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Carbon nanotubes: From molecular to macroscopic sensors
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The components that contribute to Raman spectral shifts of single-wall carbon nanotubes~SWNT’s! em-
bedded in polymer systems have been identified. The temperature dependence of the Raman shift can be
separated into the temperature dependence of the nanotubes, the cohesive energy density of the polymer, and
the buildup of thermal strain. Discounting all components apart from the thermal strain from the Raman
shift-temperature data, it is shown that the mechanical response of single-wall carbon nanotubes in tension and
compression are identical. The stress-strain response of SWNT’s can explain recent experimental data for
carbon nanotube-composite systems.
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INTRODUCTION

The Raman frequencies in a molecule depend on pres
or strain through the anharmonicity of the interatomic forc
The Raman signature of carbon nanotubes can be relate
strain making them sensitive nanoscale dimensional st
gauges.1 This phenomenon has shown that hydrostatic pr
sures and molecular pressures derived from thermodyna
relations can be considered synonymous.2 Here we presen
relationships between shifts in the Raman spectrum indu
by molecular pressure, macroscopic pressure, and temp
ture on single-wall carbon nanotubes as well as tensile
data for nanotube composites. Molecular pressure in a liq
can be defined in terms of the cohesive energy den
which, like the surface energy or surface tension, descr
the powerful cohesive forces that hold the liquid togeth
Values of the cohesive energy density~CED! can be calcu-
lated from experimental data on vaporization or on solu
ity, and have units of J cm23, or pressure~MPa!.3

Molecular pressure was applied by immersing single-w
carbon nanotubes~Dynamic Enterprises, Ltd.! in a variety of
liquids and dispersing them using ultrasound. The Ram
spectrum was recorded using a Renishaw Raman mi
scope. To avoid interference from Raman signals due to
liquids, we focussed our attention on the disorder-indu
D* Raman peak at 2610 cm21 ~in air!, a spectral region
relatively free of Raman peaks from the various liquids. D
persed in liquids, theD* Raman peak shifts significantl
from its position in air, as seen in Fig. 1~a! where the shift is
plotted against the molecular pressure~CED! of the liquid.4

The data used to obtain the CED for each liquid are given
Table I. Figure 1~b! shows Raman spectral shifts for th
nanotubes in three of the liquids with respect to the spect
in air.

Macroscopic pressure was applied using a diamond-a
cell.5 The nanotube sample consisted of a dry powder,
gether with a small piece of ruby, and liquid argon w
loaded as the hydrostatic medium using the methods
PRB 620163-1829/2000/62~11!/7571~5!/$15.00
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scribed in Ref. 6. Pressure was measured using the ruby
rescence recorded with the Raman microscope. The cohe
energy density of argon is negligible, and therefore the po
tions of theD* Raman peak are plotted in Fig. 1~a! at the
recorded hydrostatic pressures. Excellent agreement betw
these data points obtained with macroscopic pressure an
data obtained by immersion in liquids, both as regards
initial Raman shift with pressure and the pressure at wh
the intensity is quenched, confirms that the cohesive ene
density can be regarded as a real pressure. This is fur
supported by comparing the quench pressures recorde
Ventkatswarenet al.7 for lower wave number radial Rama
modes. They used a methanol-ethanol pressure medium
noted that quenching occurred at 1500 MPa. This is str
evidence that their pressure dependence is shifted upw
by some 600–800 MPa by the molecular pressure of
alcohol pressure medium adding directly to the macrosco
pressure of the diamond-anvil cell.

The cohesive energy density of a liquid depends on
temperature~T!. This dependence was measured by imme
ing the nanotubes in hexane at various temperatures.
solubility parameter is given by the semiempirical formul8

d5mT1b ~1a!

and therefore,

CED5d25~mT1b!2. ~1b!

For many hydrocarbonsm520.03 MPa1/2K21 ~Ref. 8! and
for hexane (d514.9 MPa1/2 at 298 K! b523.84 MPa1/2. The
nanotubes also have a small temperature dependence tha
be represented by a linear function@Fig. 2~a!#. Figure 1 is
used to determine the relationship between the Raman
and cohesive energy density or pressure. Equations~1a! and
~1b! are used to determine the cohesive energy densit
each temperature. It is then possible to construct a correla
between the Raman shift and temperature. Figure 2~b! shows
that this agrees very well with the measured shifts.
7571 ©2000 The American Physical Society
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The nanotubes~0.1 wt %! were embedded in an ultravio
let ~UV! curable urethane acrylate polymer~Ebecryl 4858,
Radcure!. The nanotube/oligomer dispersion was spread o
glass with a doktor blade to induce flow orientation. The th
films were immediately cured by exposure to an UV sour
At this low-nanotube concentration, tensile tests revea
that there was no significant improvement in the mechan
properties of the films with respect to the pure polymer.

The films were tested in two ways:~1! cured and uncured
~the nanotube/oligomer dispersion! samples were cooled in
crementally to liquid-nitrogen temperatures and Ram
shifts were recorded at each temperature;~2! tensile speci-
mens were prepared by cutting the films in the flow direct

FIG. 1. ~a! The peak positions of theD* Raman peak in single
walled carbon nanotubes are plotted as a function of the molec
~by immersion in liquids, black square symbol! and macroscopic
~using a diamond-anvil cell—or DAC—, open triangle symbo!
pressure. The molecular pressure is the cohesive energy de
~Table I! of the liquid in which the nanotubes were immersed:
these experiments the external applied pressure was ambient, 1
The macroscopic pressure was applied to nanotubes immers
liquid argon as a hydrostatic pressure medium. At high pressure
intensity of theD* peak diminished in the DAC experiments an
could not be measured above 2200 MPa. Similarly, the intensit
the D* peak in water was found to be lower. The solid line is
polynomial fit to the~liquid! data. The numbers correspond to t
liquids in Table I.~b! Raman spectra for three of the liquids wi
respect to the position in air.
to

.
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n

and perpendicular to the flow direction and tested in
minitensile testing machine with Raman shifts recorded
crementally with tensile strain.

Figure 3 shows the temperature dependence of the Ra
signature for the cured and uncured composites. The dif
ence can be explained in terms of the thermal strains
have built up in the solid~cured! polymer, which are subse
quently transferred by shear from the contracting matrix
the nanotubes, as the composite is cooled below the g
transition temperature. The increase in the wave number w
decreasing temperature for the uncured system can be
plained by the temperature dependence of the cohesive
ergy density and the nanotubes themselves~a liquid cannot
support a shear stress without flowing, thus negating the p
sibility of stress transfer by shear!. The solid line is a simple
quadratic fit to the data, while the dotted line has been c
culated from the solubility parameter of the polymer and
semiempirical relationship between the cohesive energy d
sity (d2) and the temperature@Eq. 1~b!#, which is also a
quadratic function. The solubility parameterd of the polymer
and the oligomer were calculated from Small’s attracti
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FIG. 2. ~a! The temperature dependence of the Raman shif
single-wall carbon nanotubes in air, measured by placing the
nanotubes in a temperature stage~a linear line adequately represen
the data!. ~b! Temperature dependence of theD* Raman peak of
single-wall carbon nanotubes in hexane. The dotted line is a q
dratic fit to the data. The solid line is the construct of the sem
empirical temperature dependence of the cohesive energy dens
hexane@Eq. ~1b!# and the temperature dependence of the nanotu
The trends are similar, with difference in absolute values be
dictated by the polynomial fit to the data in Fig. 1.
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TABLE I. Data for the calculation of the molecular pressures of the liquids and mean Raman shifts f
D* peak.

Solubility parameter
at 298 K (103 J1/2 m23/2)

Cohesive
energy
density
~MPa!

Mean Raman
shift

~cm21!

1 air 0 0 2610.1
2 decane 13.5 182.3 2619.1
3 hexane 14.9 222.0 2623.2
4 dodecane 16.2 262.4 2617.4
5 cyclohexane 16.8 282.2 2626.1
6 carbon tetrachloride 17.6 309.8 2626.3
7 chloroform 19.0 361.0 2623.6
8 hexylene glycol 19.8 392.0 2620.3
9 acetone 20.3 412.1 2627.0
10 diethylene glycol 24.8 615.0 2630.3
11 propylene glycol 25.8 665.6 2627.9
12 ethanol 26.0 676.0 2628.9
13 ethylene glycol 29.9 894.0 2630.7
14 glycerol 33.8 1142.4 2630.2
15 formamide 39.3 1544.5 2631.4
16 water 47.9 2294.4 2631.7
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constants9 to give a value of 23 MPa1/2 at 298 K for both the
cured and uncured system. This is in agreement with s
bility parameter data for other urethane-based polyme3

From the calculated cohesive energy density of the polym
the initial Raman wave number of nanotubes in the polym
at 298 K can be determined from Fig. 1. The temperat
dependence of the solubility parameter of hexane (m5
20.03) was used for the polymer as the coefficient was
known a priori, although literature values for polymer mel
are similar to this value.10 The two lines coincide exactly a
the glass transition temperature of the polymer~363 K!, the
temperature at which the thermal stresses are neglig
Subtraction of the dotted line of the uncured system from
data of the cured system yields the contribution of the th
mal strain.11 Figure 4 shows the relation between therm
strain and Raman wave number shift for two polymer s
tems, polyurethane acrylate and polycarbonate, a therm
and thermoplastic, respectively. Table II gives the relev
material parameters. The relationship is almost linear, s
porting the strain identical assumption, and describes the
man response of the nanotubes with compressive strain

Figures 5~a! and 5~b! show the Raman shift with axia
tensile strain for the longitudinal and transverse samples
u-
.
r,
r
e

-

le.
e
r-
l
-
set
t

p-
a-

e-

spectively. The difference between the two graphs imp
that a reasonable degree of orientation has been obta
from the sample preparation procedure. The solid line in F
5~a! is simply the negative of the slope in Fig. 4 clear
showing that the Raman shift with tensile strain and co
pressive strain are identical once the temperature-depen
parameters have been subtracted from the latter~Fig. 4!, as
described above. Another consequence of Figs. 5~a! and 5~b!
is that theD* peak apparently responds primarily to strai
along the length of the tubes. This allows us to assume
tatively that theD* peak, which hasA1g vibrational symme-
try, is related to breathing modes along the nanotube ax12

The mechanical response of the Raman shift in tens
and compression implies that the Young’s moduli in tens
and compression are similar, at least over the strain ra
under investigation here. It is possible to construct the ten
stress–strain response of the nanotubes~Fig. 6!. Figure 1
provides the relationship between the cohesive energy d
sity or hydrostatic pressure and the Raman shift to determ
the nanotube response with stress, while Fig. 4 or 5~a! give
the response with strain~the slopes are the same!. Note that
the absolute values of stress–strain response are diffe
from those where the temperature dependence of the t
te
TABLE II. Mechanical and thermodynamic parameters for the two polymer systems.

Parameters Polyurethane acrylate Polycarbona

Young’s modulusE ~MPa! 1200 2200
Poisson’s ration 0.35 0.3
Thermal expansion coefficienta ~K21! 11031026 6531026

Glass transition temperatureTg ~K! 363 423
Solubility parameter at 298 K~MPa1/2! 23 19.6
Cohesive energy density at 298 K~MPa! 529 385
Density ~g/cm3! 1.14 1.2
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7574 PRB 62JONATHAN R. WOODet al.
and the CED have not been included1,2 although the shape i
similar. The modulus can be seen to be an increasing fu
tion of strain~Fig. 6! and is similar in form to other network
structures such as elastomers.13 Interestingly, carbon fibers
also exhibit upward curvature in the stress-strain respons
high strains.14 A stress-strain curve for multiwall carbo
nanotubes was recently obtained experimentally by
et al.15 but a direct comparison with the curve produced h

FIG. 3. Temperature dependence of theD* Raman peak of
single-wall carbon nanotubes~0.1 wt %! in an UV cured urethane
acrylate polymer~squares! and the uncured oligomer~triangles!.
The dotted line is a quadratic fit to the data. The solid line i
construct of the semiempirical temperature dependence of the
hesive energy density of the polymer (m520.03 MPa1/2 K21) and
the temperature dependence of the nanotubes. The intersecti
the two lines coincides exactly with theTg of the polymer~363 K!,
the temperature where the thermal strain becomes negligible.
deviation of the oligomer data~triangles! from the broken line at
progressively lower temperatures is possibly a consequence of
pressive stresses being transferred from the polymer into the n
tubes at temperatures below the solidification temperature. Alte
tively, the relation between the CED and temperature@Eq. ~1b!# is
not applicable over the full temperature range.

FIG. 4. Subtraction of solid polymer data from semiempiric
construct in Fig. 3 yields the shift in theD* Raman peak of single
wall carbon nanotubes with the thermal strain transferred from
contracting matrix to the nanotubes. The squares are for the p
urethane acrylate system shown in Fig. 3~thermoset!, the triangles
are for a polycarbonate matrix~thermoplastic!. Note that the graph
starts at zero, since the wave number of both the cured and unc
polymer in Fig. 3 were the same at theTg . The increase in wave
number with strain shows that the nanotubes are under comp
sion. The linearity of the plot suggests that the strain identical
sumption is applicable to the nanotube composite system.
c-

at

u
e

may be misleading since the present paper deals with sin
wall nanotubes. The data presented in Ref. 15 is somew
noisy but it is interesting to note that one of the tubes tes
by Yu et al. ~specimen No. 2 in Fig. 2~b!, Ref. 15! has a
stress-strain curve that indeed is elastomerlike~and is not
noisy!, as seen in Fig. 7.
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FIG. 5. ~a! The strain response of theD* Raman peak of single-
wall carbon nanotubes~0.1 wt %! in an UV cured urethane acrylat
polymer ~the loading direction was parallel to the flow direction!.
The solid line is relationship between the Raman shift of theD*
peak and strain from Fig. 4. The concordance between the te
Raman shift data and the line determined from the thermal st
~compressive! data~Figs. 3 and 4!, shows that the mechanical re
sponse of single-wall carbon nanotubes in tension and compres
are the same.~b! The strain response of the transverse samp
showing significant differences to the longitudinal samples.

FIG. 6. Experimental stress-strain response of single-wall c
bon nanotubes. The graph is a construct of the solid line in Fig.
5~a! ~Raman shift with respect to strain! and the polynomial fit to
the data in Fig. 1~Raman shift with respect to hydrostatic pressu
or cohesive energy density!. The pressure data has been conver
to stress in the nanotube by using the relation for a closed
cylinder @ s5Pr/2t, wheret50.066 nm Ref. 19 andr 55.5 nm#.
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The shape of the stress-strain curve is a potential rea
for the low performance of nanotube reinforced composi
which have, so far, not shown the expected improvement
mechanical properties above that of the base polymer.
cent mechanical data using DMTA on nanotube reinforc
composites16 and on polymers reinforced with cellulos
fibers17 both exhibit small improvements in the modulus b
low the glass transition temperatureTg but large retention of

FIG. 7. A comparison between the experimental stress-st
curve of a specific multiwall carbon nanotube~tube No. 2 in Yu
et al., Ref. 15! and the stress-strain curves obtained for single-w
carbon nanotubes in this and previous work~Ref. 2!. Other multi-
wall nanotube specimens tested by Yuet al. ~Ref. 15! had more
noisy stress-strain curves.
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modulus above theTg of the polymer matrix. The values o
carbon nanotube moduli, determined by fitting DMTA da
to short fiber composite models,16 are much lower than val-
ues attained by testing individual tubes.18 In view of the
stress-strain curve presented here, we suggest that nano
have the potential to reinforce the matrix provided th
higher mechanical strains are applied; possibly above
Tg .

CONCLUSIONS

We have presented the mechanical response of sin
wall nanotube composites and have shown that strain
duced Raman shifts in tension are identical to those in co
pression. Diamond-anvil cell experiments confirm that t
cohesive energy density of the surrounding medium can
treated as a molecular hydrostatic pressure and the temp
ture dependence of the cohesive energy density adds fu
support to the fact that the nanotubes are sensing molec
strains. The shape of the constructed stress-strain curve~ten-
sion or compression! implies that single-wall nanotube
would be a potentially useful reinforcement for high-stra
composite systems or for the retention of mechanical pr
erties at high temperatures.
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