and a monochromatized excitation light
source as described elsewhere.26
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