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ABSTRACT

The fluorescence spectra of individual semiconducting single-walled carbon nanotubes embedded in polymer films were measured during the
application of controlled stretching and compressive strains. Nanotube band gaps were found to shift in systematic patterns that depend on
the (n,m) structural type and are in excellent agreement with the predictions of theoretical models. Loss of nanotube—host adhesion was

revealed by abrupt irregularities in plots of spectral shift vs strain.

Single walled-carbon nanotubes (SWCNTSs) are novel arti-
ficial nanomaterials with exceptional physical properties that
include very high tensile strength.! This has made them
attractive as strengthening additives for advanced composites
in which the nanotubes provide mechanical reinforcement
through load transfer from the host matrix.>* The perfor-
mance of such composites can often be limited by interfacial
adhesion between nanotube and matrix.* To understand the
microscopic processes controlling the macroscopic behavior
of a SWCNT composite, it is therefore desirable to study
load transfer, strain, and interfacial adhesion limits for
individual nanotubes within the composite. In this report,
we describe the use of single-nanotube fluorescence spec-
troscopy to make such in situ measurements on SWCNTs
subjected to calibrated external strains while embedded in
PMMA.

Our experiments exploit the near-IR band gap photo-
luminescence of semiconducting SWCNTSs. Samples of
SWCNTs contain a variety of distinct structural species,
each labeled by a pair of integers, (n,m), defining the
diameter and chiral angle. Most nanotube species are
semiconducting, and the near-IR emission arises from
electron—hole recombination across their band gaps.
Because these gaps depend on nanotube physical structure,
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each species emits light at a characteristic peak wavelength
that can be mapped to its (n,m) identity through an
established spectroscopic assignment.>° It has been pre-
dicted that axial strain alters the band gaps of SWCNTs in
a highly structure-specific pattern.” We have used near-IR
fluorescence microscopy to detect and structurally identify
individual SWCNTs and then to monitor shifts in their
emission spectra as they are subjected to calibrated strains
through deformations of the surrounding matrix. The result-
ing strain-induced shifts are determined for a variety of (r,m)
species and compared to quantitative theoretical predictions.
These experiments also clearly reveal the abrupt slippage of
individual SWCNTSs within the matrix through irregularities
in spectral shifts as a function of host strain. Our studies
thereby provide an incisive probe of load transfer limits at
the scale of individual nanoparticles.

In 2000, Yang, et al. used a simple model of SWCNT
electronic structure to predict chirality-dependent variations
of the semiconducting band gaps under axial strain.” Recent
experiments have explored this effect through spectroscopic
studies of nanotube ensembles and individual SWCNTs. In
the ensemble experiments, a change in matrix temperature
was typically used to induce strain through differential
thermal expansion of the nanotube and the host matrix.’!!
These studies confirmed characteristic structure-specific
patterns of band gap shifts under strain,®° and clarified the
smaller changes in band gap related to temperature and



hydration.!®!! However, the strain values in those investiga-
tions were not well calibrated. Some other studies have been
reported for individual nanotubes deposited on surfaces or
suspended in air and then manipulated by atomic force
microscopy or micromanipulators.'?"'5 Because these meth-
ods also suffer from poor strain calibration, they do not
permit quantitative tests of the theoretical model predictions.
In another type of ensemble measurement, resonance Raman
spectra have been studied for SWCNTSs in composites. The
intensities of radial breathing mode signals changed system-
atically as strain shifted the nanotube optical transition
energies into or out of resonance with laser excitation
sources, but SWCNT spectral shifts were not quantified as
a function of strain.!6!7

In our experiments, small quantities of raw HiPco
SWCNTs were suspended by ultrasonic agitation in
aqueous ~10 mg/mL solutions of sodium dodecylben-
zenesulfonate (SDBS), as described earlier.'® A 100 uL
portion of the suspension was mechanically mixed into 5
mL of a viscous solution of poly(methylmethacrylate)
(PMMA; 350000 MW) in o-xylene. This inhomogeneous
mixture was continuously mixed at 70 °C until the water
evaporated and the mixture became clear. In this way,
SWCNTs with small amounts of SDBS were introduced into
the nonpolar medium of PMMA in o-xylene. The resulting
SWCNT suspension was spin-coated onto a 6 mm thick
transparent PMMA bar and became fused to the bar after
evaporation of the o-xylene. This gave a ~20 um thick top
layer of PMMA containing sparse disaggregated nanotubes.
To aid navigation of the sample under the microscope, a 200
mesh TEM finder grid was fixed over the film. Uniaxial
compression or extension loads were applied to the top
PMMA layer (containing nanotubes) by bending the PMMA
bar in either direction using a custom-built four-point bending
stage. A bare resistive strain gauge (EA-13-031DE-350,
Measurements Group, Inc.) was mounted directly on the top
PMMA layer, and the surface strain was measured to an
accuracy of ~2 x 107* with a P-3500 half-bridge strain
reader. Because bending strain is distributed linearly through
the 6 mm thickness of the bar, strain within the ~20 yum
spin-coated top layer can accurately be considered uniform
and equal to the strain at its surface.

We measured fluorescence excitation—emission maps of
bulk SWCNT samples using a J-Y Spex Fluorolog 3-211
spectrofluorometer equipped with a liquid nitrogen cooled
InGaAs detector. Near-IR fluorescence imaging and spec-
troscopy of individual SWCNTs were performed using a
specialized apparatus, described previously,' based on an
inverted Nikon TE-2000U microscope with an Ealing 36 x
0.5 NA reflective objective. A combination of a dichroic
beam splitter and a dielectric 946 nm long-pass filter was
used to select emission wavelengths greater than 950 nm. A
liquid nitrogen cooled InGaAs camera (Roper Scientific
OMA-V 2D) sensitive between 900 and 1600 nm was
installed on one microscope output port. Another output port
was coupled via fiber optic cable to the input slit of a J-Y
C140 spectrograph equipped with a 512 element InGaAs
array (OMA-V, Roper Scientific). In this way, near-IR
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emission spectra could be acquired from a spatial region of
~2.8 x 2.8 um at the sample. Samples were excited with
diode lasers emitting at 658, 730, or 785 nm. The excitation
polarization axis was controlled with a crystalline polarizer
and an achromatic A/2 retardation plate. During the measure-
ments, excitation polarization was adjusted to be parallel to
the deformation axis.

According to the model of Yang, et al.,” the SWCNT band
gap shift AE; depends on the uniaxial strain ¢ as:

AE;= (=1 (= 1)+ 31(1 +v)cos(30) - £ (1)

where i equals 1 and 2 for E,; and E, transitions,
respectively, k is the mod index of a nanotube, which
equals mod(n-m,3), t is the electron hopping parameter,
v is the SWCNT Poisson ratio, and 0 is the SWCNT chiral
angle, which ranges from 0° (zigzag) to 30° (armchair).
Equation 1 predicts that spectral shifts of mod 1 and mod 2
nanotubes occur in opposite directions and that larger shifts
are expected for smaller chiral angles. If these characteristic
spectral shift patterns are observed for SWCNTSs in solid
samples, it suggests that axial strain has been induced by
interactions with the host matrix.?

Our experiments require the (n,m) identities of indi-
vidual nanotubes to be deduced from their spectral
transitions. This is straightforward for SWCNTs in aque-
ous SDS or SDBS surfactant, for which a well-established
assignment precisely links peak positions to (n,m) struc-
tures.>® However, the nanotubes in our deformed PMMA
films will show shifted spectral transitions that must be
remapped to (n,m) structures. Three factors are expected to
cause spectral shifts. First, the dielectric environment of
PMMA differs from that of SDBS. Second, the dried PMMA
film may exert some strain on the embedded SWCNTSs even
before it is deliberately deformed. Finally, deformation of
the film will induce further spectral shifts that are the subject
of this study. To find the structure-assigned peak positions
of SWCNTs in solid PMMA films before deliberate defor-
mation, we measured excitation—emission maps for bulk
nanotube samples (~10 mg/L) in solid PMMA and in a fluid
solution of PMMA in o-xylene (Figure 1a). Compared with
the spectra in SDBS, the broadened peaks in fluid PMMA
are systematically red-shifted. They show the same pattern
as that in SDBS and are readily remapped to (n,m) structures.
Figure la illustrates that the peaks in solid PMMA (black
circles) are shifted significantly from those in fluid PMMA
(white circles). These shifts are plotted in Figure 1b for the
E|, and E), transitions as a function of the structural factor
(=¥ cos(36) from eq 1. The linear variations apparent
for both AE»; and AE,; (with slopes of 134 £ 15 and —175
=+ 24 cm™!) reveal compressive strain induced by stress in
the solid dried film. A different effect causes the y-offsets
of these linear best fits to differ significantly from zero (—55
+ 10 cm™), corresponding to a systematic shift to longer
transition wavelengths for nanotubes in solid PMMA. We
attribute this to the higher dielectric constant of solid PMMA
compared to the solution of PMMA in o-xylene. The findings
described above allowed us to assign (n,m) identities to
spectral emission features of SWCNTs in PMMA films
before deformation. To confirm the identifications, we also
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Figure 1. (a) Excitation—emission matrix of SWCNTSs in a dried
PMMA film. Black circles mark fluorescence maxima of each (n,m)
structure. White circles show positions of the corresponding peaks
in liquid PMMA. (b) Shifts in SWCNT Ey, and E;; transition
energies between solid and dissolved liquid PMMA media as a
function of nanotube structural factor. The lines show linear fits.

excited individual nanotubes with different excitation lasers
and checked that the emission intensities (normalized to laser
power) displayed a dependence on excitation wavelength
consistent with the expected E,, peak position.

To measure deformation-induced spectral shifts of indi-
vidual SWCNTs, we used fluorescence microscopy to image
a sparse set of nanotubes in the thin film fused to the PMMA
bar on the bending stage. Figure 2a shows a representative
image. For each SWCNT, the angle a between its axis and
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the direction of applied strain was determined to an accuracy
better than 5° by recording emission intensities while rotating
the polarization plane of the excitation laser (Figure 2b). The
high modulation depths seen in these plots indicate that none
of the nanotubes observed in our study have significant
curvature. The effective applied axial strain, o, for each
SWCNT was then taken to be &, cos @, the projection along
that nanotube’s axis of the uniaxial strain measured in the
PMMA film. As incremental extension and compression
strains of up to 0.01 were applied to the sample, emission
spectra of the individual SWCNTs were recorded at each
strain level. These fluorescence spectra were then analyzed
by least-squares fitting to Lorentzian functions to determine
their peak positions.

We generally found that at small strains (o below ~0.005),
the emission peak maxima of individual SWCNTs shift
proportionally to the strain (Figure 3). The direction of
spectral shift with strain is determined by the nanotube mod
index, in agreement with the prediction of eq 1. Examples
of this behavior are shown in Figure 4 for (8,7) and (10,2)
SWCNTs. Emission from the (8,7) nanotube, a mod 1
structure, is shifted to the blue by extension and to the red
by compression. This trend is reversed for the (10,2)
SWCNTs, which are of mod 2 type.

For matrix strain magnitudes exceeding 0.004 to 0.006,
we frequently observed deviations from linearity, as seen in
Figures 3 and 4. Similar sublinear behavior has been reported
for ensemble Raman spectra of SWCNTs embedded in
epoxy.?’ This was interpreted as evidence of incomplete load
transfer arising from debonding, slipping, or buckling of
nanotubes in the deformed polymer. Our data shown in
Figure 4b,d for a (10,2) SWCNT are especially revealing.
As the polymer film is first loaded in extension, the emission
maximum shifts linearly up to o = 0.004. The nanotube then
apparently slips relative to the PMMA matrix for strains
between 0.004 and 0.008 (region A), but recovers to nearly
the same slope between 0.008 and 0.01. As the polymer film
is then compressed from ¢ = 0.01 to 0 = —0.008, it shows
two linear regions (0.002 < ¢ <0.01 and —0.004 < ¢ <
—0.002) and two buckling or slipping regions (regions B
and C). The subsequent extension to ¢ = 0 is nearly linear.
Spectral broadening is often (but not always) observed in

,'b)
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Figure 2. (a) Near-IR fluorescence image of SWCNTs in a PMMA film. (b) Dependence of emission intensities from SWCNT no. 1 and
no. 2 on the excitation polarization angle. The angle between nanotube axis and the axis of applied strain equals 5° and —34° for SWCNTs

no. 1 and no. 2, respectively.
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Figure 3. Spectral shift in the emission peak of a (10,2) SWCNT
in PMMA as a function of matrix strain. At strains larger than 0.6%,
the emission spectrum splits into two components with shifts
marked by the open and solid symbols. The solid line is a least-
squares fit to the open symbol points.

the regions of nonlinearity, suggesting that strain along the
nanotube can be nonuniform.

An example of intriguing behavior is illustrated in Figure
5, which shows the emission spectrum of a (10,2) nanotube
splitting into two peaks at o > 0.006 when loaded in
extension. The bimodal spectrum at o = 0.008 was decon-
voluted into the two Lorentzian components drawn as dashed
lines. When the peak positions are graphed as a function of
strain to give a spectral load transfer plot (Figure 3),
bifurcation into two components is seen for strains above
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~0.006. We suggest that this spectral splitting occurs when
a segment of the SWCNT (~!/3, judging from emission
intensity) starts slipping near o = 0.006 while the rest of
the nanotube remains fully attached to the polymer matrix.
We find that the deviations from linearity in spectral load
transfer plots vary substantially and unpredictably from
nanotube to nanotube in our samples. These variations
apparently reflect molecular-level differences in the nanotube—
matrix interactions and suggest that the load transfer to each
nanotube is dominated by relatively few localized sites of
strong adhesion.

Despite the observed deviations from linearity, all studied
nanotubes also show clear regions of linear load transfer.
We have considered only these linear regions to find the
average values of slopes dAE;/do for various nanotube
structures. In the examples above, slopes are (1.3 + 0.2) x
10* cm™! for the (8,7) tube of Figure 4¢, (8.1 +0.2) x 10*
cm™! for the (10,2) tube of Figure 4d, and (7.8 & 0.3) x
10* cm™! for the (10,2) tube of Figures 3 and 5. We
determined these values for 14 SWCNTs of 10 different (r,m)
species. Figure 6 shows the resulting set of dAE},/do values
plotted as a function of cos(36), as suggested by the form
of eq 1. In agreement with the theoretical model, we find a
linear relation represented by the best-fit line, with an
intercept of zero and a slope of (7.1 £ 0.3 x 10* cm™'.
This line falls well within the shaded region that was
calculated from eq 1 using conventional values for #,

(24-29 eV, or ~19000—23000 cm™)' and w»
(0.15—0.25).2122 In the simple electronic structure model
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Figure 4. (a,b) Emission spectra of (8,7) and (10,2) SWCNTs in PMMA at different levels of uniaxial matrix strain. SWCNT spectral data
were fitted with Lorentzian functions to give the solid curves. For clarity, data points are shown only for the unstrained spectra. (c) The
change in SWCNT E,; spectral position with matrix strain for the (8,7) nanotube in (a). (d) The change in SWCNT E,; spectral position
with matrix strain for the (10,2) nanotube in (b). Nanotube slippage is apparent in the regions marked A, B, C. Arrows show the sequence

in which the data points were measured.
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Figure 6. Slopes of experimental strain-induced spectral shifts
for different SWCNT species. The solid line is a linear least-
squares fit to the data points, and the shaded area shows the
range of shifts predicted using the values of 7, and v found in
the literature.

represented by eq 1, the experimental slope value is much
more sensitive to 7 than to v. If the typical Poisson ratio v
for the SWCNTS studied here is taken to be 0.15, then our
data indicate a #, parameter of 2.54 & 0.15 eV.

It is notable that we observe linear load transfer (i.e., nanotube
strain matching matrix strain on the ~3 um length scale) for
maximum strains ranging from 0.002 to 0.008. Some theoretical
models of load transfer from a polymer matrix to discontinuous
reinforcing fibers predict “shear lag,” 2>?* a strain profile along
the fiber’s length that gradually increases, plateaus, and then
decreases. Load transfer in carbon nanotube-reinforced
polymers has remained poorly understood, with predictions
for the critical length (the scale over which strain increases
or decreases in shear-lag models) varying according to the
computational approach. Simple estimates based on friction
and capillary forces within nanotube bundles suggest critical
lengths on the order of 10 um,? whereas molecular dynamics
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simulations of a nanotube embedded in polyethylene yield
a critical length of ~30 um.?® We would therefore expect
this dimension to be at least a few micrometers, or much
greater than the average nanotube length in our samples. This
would cause strain within individual nanotubes to vary from
zero at the ends to a maximum value in the center that is
much smaller than the strain in the surrounding matrix. Such
strain profiles would be experimentally manifested in reduced
average values of dAE;;/do and in inhomogeneous spectral
line broadenings that would appear proportional to matrix
strain. However, we find that dAE},/do values match theory
quite well, and no significant line broadening is observed at
small strains. This argues against the validity of shear-lag
models for this system. An alternative model is that loads
are transferred onto nanotubes in our samples via pinning
at sites of defects, surface—adsorbates, or other irregulari-
ties in the interface that can enhance local adhesion to
the matrix. This view is consistent with the observed
behavior, especially the peak splitting shown in Figure 4,
which suggests the presence of segments within individual
nanotubes having different matrix adhesion. Another factor
causing such variations in local adhesion, even for pristine
nanotubes, may be nonuniformities in the matrix channel
surrounding the nanotube that give gaps as well as regions
of close contact. SWCNT/matrix contacts may be enhanced
by the isotropic compressive strain exerted as solvent
evaporates during PMMA film formation and by transverse
compression of the matrix (governed by the Poisson ratio)
as it is stretched. Finally, taking the Young’s modulus of
SWCNTs to be ~1 TPa,?’?® we can estimate the force
required to overcome the interfacial adhesion between a
typical nanotube and its PMMA matrix as approximately
1.5—6 nN.

In summary, we have monitored the spectroscopic shifts
induced by axial strain in individual SWCNTSs embedded
in a polymer matrix. In the low strain limit, spectral shifts
are proportional to strain and show strong dependencies
on nanotube chirality and mod(n-m,3) identity that are in
good quantitative agreement with theoretical model pre-
dictions.

Marked deviations from linearity at higher strains are
interpreted as loss of nanotube—host adhesion and apparently
reveal slippage of individual nanotubes within the matrix.
These effects cannot be observed within polymer composites
using other probes of individual nanotubes, and they would
be obscured by averaging in ensemble measurements. We
believe that near-IR fluorescence spectroscopy will prove a
powerful new tool for the development of high performance
composite materials by exposing the detailed interactions
between nanotubes and their polymer hosts.
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