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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 nan@\¥R3’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.

INTRODUCTION scribed in Ref. 6. Pressure was measured using the ruby fluo-
rescence recorded with the Raman microscope. The cohesive
The Raman frequencies in a molecule depend on pressugsnergy density of argon is negligible, and therefore the posi-
or strain through the anharmonicity of the interatomic forcestions of theD* Raman peak are plotted in Fig(al at the
The Raman signature of carbon nanotubes can be related tgcorded hydrostatic pressures. Excellent agreement between
strain making them sensitive nanoscale dimensional straithese data points obtained with macroscopic pressure and the
gauges. This phenomenon has shown that hydrostatic presdata obtained by immersion in liquids, both as regards the
sures and molecular pressures derived from thermodynamibitial Raman shift with pressure and the pressure at which
relations can be considered synonym@usere we present the intensity is quenched, confirms that the cohesive energy
relationships between shifts in the Raman spectrum inducedensity can be regarded as a real pressure. This is further
by molecular pressure, macroscopic pressure, and temperdpported by comparing the quench pressures recorded by
ture on single-wall carbon nanotubes as well as tensile tedfentkatswareret al.’ for lower wave number radial Raman
data for nanotube composites. Molecular pressure in a liquithodes. They used a methanol-ethanol pressure medium and
can be defined in terms of the cohesive energy densitjoted that quenching occurred at 1500 MPa. This is strong
which, like the surface energy or surface tension, describegvidence that their pressure dependence is shifted upwards
the powerful cohesive forces that hold the liquid togetherPy some 600—800 MPa by the molecular pressure of the
Values of the cohesive energy densifED) can be calcu- alcohol pressure medium adding directly to the macroscopic
lated from experimental data on vaporization or on solubil-pressure of the diamond-anvil cell.
ity, and have units of Jch, or pressure{MPa)? The cohesive energy density of a liquid depends on the
Molecular pressure was applied by immersing single-waltemperaturéT). This dependence was measured by immers-
carbon nanotube@®ynamic Enterprises, Ltflin a variety of  ing the nanotubes in hexane at various temperatures. The
liquids and dispersing them using ultrasound. The Ramagolubility parameter is given by the semiempirical fornfula
spectrum was recorded using a Renishaw Raman micro-
scope. To avoid interference from Raman signals due to the 6=mT+b (1a
liquids, we focussed our atEentipn on the disorder-in_duce%nd therefore,
D* Raman peak at 2610 crh (in air), a spectral region
relatively fre_:e gf Raman peaks from the va_rious_liqgids. Dis- CED= 6°=(mT+b)2. (1b)
persed in liquids, theD* Raman peak shifts significantly
from its position in air, as seen in Fig(a where the shiftis For many hydrocarbonsi= —0.03 MP&2K ! (Ref. 8§ and
plotted against the molecular press¢&ED) of the liquid*  for hexane §=14.9 MP&? at 298 K) b=23.84 MP&? The
The data used to obtain the CED for each liquid are given imanotubes also have a small temperature dependence that can
Table I. Figure 1b) shows Raman spectral shifts for the be represented by a linear functiphig. 2(@)]. Figure 1 is
nanotubes in three of the liquids with respect to the spectrumsed to determine the relationship between the Raman shift
in air. and cohesive energy density or pressure. Equatibgsand
Macroscopic pressure was applied using a diamond-anvillb) are used to determine the cohesive energy density at
cell> The nanotube sample consisted of a dry powder, toeach temperature. It is then possible to construct a correlation
gether with a small piece of ruby, and liquid argon wasbetween the Raman shift and temperature. Figdog shows
loaded as the hydrostatic medium using the methods dehat this agrees very well with the measured shifts.
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the data. (b) Temperature dependence of th& Raman peak of

FIG. 1. (a) The peak positions of thB* Raman peak in single- single-wall carbon nanotubes in hexane. The dotted line is a qua-
walled carbon nanotubes are plotted as a function of the moleculd#ratic fit to the data. The solid line is the construct of the semi-
(by immersion in liquids, black square sympaind macroscopic empirical temperature dependence of the cohesive energy density of
(using a diamond-anvil cell—or DAC—, open triangle symbol hexand Eq. (1b)] and the temperature dependence of the nanotubes.
pressure. The molecular pressure is the cohesive energy densi-{)he trends are similar, with difference in absolute values being
(Table | of the liquid in which the nanotubes were immersed: for dictated by the polynomial fit to the data in Fig. 1.
these experiments the external applied pressure was ambient, 1 atm.

The macroscopic pressure was applied to nanotubes immersed ifhq perpendicular to the flow direction and tested in a
liquid argon as a hydrostatic pressure medium. At high pressure thg,initensile testing machine with Raman shifts recorded in-
intensity of theD* peak diminished in the DAC experiments and tall ith t ile strai

Id not be measured above 2200 MPa. Similarly, the intensity O(f;remen ally with tensiie strain.
cou . : ) P Figure 3 shows the temperature dependence of the Raman
the D* peak in water was found to be lower. The solid line is a _. . .

o - signature for the cured and uncured composites. The differ-
polynomial fit to the(liquid) data. The numbers correspond to the b lained in t f the th | strains that
liquids in Table I.(b) Raman spectra for three of the liquids with ence can be explamnea in terms ot the thermal strains tha
res SR have built up in the solidcured polymer, which are subse-

pect to the position In air. N 8

quently transferred by shear from the contracting matrix to

The nanotube$0.1 wt % were embedded in an ultravio- the nanotubes, as the composite is cooled below the glass
let (UV) curable urethane acrylate polymgtbecryl 4858, transition temperature. The increase in the wave number with
Radcure. The nanotube/oligomer dispersion was spread ontdecreasing temperature for the uncured system can be ex-
glass with a doktor blade to induce flow orientation. The thinplained by the temperature dependence of the cohesive en-
films were immediately cured by exposure to an UV sourceergy density and the nanotubes themsekaetiquid cannot
At this low-nanotube concentration, tensile tests revealegupport a shear stress without flowing, thus negating the pos-
that there was no significant improvement in the mechanicasibility of stress transfer by sheaihe solid line is a simple
properties of the films with respect to the pure polymer.  quadratic fit to the data, while the dotted line has been cal-

The films were tested in two wayét) cured and uncured culated from the solubility parameter of the polymer and the
(the nanotube/oligomer dispersjosamples were cooled in- semiempirical relationship between the cohesive energy den-
crementally to liquid-nitrogen temperatures and Ramarsity (6% and the temperaturEq. 1(b)], which is also a
shifts were recorded at each temperatu#;tensile speci- quadratic function. The solubility paramet@of the polymer
mens were prepared by cutting the films in the flow directionand the oligomer were calculated from Small's attraction
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TABLE |. Data for the calculation of the molecular pressures of the liquids and mean Raman shifts for the

D* peak.
Cohesive
energy Mean Raman
Solubility parameter density shift
at 298 K (16 J*?m—%?) (MPa) (em™h
1 air 0 0 2610.1
2 decane 135 182.3 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

constantto give a value of 23 MP# at 298 K for both the  spectively. The difference between the two graphs implies
cured and uncured system. This is in agreement with soluthat a reasonable degree of orientation has been obtained
bility parameter data for other urethane-based polyrhersfrom the sample preparation procedure. The solid line in Fig.
From the calculated cohesive energy density of the polymers(a) is simply the negative of the slope in Fig. 4 clearly
the initial Raman wave number of nanotubes in the polymeshowing that the Raman shift with tensile strain and com-
at 298 K can be determined from Fig. 1. The temperaturgressive strain are identical once the temperature-dependent
dependence of the solubility parameter of hexame=( parameters have been subtracted from the I&Eiy. 4), as
—0.03) was used for the polymer as the coefficient was undescribed above. Another consequence of Fig®.d&hd 3b)
known a priori, although literature values for polymer melts is that theD* peak apparently responds primarily to strains
are similar to this valué® The two lines coincide exactly at along the length of the tubes. This allows us to assume ten-
the glass transition temperature of the polyr(®83 K), the tatively that theD* peak, which ha#4 vibrational symme-
temperature at which the thermal stresses are negligibléry, is related to breathing modes along the nanotube'axis.
Subtraction of the dotted line of the uncured system from the The mechanical response of the Raman shift in tension
data of the cured system yields the contribution of the therand compression implies that the Young’s moduli in tension
mal strain'! Figure 4 shows the relation between thermaland compression are similar, at least over the strain range
strain and Raman wave number shift for two polymer sys-under investigation here. It is possible to construct the tensile
tems, polyurethane acrylate and polycarbonate, a thermossiress—strain response of the nanotulfég. 6). Figure 1
and thermoplastic, respectively. Table Il gives the relevanprovides the relationship between the cohesive energy den-
material parameters. The relationship is almost linear, supsity or hydrostatic pressure and the Raman shift to determine
porting the strain identical assumption, and describes the Rdhe nanotube response with stress, while Fig. 4(aF give
man response of the nanotubes with compressive strain. the response with straifthe slopes are the sajnélote that
Figures %a) and 3b) show the Raman shift with axial the absolute values of stress—strain response are different
tensile strain for the longitudinal and transverse samples, rdrom those where the temperature dependence of the tubes

TABLE Il. Mechanical and thermodynamic parameters for the two polymer systems.

Parameters Polyurethane acrylate Polycarbonate
Young's modulusE (MPa) 1200 2200
Poisson’s ratiov 0.35 0.3

Thermal expansion coefficient (K 1) 110x10°© 65x 106

Glass transition temperatufig, (K) 363 423
Solubility parameter at 298 KMPa?) 23 19.6
Cohesive energy density at 298(KIPa) 529 385

Density (g/cnT) 1.14 1.2
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construct of the semiempirical temperature dependence of the co- 2 2628 { = .':_' T . .
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the temperature where the thermal strain becomes negligible. The § 2622 |
deviation of the oligomer datériangles from the broken line at
progressively lower temperatures is possibly a consequence of com- 2620 ; ' '
pressive stresses being transferred from the polymer into the nano- 0 0.005 0.01 0.015
tubes at temperatures below the solidification temperature. Alterna- Axial Strain
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FIG. 5. (a) The strain response of th&* Raman peak of single-

. 43 . wall carbon nanotube®.1 wt % in an UV cured urethane acrylate
and the CED have not been includealthough the shape is o\ mer (the loading direction was parallel to the flow direction

similar. The modulus can be seen to be an increasing funcrhe solid line is relationship between the Raman shift of e

tion of strain(Fig. 6) and is similar in form to other network peak and strain from Fig. 4. The concordance between the tensile
structures such as elastomé&tdnterestingly, carbon fibers Raman shift data and the line determined from the thermal strain
also exhibit upward curvature in the stress-strain response aompressive data(Figs. 3 and % shows that the mechanical re-
high strains:* A stress-strain curve for multiwall carbon sponse of single-wall carbon nanotubes in tension and compression
nanotubes was recently obtained experimentally by Yuare the same(b) The strain response of the transverse samples
et all® but a direct comparison with the curve produced hereshowing significant differences to the longitudinal samples.

tively, the relation between the CED and temperafig. (1b)] is
not applicable over the full temperature range.

may be misleading since the present paper deals with single-
wall nanotubes. The data presented in Ref. 15 is somewhat
~ 81 noisy but it is interesting to note that one of the tubes tested
E 187 . by Yu et al. (specimen No. 2 in Fig. (®), Ref. 15 has a
141 T stress-strain curve that indeed is elastomerli&ad is not

121 noisy), as seen in Fig. 7.
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FIG. 4. Subtraction of solid polymer data from semiempirical -4000 -
construct in Fig. 3 yields the shift in tH8* Raman peak of single-
wall carbon nanotubes with the thermal strain transferred from the -8000 4

contracting matrix to the nanotubes. The squares are for the poly-

urethane acrylate system shown in FigitlBermoset the triangles FIG. 6. Experimental stress-strain response of single-wall car-
are for a polycarbonate matrifhermoplastit. Note that the graph  bon nanotubes. The graph is a construct of the solid line in Fig. 4 or
starts at zero, since the wave number of both the cured and uncurégda) (Raman shift with respect to straiand the polynomial fit to
polymer in Fig. 3 were the same at tfig. The increase in wave the data in Fig. YRaman shift with respect to hydrostatic pressure
number with strain shows that the nanotubes are under comprest cohesive energy densjtyThe pressure data has been converted
sion. The linearity of the plot suggests that the strain identical asto stress in the nanotube by using the relation for a closed end
sumption is applicable to the nanotube composite system. cylinder[ o=Pr/2, wheret=0.066 nm Ref. 19 and=5.5 nm|.
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modulus above th&, of the polymer matrix. The values of

—e— TUBE #2 IN YU ET AL. (REF. 18) carbon nanotube moduli, determined by fitting DMTA data
201 | A DAGDATA ANDREF.2 to short fiber composite model$are much lower than val-
ues attained by testing individual tub¥sin view of the

stress-strain curve presented here, we suggest that nanotubes
have the potential to reinforce the matrix provided that
higher mechanical strains are applied; possibly above the
T
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STRESS (GPa)

CONCLUSIONS

We have presented the mechanical response of single-
wall nanotube composites and have shown that strain in-
; : duced Raman shifts in tension are identical to those in com-

0.00 0.02 004 pression. Diamond-anvil cell experiments confirm that the
STRAIN cohesive energy density of the surrounding medium can be

FIG. 7. A comparison between the experimental stress-strairjireated as a molecular hydros;atic pressure and the tempera-
curve of a specific multiwall carbon nanotubt@be No. 2 in Yu ture dependence of the cohesive energy densny adds further
et al, Ref. 19 and the stress-strain curves obtained for single-wallSUPPOIt to the fact that the nanotubes are sensing molecular
carbon nanotubes in this and previous wéRef. 2. Other multi- strains. The shape of the constructed stress-strain ¢teme

wall nanotube specimens tested by ¥tal. (Ref. 15 had more  Sion or compressignimplies that single-wall nanotubes
noisy stress-strain curves. would be a potentially useful reinforcement for high-strain

composite systems or for the retention of mechanical prop-
Spties at high temperatures.

The shape of the stress-strain curve is a potential reas
for the low performance of nanotube reinforced composites,
which have, so far, not shown the expected improvements in
mechanical properties above that of the base polymer. Re- This project was supported in part by a grant from the
cent mechanical data using DMTA on nanotube reinforcedMiinerva Foundation, and in part by the Israel Science Foun-
composite¥ and on polymers reinforced with cellulose dation founded by the Israel Academy of Sciences and Hu-
fibers” both exhibit small improvements in the modulus be-manities. H.D.W. is the incumbent of the Livio Norzi Pro-
low the glass transition temperatuFg but large retention of  fessorial Chair.
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