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he strong correlation that exists be-

tween the observed photophysical

properties of single-walled carbon
nanotubes (SWNTs) and environmental
factors' ~* has driven interest in their poten-
tial for optical sensing, but also presents a
challenge for advancing their use in opto-
electronics and photonics applications.” Be-
cause the unique electronic and optical
properties of SWNTs are highly sensitive to
environmental effects, tuning interfacial be-
haviors between tubes and the local envir-
onment also presents a rich opportunity for
engineering and optimizing their photo-
physical response. Further, reports have
shown that small perturbations in the SWNT
local environment have profound effects on
SWNT emission due to disturbance of the
exciton resonant energies.2'3'6_8 Most often,
the optical properties of SWNTs are investi-
gated in aqueous surfactant suspensions,’
yet the nature of these systems strongly
perturb their observed properties. In parti-
cular, the presence of surfactant molecules
or organic solvents changes the local di-
electric environment, altering nanotube
emission spectral line-widths and peak
locations.® 819712 Syrface structure and or-
ientation of surfactants can further modu-
late the SWNT surface environment by
defining surface access by other solution
species. Such effects can be used to en-
hance PL quantum yields by creating a
protective barrier to quenching species,®*
in some ways similar to surface passivation
of nanocrystals. Despite the obvious bene-
fits provided by aqueous surfactant suspen-
sions of SWNTS, however, these perturbations
present significant hurdles to evaluating in-

ABSTRACT A general challenge in generating functional materials from nanoscale components
is integrating them into useful composites that retain or enhance their properties of interest.
Development of single walled carbon nanotube (SWNT) materials for optoelectronics and sensing
has been especially challenging in that SWNT optical and electronic properties are highly sensitive to
environmental interactions, which can be particularly severe in composite matrices. Percolation of
SWNTSs into aqueous silica gels shows promise as an important route for exploiting their properties,
but retention of the aqueous and surfactant environment still impacts and limits optical response,
while also limiting the range of conditions in which these materials may be applied. Here, we
present for the first time an innovative approach to obtain highly fluorescent solution-free SWNT-
silica aerogels, which provides access to novel photophysical properties. Strongly blue-shifted
spectral features, revelation of new diameter-dependent gas-phase adsorption phenomena, and
significant increase (approximately three times that at room temperature) in photoluminescence
intensities at cryogenic temperatures all indicate greatly reduced SWNT—matrix interactions
consistent with the SWNTs experiencing a surfactant-free environment. The results demonstrate
that this solid-state nanomaterial will play an important role in further revealing the true intrinsic
SWNT chemical and photophysical behaviors and represent for the first time a promising new
solution- and surfactant-free material for advancing SWNT applications in sensing, photonics, and
optoelectronics.
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of aqueous suspensions is that the presence
of water precludes the study of SWNT
photoluminescence (PL) over any signifi-
cant temperature range, especially at cryo-
genic temperatures. To overcome these
limitations and investigate SWNT optical
properties independent of environmental
factors, researchers have employed nonin-
teracting SWNT samples such as tubes sus-
pended over trenches' or samples grown
using a chemical vapor deposition-super-
growth method."

Percolation of SWNTs into aqueous gels
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is another important route for exploiting their unique
properties. However, these systems provide only a
limited understanding of the photophysical and elec-
tronic properties of SWNTs as the solvent molecules
and the surrounding surfactant molecules needed to
prepare SWNT-gels strongly perturb these properties.
Supercritical drying of wet silica gels to form aerogels
offers a potential alternative framework to obtain
solution-free SWNT nanocomposites. Aerogels are im-
portant for a variety of applications due to their ultra-
low density, high porosity, and adjustable optical
transparency.”® SWNTs encapsulated in aerogels have
previously been reported to enhance the mechanical
strength, electrical conductivity, and Poisson ratio of
the resulting composite material.>'*? However, to date
there are no reports of successfully prepared aerogels
with SWNTSs that maintain their photophysical proper-
ties upon supercritical drying. Such systems could yield
the solution-free and surfactant-free environment
needed to make fundamental optical measurements
on ensembles of SWNTs, facilitating significant ad-
vance in the field of nanotube photophysics. Moreover,
we anticipate that this system will be important in
generating advanced materials for optoelectronics,
nanophotonics, and photovoltaic applications.

Here, we introduce an approach to obtain highly
fluorescent solution- and surfactant-free SWNT—silica
aerogels and demonstrate that control over interfacial
chemistry is essential to optimizing the PL response of
the aerogel. The SWNT—aerogel photoluminescence
features are blueshifted an average of 36 nm in emission
and 20 nm in excitation from the initial dispersion, closely
resembling the optical properties of noninteracting
samples.”'* Moreover, we observe that the PL intensity
substantially increases upon cooling from 300 to 3 K
(in contrast to previous reports),> > suggesting that the
nanotubes are largely decoupled from the environment.
In addition, when the SWNT—aerogels were exposed to
gases, we observed a new diameter-dependent change
in emission peak locations opposite to previous observa-
tions made in suspensions with varied dielectric envir-
onments. We present evidence that the magnitude of
the aerogel peak shifts upon exposure to different gases
and organic vapors is due to dissimilar diameter-depen-
dent adsorption behavior. Each of these observations
indicates that the SWNT network throughout the aerogel
matrix experiences a local environment free of solvent
and surfactant interactions.

RESULTS AND DISCUSSION

Aerogel Characteristics. Fluorescent SWNT-aerogels
were prepared by first incorporating sodium deoxy-
cholate (DOC) or sodium dodecylsulfate (SDS) sus-
pended SWNTs into silica sol—gels as previously
reported (see Methods).>'” Subsequent supercritical
drying of the SWNT—sol gels was performed by replacing
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Figure 1. Optical image of aerogels. Aerogels without
(blank) and with SWNTs.

water in the gel with methanol and then removing the
methanol in a supercritical carbon dioxide (CO,) reac-
tor, which yielded a monolithic low-density nanocom-
posite. After supercritical drying, the SWNT nanocom-
posites exhibit minimal shrinkage, good percolation of
the SWNTs throughout the silica matrix, and optical
transparency, as seen in Figure 1. Complete removal of
solvent and the presence of silica were confirmed by
Fourier transform infrared (FTIR) measurements (see
Supporting Information, Figure S1). Typical aerogels
displayed densities of 57 £ 2 mg/mL, surface areas of
1400 + 100 m%/g, and pore size distributions centered
around 6 nm. Only minor differences in these properties
are found in aerogels formed with and without SWNTs.
The SWNT—aerogel composites are found to be of
high optical quality. Absorbance spectra retain all of the
expected exciton transitions with little scattering back-
ground from the matrix (see Supporting Information,
Figure S2). Importantly, for all SWNT structural types
(designated by the indices (n,m)) the composites retain
many of the PL characteristics observed in the initial
surfactant suspensions, as shown in the photolumines-
cence excitation (PLE) map in Figure 2a (and Supporting
Information, Figure S2). A comparison of PL spectra
(Figure 2b) from the aerogel (blue trace) and the initial
suspension (red trace), shows that the PL signatures for all
of the (n,m) semiconducting SWNTSs present in the initial
suspension are observed in the SWNT—aerogel. PL line
widths in the aerogel are broader in comparison to the
initial suspension (30 £ 3 and 22 + 2 nm, respecti-
vely), indicating some degree of interaction with the
matrix and possibly residual bundling due to the post-
processing of the wet sol—gels to obtain the aerogels
(see Supporting Information, section 3). Moreover,
roughly 60% of the signal intensity from an initial DOC—
SWNT suspension is retained in the aerogel material.
The aerogel matrices are also suitable for obtaining
Raman spectroscopic data from the encapsulated
SWNTs. Raman spectra (Figure 2¢, 785 nm excitation)
collected from aerogels made from SDS (black trace)
and DOC (blue trace) suspensions display the typical
bands expected for SWNTs,?® with no accompanying
interference near 400 cm ™', where broad bands are
typically observed in silica materials. Close inspection
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Figure 2. Spectroscopic characterization of SWNT—aerogel nanomaterials. (a) Photoluminescence excitation (PLE) map of a
SWNT—aerogel (prepared from a DOC—SWNT suspension) with (n,m) structural indices of specific features identified. (b)
Normalized PL spectra (658 nm excitation) of an initial DOC—SWNT suspension (red trace) and the resulting SWNT—aerogel
(blue trace). (c) Raman spectra (785 nm excitation) of SWNT—aerogels made from SDS (black trace) and DOC (blue trace) SWNT
suspensions. Broad peaks between 500 and ~1500 cm ' originate from the fluorescence of small diameter semiconducting
tubes, (5,4) at ~800 cm " and (6,4) at ~1250 cm . (d) Comparison of emission and excitation peak locations for four different
semiconducting SWNTs in DOC suspensions (red dots), in SDS suspensions (from ref 10, black square), in aerogels (blue

triangle), and in calcined aerogels (green diamond).

of the radial breathing mode (RBM) region (between
100 and 400 cm ') shows minimal bundling of the
SWNTs, as indicated by the weak response of the peak
at 265 cm ™ at this excitation wavelength, relative to
the peak at 237 cm ™" .2” Minimization of bundling in the
aerogel is critical to obtaining highly luminescent ma-
terials and may be adjusted by changing the level of
SWNT loading. Decreasing the SWNT loading from ~10
ppm to ~3 ppm decreased the level of SWNT bundling
and increased the PL intensity observed in the final
aerogel by a factor of 2 (see Supporting Information
Figure S3). Additionally, the appearance of the G-band
at its typical location (~1591 cm ') and absence of a
D-band (~1350 cm™ ") suggests minimal interaction
between the silica matrix and SWNTs, as well as a low
level of electronic doping and defects.?® It is important
to note that storage in a desiccator was necessary to
retain the photophysical properties of the aerogels for
long periods of time, as absorption of ambient moisture
causes redshifts and a decrease in PL intensity of the
SWNT—aerogel composite. This can be attributed to
the hygroscopic nature of silica. In moisture-containing
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SWNT—aerogels, partial restoration (~50%) of the
emission and blueshift is obtained by placing the
aerogel in a vacuum furnace overnight at 100 °C.
Changing the surfactant used for the initial SWNT
suspension can significantly alter the optical properties
of the resulting aerogel matrix. Interestingly, while aero-
gels made from SDS suspensions share similar PL peak
emission wavelengths as those found in DOC-based
aerogels, they exhibit only a few percent (2—3%) of the
PL intensity seen in the initial suspensions. This is in
contrast to the strong PL intensity obtained from the
DOC aerogels (see Figure 2c and Supporting Information,
Figure S4). Raman spectra indicate that the loss of PL
intensity in the SDS-based aerogel is not due to an
increased level of SWNT bundling, since integrated
237 cm /265 cm ' peak ratios (9.2 + 0.5 and 89 +
0.8 for the DOC and SDS aerogels, respectively) are similar
in both matrices and indicate minimal bundling has
occurred. Instead, loss of PL intensity of the SDS-based
structures is likely due to an increased interaction be-
tween the SWNTs and the silica matrix. SWNT PL is known
to be very sensitive to changes in local environment?
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At the single nanotube level, single-point interactions with
the environment can compromise PL over lengths of
~120 nm,"® and thus have the potential to impact PL
intensity over large regions of the SWNT surface.
Recently,'” we proposed a model suggesting that
the amphiphilic nature of DOC allows strong intermo-
lecular hydrogen bonding between DOC molecules,
resulting in the formation of a rigid and stable surfac-
tant assembly that protects the SWNT surface. In
contrast to DOC, the flexible linear hydrocarbon tail
of SDS molecules results in a loosely packed surfactant
structure that undergoes a greater degree of dynami-
cal fluctuation, leading to greater interaction between
the SWNTs and their immediate environment. Thus,
during gelation the silica precursor molecules can
penetrate the SDS assembly more readily than the
DOC coating resulting in weaker PL intensities for the
SDS-suspended tubes in contrast to DOC-wrapped
tubes. The subsequent permanent loss of significant
PL intensity on aerogel formation from SDS suspen-
sions strongly suggests that these increased SiO,
interactions are locked-in during the supercritical-CO,
drying process. Thus, dynamic solution-phase surfac-
tant behaviors can be directly translated into the final
aerogel structures. This surfactant dependence high-
lights the importance of control over the interfacial
chemistry in optimizing the PL response of the aerogel.
A particularly significant observation is that the
emission and excitation peak wavelengths (E;; and
E,, transition, respectively) of the semiconducting
SWNTs are significantly blueshifted in the final aerogel
in comparison to the initial suspension. The emission
and excitation wavelengths observed in the aerogel
matrix are compared to those in the initial suspension,
as well as to values from the literature for SDS—SWNT
suspensions'® in Figure 2d and Table 1. In the DOC-
based aerogel, average blueshifts are ~22 nm and
~10 nm for E;; and E,,, respectively. The larger wave-
length sensitivity in E;; indicates it can act as a sensitive
probe of the degree of matrix interactions experienced
in the aerogel environment. While the SDS-based aero-
gel shows an apparent smaller blue shift (E;; ~ 6 nm)
from its parent suspension than the DOC-based aerogel,
this value is artificially low since the SDS-suspension is
already significantly blue-shifted in comparison to DOC.
In using E;; wavelengths as a measure to compare the
final matrix interactions, it is therefore more instructive
to directly compare final E;; emission wavelengths.
Inspection of Table 1 shows, for all chiralities, that E;,
for DOC-based aerogels appears at significantly shorter
wavelengths than for SDS-based aerogels. This result
indicates the DOC-based matrix imparts a reduced
perturbation on SWNT optical properties and further
supports our finding that SWNTs in the SDS-based
aerogels experience greater interaction with the matrix.
Remarkably, Figure 2d shows that the emission and
excitation are blueshifted in the DOC-based aerogel
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(blue triangle) to a greater extent than SDS suspen-
sions'® (black squares), which are known to be the most
blue-shifted of all the aqueous suspensions®® (see Ta-
ble 1 for summary). In fact, the resulting E;; and E,, peak
positions even approach those found in known non-
interacting samples such as individual SWNTs sus-
pended over trenches' or grown using a chemical
vapor deposition (CVD) supergrowth method'® in the
absence of dispersing molecules like surfactants or
polymers. This observation strongly suggests that not
only are SWNT interactions with the aerogel matrix
minimized, but also that the SWNTs are experiencing a
surfactant-free environment. However, because the shift
is less than that seen in samples free of interactions, a
small level of residual matrix interaction likely remains.

To further establish the degree of surfactant removal
from the SWNTs during the aerogel-preparation proce-
dure, we obtained PL of DOC—aerogel samples after
heating to 400 °C for 4 h (in vacuum) in order to burn off
any traces of surfactant left in the aerogels. This calcina-
tion process is often used to remove surfactant from
mesostructured materials to prepare mesoporous
systems.?? Calcination does not appear to induce any
intensity changes to the SWNT PL spectra, nor did it
cause any shrinkage of the aerogels. However, the peak
location and excitation wavelengths after calcination
were further blueshifted from the initial as-prepared
aerogel by an average of ~15 and ~10 nm in emission
and excitation wavelengths, respectively (green dia-
mond, Figure 2d and Supporting Information, Figure
S5). This second blueshift after calcination translates to
an overall blueshift of roughly 36 nm in emission (E;;)
and 20 nm in excitation (E;;) from the initial DOC
aqueous dispersion. These final shifts more closely ap-
proach those observed in the examples of noninteract-
ing samples, implying that any residual surfactant
remaining after the initial aerogel formation process is
removed after calcination and the resulting PL originates
from surfactant-free SWNTs. We use the following em-
pirical formula’ to quantify the change in the dielectric
environment starting from a surfactant-suspension (with
a dielectric constant (g5) of 3.3)*° to an aerogel:

OFabs(e187) ~ 43(e7 18 — &5,716) meV

(M

With OE.ps= 43 meV (average E;; blueshift after
calcination), we obtain a dielectric constant within the
aerogel of 0.92, which confirms that the tubes in the
aerogel matrix are “seeing” an air environment free of
surfactants.

Gas-Phase Modulation of SWNT PL Response. The high
porosity and surfactant-free nature of the aerogels,
coupled with the sensitivity of SWNT PL response to
changes in local environment, presents the opportunity
for use of the SWNT-aerogel composites in gas-phase
sensing. As a further demonstration of this potential,
changes in the PL response for four different (n,m)
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TABLE 1. Comparison of Emission (E,, Transition) and Excitation (E,, Transition) Shifts for Various (n,m) SWNTs in

Suspension and Encapsulated in Silica Aerogels

Eqq (nm)

suspensions aerogels Eq1sus — E11nero (NM) suspensions

(m,m)  SDS DOC  SDS  DOC  SDS Oy, DOC 644 SDs DoC

(83) 952 97 949 940 3 27 665 670
(65 976 988 968 960 8 28 566 570
(7,5 1024 1035 1021 1015 3 20 645 650
(84 M1 1122 1101 1095 10 16 589 590
(76) 1120 1132 1115 1110 5 22 648 650

SWNTs were probed as the local environment was
modulated. Aerogel samples were placed in an evacu-
ated chamber that was then backfilled with a variety of
gases and organic vapors, including air, carbon dioxide
(CO,), tetrahydrofuran (THF), and diethyl ether (see
Methods section for more details). A shift in the PL peak
position was observed after gas exposure (Figure 3a).
The magnitude of the shift was quantified by compar-
ison to the PL peak location exhibited by the SWNT
aerogels in vacuum. Although the resulting shifts were
small (between 3 and 12 nm, Figure 3b), their magni-
tudes are consistent with reports of surfactant-sus-
pended SWNTs in the presence of organic solvents.'"'?
The magnitude of the peak shifts also correlates with
gas-phase concentrations. As an example, a stronger
response is observed for ether in comparison to THF,
with ether having the higher vapor pressure.

These observations highlight the sensitivity of the
SWNTs to minor changes in the local microenvironment
with changes in the local dielectric constant and suggest
that concentration-dependent measurements of other
gas molecules may be accomplished. Such gas sensing
applications will be dependent on the rapid response and
cyclability of the aerogel system. We also observed that
the PL shifts observed in the presence of gases are highly
reproducible and reversible. As seen in Figure 3¢, alter-
nating exposure to ether and a vacuum atmosphere
resulted in completely reversible and consistently repro-
ducible peak shifts. Similar results were obtained with the
other gases represented in Figure 3b (data not shown).
The PL shifts occur less than 1 min after exposure to ether
(within the duration of the PL integration time) and with
recovery occurring roughly 2—3 min after removal of the
gases. The lag time observed after terminating the gas
exposure can be attributed to the high surface area of the
aerogel and the time that it takes to fully evacuate the gas
from the vessel. We also found that reproducible
results are obtained from aerogels that have been
aged for several weeks in a water-free environment
(such as in a desiccator) and also in aerogels that have
been repeatedly cycled through exposure to different
gases. These observations demonstrate the high durabil-
ity and reproducibility, as well as rapid response of the
SWNT—aerogels.

E;; (nm) calcined DOC aerogel
aerogels Ezsus — Ezapero (M) Esus — Epero (nM)
SDS  DOC  SDS Oy, DOC Oy  Eyq (nm)  Ey, (nm) On 0n
660 660 5 10 932 650 35 20
560 560 6 10 950 550 38 20
640 640 5 10 1000 630 35 20
580 580 9 10 1085 570 37 20
640 640 8 10 1095 630 37 20

Environmental modulation of exciton transition en-
ergies in the past has been attributed to changes in the
local dielectric environment of the SWNTs, which is
expected to result in a significant SWNT diameter depen-
dence in the observed response.>'"'? As seen for the four
chiralities highlighted in Figure 3b, we also observed a
diameter-dependent response, but surprisingly, the de-
pendence is the reverse of that previously found in the
presence of organic solvents'"'? and in other systems.?
Here, the larger diameter SWNTs showed an increased
response. This is evidence that the diameter dependence
in our observations does not originate in the expected
diameter dependence for dielectric environment effects
on exciton transition energies. Instead, the result sug-
gests that the magnitude of the shift in the peak location
is due to the different SWNT diameters exhibiting dis-
similar adsorption behavior. Moreover, although the di-
electric constants of the molecules studied vary greatly
(1—8) in the liquid phase, their values in the gas phase at
room temperature are quite close (+0.005).3" Thus, the
PL shifts are found to be the direct result of changesin the
microenvironment of the SWNTSs, but are dominated by
concentration and adsorption effects.

It is interesting to note that the observed wave-
length shifts show a nearly linear dependence on
diameter for a specific adsorbate species (Figure 3b),
suggesting the magnitude of the response has a
simple dependence on nanotube surface area. Paired
with the readily reversible adsorption/desorption be-
havior demonstrated in Figure 3c, this result suggests
that the gas species we study experience no specific
interactions with the SWNT surface, and adsorption
may be described by a basic Langmuir isotherm.3?
Although, SWNT ensembles have been previously used
to detect adsorption of different gases,>*>3 this is the
first report that uses the intrinsic optical properties of
tube ensembles to detect gas adsorption. The break-
down in this linear dependence observed for the
smallest diameter tube shown (the (8,3) in Figure 3b)
may indicate some level of specific interactions do arise
as a result of higher curvatures acting less like a contin-
uous surface for physisorption. The adsorption behavior
illustrated here further supports our claim that the SWNTs
experience a surfactant-free environment within the
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Figure 3. Gas-phase adsorption at the SWNT surface. (a) PL
spectrum of aerogels in vacuum, and exposed to CO,, THF,
and ether vapors. (b) Shift in PL emission wavelength rela-
tive to the signal collected in vacuum as a function of SWNT
diameter after exposure of SWNT-aerogels to air (green
square), CO, (red dots), THF (blue triangle), and ether (yellow
star). (c) Emission wavelength shifts for four different (n,m)
SWNTs after alternating exposure to ether and vacuum: (9,5)
light blue squares; (7,6) red dots; (7,5) green triangle; and
(8,3) blue triangle.

aerogel matrix. Such simple adsorption behavior would
be unlikely to result from a surfactant-coated system, in
which adsorbate species must tunnel through a complex
surface structure to gain access to the SWNT surface. It is
important to note that we were able to observe this
diameter-dependent adsorption behavior in our system
since we have an ensemble of different (n,m) tubes in
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contrast to single tube examples, highlighting the broad

range of applications of the SWNT—aerogel system.

Aerogel as Matrix for Fundamental Measurements. The
observation of the novel diameter-dependent gas
adsorption behavior highlights the importance the
surfactant-free nature of the aerogel matrices will have
in revealing new SWNT behaviors by enabling new
fundamental optical measurements at the ensemble
level. One important additional example is the ability
to perform measurements at cryogenic temperatures.
Such measurements in the absence of significant en-
vironmental perturbation have been limited at the
ensemble level due to direct interaction of the SWNTSs
with previous matrix materials and the lack of suitable
water-free matrices that exhibit high optical quality
over extended temperature ranges. Our demonstra-
tion of the stability of the aerogel matrix to repeated
pressure cycling and over broad temperature extremes
(from nearly 700 to 3 K) illustrates their robustness for
probing fundamental optical behaviors in a range of
conditions. Here, we performed temperature-depen-
dent PL measurements in a helium exchange gas
cryostat from ~300 to ~3 K while resonantly exciting
the (7,6) SWNT (see Methods for more details). As seen
in Figure 4a, we observed a complex temperature
dependent fluorescence intensity that was dominated
by both the (8,4) and (7,6) tubes. However, by decon-
voluting the spectra into the individual resonances we
find two distinct behaviors. In Figure 4b we plot the
relative spectral weight of the (8,4) and (7,6) fluores-
cence. The PL intensity of the (7,6) tube is found to
increase monotonically as the temperature is de-
creased to approximately 30 K and then decreases
slightly from 30 to 3 K. However, the intensity of the
(8,4) tube is found to increase to a maximum at
approximately 60 K and decreases to nearly 0 at 3 K.
This is understood as a consequence of excitation
being off resonance, where indirect absorption is
strongly dependent on the availability of phonons.>*

Qualitatively, the behavior of the (7,6) tube is similar
to what has been previously reported for polymer-
wrapped SWNTs on a substrate®® or for SWNTs in a
water/ice matrix*> in which the PL intensity was also
found to increase upon cooling to ~40 K followed by
an intensity decrease with continued lowering of
temperature to ~3 K. However, the degree of intensity
decrease at the lowest temperatures is strikingly dif-

ferent. In the work of Matsunaga et a

I.ZS

and Mortimer

et al” they observed intensities at 4 K that are nearly
the same as those found at room temperature. In our
data, however, the intensity of the (7,6) tube at 4 K is
approximately three times larger than what is found at
room temperature. This difference can be understood
as arising from a significantly slower relaxation of
excitons from bright to dark states in our nanotubes,
as a result of much weaker interaction with the aerogel
environment than found in previous matrices. That is,
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Figure 4. SWNT—aerogel PL intensity dependence on temperature. (a) Ensemble PL emission spectra of an aerogel as a
function of temperature from ~200 to ~3 K excited at 658 nm and 30 s integration time. (b) Deconvoluted changes in PL
intensity as a function of temperature from ~300 to ~3 K for the (8,4) and (7,6) tube.

the bright/dark exciton distribution is highly nonther-
mal, even at the lowest temperatures.

Recent experiments have shown that there exists a
nonequilibrium (i.e, nonthermal) distribution of bright
and dark E;, excitons in nanotubes.>>* This is rationa-
lized by the inability of phonons® or point defects®” to
efficiently generate relaxation or scattering pathways
between bright and dark states. Overall, the radiative
rate of bright excitons is expected to scale as 7 "/2,
causing a gradual increase of PL intensity upon cooling
from room temperature3® However, below tempera-
tures of order the dark-bright exciton splitting (30—50
K), gradual freeze-out of excitons into dark states (and a
commensurate quenching of the PL) is expected if, and
only if, scattering between bright and dark states is
efficient and the excitons remain in thermal equilibrium.
These scattering pathways are thought to arise from
environmental interactions. In our aerogel nanocompo-
sites where environmental interactions are minimized,
bright excitons cannot relax efficiently to the dark state,
causing a highly nonequilibrium exciton distribution
and a correspondingly large PL intensity, even at low
temperatures (see Supporting Information, Figures
S6—S7). Our data shows a PL intensity that is approxi-
mately three times larger at 4 K than at 300 K (in contrast
to the much smaller ratio observed from nanotubes in
polymers and ice matrices in previous work®*2?), further
supporting our conclusion that the SWNT-aerogel en-
vironment is surfactant-free, with significantly reduced
matrix interactions. We are currently examining this
behavior in more detail by investigating the tempera-
ture-dependent PL response in tailored SWNT—aerogels
with different degrees of environmental perturbation.

METHODS

SWNT Preparation. HiPco SWNTs (Rice University) were indivi-
dualized by dispersing them with standard suspension proce-
dures as follows. A 10 mg portion of raw HiPco (batch 189.2)
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In conclusion, we have developed a new and robust
photoluminescent SWNT—aerogel matrix free of sur-
factants and solvent. The aerogels showed an overall
blueshift in emission and excitation of roughly 35 and
20 nm after calcination in comparison to the initial
dispersion, respectively. These blueshifts correspond
to a dielectric environment approximately the same as
that expected for air, further supporting the claim of a
surfactant-free environment. The absence of surfac-
tants at the tube surface enables the SWNT aerogel
samples to undergo gas adsorption behavior with a
strong diameter dependence. Moreover, we observed
an approximately three times higher photolumines-
cent intensity at cryogenic temperatures in compar-
ison to that at room temperature. These observations
suggest that the SWNT—aerogel matrix exhibits mini-
mal interaction with the local environment, highlight-
ing the important link between SWNT interfacial
chemistry and underlying photophysical behavior of
SWNTs. This type of material may play an important
role in revealing the underlying principles governing
SWNT photophysical behavior previously masked by
interactions with the local environment. Moreover,
the strong PL obtainable from this nanomaterial,
coupled with tunable interactions and optical density
can potentially lead to an important role for these
composites in generating new material functionality.
We anticipate that multifunctional complex assemblies
with other materials such as quantum dots,
metallic nanoparticles, and organic acceptor/donor
molecules for photovoltaic applications can be realized
through the unique properties of our SWNT—aerogel
composite.

SWNTs were dispersed in 20 mL of D,O using sodium dode-
cylsulfate (SDS) or sodium deoxycholate (DOC) at 1.0 wt %
surfactant concentration. The suspension procedures were
slightly modified from previous reports,” utilizing reduced
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sonication times and powers to minimize SWNT cutting and the
formation of side-wall defects so that highly luminescent
SWNTs could be obtained. Homogenization was done at
19000 rpm (X520 CAT or PowerGen 700D shear mixer) for 2 h,
followed by tip sonication at 20—25 W for 4 min in a cold water
bath (Cole Parmer CPX 750). The sample was then ultracentri-
fuged at 29 000 rpm (~144000g) for 4 h in a Beckmann-Coulter
TH-641 swing bucket rotor in a Sorvall WX Ultra 80 centrifuge.
Contamination of the supernatant with nanotube bundles was
minimized by collecting only the top 70% of the supernatant.

Aerogel Preparation. SWNT—silica gels were prepared using
surfactant-suspended SWNTSs in DOC or SDS by a chemical vapor-
into-liquid sol—gel process described previously, or by direct
addition of small aliquots of TMOS into the suspensions.'®'” The
wet gels were allowed to age for 48 h (essential for condensation
of silica precursors) prior to supercritical drying.

Chemical Vapor-into-Liquid Sol—Gel Preparation. Two ves-
sels, one containing a SWNT suspension (1.5 mL; 1% DOC or SDS)
and the other TMOS (0.5 mL) were placed in a sealed container
having a diameter of approximately 6.5 cm and a height of
approximately 2.5 cm for 1—6 h at room temperature. During this
time, TMOS (being volatile at room temperature) evaporates and
diffuses into the aqueous suspension containing SWNTs. Further
hydrolysis and condensation occurs over a period of time.>® The
SWNT suspension infused with the silica precursor was then
transferred to a polyethylene vial (22 mm diameter) and sealed.
Gelation occurred after approximately 12 h.

Liquid-Phase Sol—Gel Preparation. A SWNT suspension (2 mL;
1% DOC or SDS) and TMOS (200 L) were combined and sealed in a
vial. The mixture was shaken vigorously for 30 s and set aside. After
5min, 1.5 mL was decanted from the top of the mixture (TMOS had
settled to the bottom of the vial) and added to a polyethylene vial
(22 mm diameter). The vial was sealed and gelation occurred
within 10 min (total gel time approximately 15 min).

After aging the gels for at least 48 h, the vials containing the
wet SWNT-silica gels were then filled with methanol (approxi-
mately 6 mL). The supernatant was discarded after 48 h and
replaced with a second 6 mL aliquot of methanol (this process was
repeated twice more to exchange water for methanol). Super-
critical CO, drying of the SWNT-silica gels was then performed.

CO, Supercritical Drying. SWNT-silica gels infused with
methanol were placed in a critical-point drier (Polaron, Quorum
Technologies, Ltd., West Sussex, UK) and covered with metha-
nol. The pressurized chamber was sealed and then filled with
liquid carbon dioxide (10 °C, 51 atm). Over 24 h, methanol was
periodically drained from the bottom of the vessel while main-
taining pressure. After methanol had been completely ex-
changed by CO,, the vessel was heated to 40 °C. During
heating, the pressure was maintained at 90 atm by periodically
releasing CO,. After reaching 40 °C, the vessel was slowly
depressurized (over 2—5 h) while maintaining temperature.

Density, Surface Area, and Porosity of Aerogel Matrices. Density was
calculated gravimetrically. Nitrogen adsorption measurements
were obtained at 77 K using a Quantachrome Autosorb surface
area analyzer. Surface area was determined by Brunauer—
Emmett—Teller (BET) multipoint analysis and pore size distribu-
tion by Barrett—Joyner—Halenda (BJH) theory.

Optical Characterization. Photoluminescence excitation (PLE)
maps, fluorescence, and absorbance spectra were obtained
from solutions, wet gels, and aerogels adjusted to roughly
the same SWNT concentration (10 ppm). All optical spectra
were normalized to concentration. Absorbance spectra were
recorded on a Varian Cary 6000i instrument between 400 and
1400 nm at a rate of 2 nm per second. Emission spectra were
obtained with excitation wavelengths between 450 and 800 nm
using a xenon lamp coupled to a monochromator system with
10 nm bandpass and 5 nm excitation steps. The emission
intensities were recorded between 900 and 1600 nm using a
modified Nicolet NXR-9600 FT-IR spectrometer equipped with a
liquid-N, cooled germanium detector. Spectra were obtained as
averages of 100 scans, with a spectral resolution of 6 cm™".
SWNT fluorescence spectra were also obtained with single line
excitation using a 658 nm diode laser at 20 mW incident power.
Raman measurements were performed using 10—15 mW of
diode laser excitation at 785 nm. Spectra were obtained as 10 s
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integrations with a liquid-nitrogen-cooled charged couple
device array coupled to a single grating monochromator.
FT-IR spectra were collected using a Nicolet NXR-9600 FT-IR
spectrometer. The FT-IR spectrometer was used in attenuated
total reflectance (ATR) mode. Sample spectra were obtained as
the sum of 100 scans, with subtraction of a 100-scan air
background.

Gas Exposure Studies. Measurements of gas exposure effects on
PL spectra were carried out in an airtight chamber (~2.5 cm?)
through which various gases and vapors from organic solvents
were flowed. The emission spectra for the SWNT—aerogels under
vacuum (~1 x 107> Torr) were first obtained, followed by
exposure of the sample to either of the following conditions:
air, CO,, THF, or ether. A gas cylinder containing compressed air or
CO, (~14 psig) was connected to one side of the sampling
chamber and the gases were allowed to flow into the cell until
the chamber was completely filled and reached the same
pressure as the gas cylinder. Subsequently, PL measurements
were performed. For the organic vapors (THF and ether), a 5 mL
vial containing 2 mL of the respective organic solvent was
attached to a 20 mL evacuated vial, which was then connected
to one side of the evacuated sampling chamber (a slight negative
pressure was imparted on the vial containing the organic solvent
to minimize any trace of ambient air). The organic vapors were
allowed to flow from the vial into the cell. The changes in PL peak
location after addition of gases with respect to vacuum were
obtained and plotted as a function of SWNT diameter.

Calcination. Calcination was performed inside a vacuum oven
by increasing the temperature of the oven at a constant rate of 1
°C per minute up to 400 °C. The temperature was held constant at
400 °C for 4 h. The cooling rate was the same as the heating rate
to prevent rapid cooling and degradation of the sample.

Cryogenic Measurements. PL spectroscopy from 3 to 300 K was
performed in the variable-temperature insert (VTI) of a helium
flow cryostat with direct optical access. Low power (~1 mW),
defocused, continuous-wave light at 658 nm was used as the
excitation source. The aerogel samples were mounted directly in
the flowing helium vapor. Cernox thermometers on both the
copper mounting block and on the VTl heat exchanger were used
to ensure the SWNT temperatures (moreover, PLintensities at the
lowest temperatures in helium vapor were unchanged when the
samples were submerged in superfluid helium at ~2 K). Collected
PL was dispersed in a 500 mm spectrometer and detected with a
liquid nitrogen-cooled InGaAs linear array.
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