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1. Introduction

Objective
The main purpose of this experiment to become familiar with the operation of a typical Raman spectrometer (SENTERRA), to study the vibrational modes of compounds, and to analyze and carry out structural characterization of materials, specifically those without a permanent electric dipole. This experiment uses Raman spectroscopy to determine bond lengths, strengths and arrangements. Specifically, the goal is to study the RBMs of carbon nanotubes, and to determine the diameter of SWNT, and the crystallinity of HDPE.

Background
Raman spectroscopy is quite similar to FTIR except Raman can detect vibrational modes corresponding to symmetric stretches that do not cause a dipole moment. Technically, Raman spectroscopy is concerned with the scattering of radiation by the sample, rather than with an absorption process.

Raman spectroscopy is useful to determine bond-lengths, especially in non-polar molecules. It can also be used to fingerprint and therefore determine identity of organic and inorganic species in solution. Raman spectroscopy is therefore used primarily as a structural characterization technique more than anything else. It is both a quantitative as well as a qualitative method.

Uses
Raman spectroscopy is especially useful for detecting molecules that do not have permanent electric dipole moments. As such, these molecules do not have IR spectra. Raman spectroscopy can be employed to determine bond lengths in non-polar molecules. It is also useful for determining the identity of organic and inorganic species both pure and in solution. Finally, Raman spectroscopy can be employed for aqueous solutions.
2. Theoretical Principles

The Raman spectroscopic method shines light through a sample and records the scattered radiation from the sample. There are two types of scattering: elastic (Rayleigh) and inelastic (Raman). The latter occurs when there is an exchange of energy between the incident photon and the molecule. If the molecule gains energy after the collision, the transition is referred to as Stokes transitions; if the molecule loses energy, the transition is referred to as anti-Stokes transitions.

The criteria for a molecule to be Raman active are given by a set of gross selection rules. Unlike FTIR, the molecule need not have to possess a permanent dipole; rather it is the polarizability  of the molecule that determines if it will be Raman active. The strength of the induced dipole as well as the energy of the interaction are both proportional to . More importantly, Raman scattering only occurs if the polarizability of the molecule varies with orientation. Two types of Raman spectroscopy are possible: rotational and vibrational. The type of transition is determined by the energy of the incident radiation as rotational transitions typically occur at lower energies than vibrational transitions.

Single walled carbon nanotubes (SWNTs) [2] are easily analyzed using Raman spectroscopy. The most important vibration mode of SWNTs appears in the low frequency region, i.e. 100-400 cm-1​ and is called the radial breathing mode (RBM). This particular mode depends more strongly on the SWNT diameter than do the other SWNT vibrational modes. The following formula is used to determine the SWNT diameter from the position of the RBM in a Raman spectrum within an accuracy of one angstrom [3]:
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From the above equation, we can solve for dt in terms of  to obtain:
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 (Eq. 2)
Raman spectroscopy can also be used to determine the crystallinity of HDPE. Crystallinity is an important characteristic of semi-crystalline polymers. Crystallinity may be determined by employing the integrated intensity of the symmetric CH2 bending vibration at 1416 cm-1 to determine the relative number of CH2 units present in the crystalline phase. [4] This idea is widely applied in the structural analysis of various polyethylene materials.

To determine crystallinity, a Raman spectrum from 1100 to 1633 cm-1 should be obtained. The fraction of CH2 units in the crystalline phase, or in other words, the crystallinity of the sample is calculated using the following equation [5]: 
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Here, 
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represents an internal intensity reference that is not relevant to the conformations of the molecular chains. Typically, we use 1295 cm-1 as the internal intensity reference frequency.

3. Experimental

The instrument used in this experiment was a SENTERRA Raman Spectrometer manufactured by Bruker Optics GmbH. It incorporates a dual laser Raman spectrometer module and a confocal microscope module. The material to be analyzed is a single walled carbon nanotube (SWNT) and high-density polyethylene (HDPE). The experimental procedure to operate the SENTERRA is outlined in the lab manual of Characterization of Materials [1], under experiment #3. No modifications were made to the procedure. The SENTERRA Raman spectrometer includes two lasers and also a simple confocal microscope. Typically, samples are observed using the optical microscope before being subjected to a Raman analysis. The visual observation is useful because it reveals various morphological details within a sample such as colour, size, and shape. These physical details coupled with the information about molecular structure gleaned from the Raman analysis makes the Raman spectroscopic method indispensable for materials characterization.

The basic set-up of a Raman spectrometer is shown in Figure 1. The detector is always placed perpendicular to the direction of the incident radiation so as to observe only the scattered light.
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Figure 1 Basic set-up of a Raman spectrometer
A Raman spectrometer and an optical microscope put together help us obtain a spectrum that has the resolution of optical microscopy. The essential feature is a beam splitter through which the laser beam passes on its way to the microscope objective. The beam emerges from the objective to strike a sample held on a standard microscope stage. Raman scattering is observed in the backscattering geometry. The scattered beam also passes through the beam splitter and reaches the entrance slit of the monochromator.
4. Observations and Results

Single Wall Carbon Nanotube (SWNT) Sample

The Raman spectra for the SWNT sample at a wavelength of 785 nm and 532 nm can be found in Appendix D. For both spectra, the RBM, D-peak, and G-peak could be observed, although a considerable amount of noise was present in the spectra. At a wavelength of 785 nm, there were two peaks visible in the RBM range (100-400 cm-1) and were quite visible in the spectrum. The D-peak (1300-1400 cm-1) was somewhat visible, although more difficult to detect because of its wide shape and because of the noisy baseline. The G-peak was sharp and visible on the spectrum, and a double peak was present, with the second peak much smaller and lower in Raman shift than the first, as is expected by past results [6]. For the 532 nm sample, the signal was much noisier. In the RBM range, six peaks were present, but were much more difficult to detect and were only measured after a peak-selection sensitivity of 50% was set in the software. The D-peak was not easily detectable. The G-peak, however, remained sharp and resolved, but only one peak was observed. In both spectra, a small peak was also observed at around 2600 cm-1, which can be attributed to the G’-peak [6]. Unlike the other peaks, this peak was more resolved at the 532 nm laser source.

The positions of the peak(s) for each region at both laser-wavelengths are shown below in table 1, along with qualitative data on the width of the peaks and the level of noise. Original observations (including those from multiple runs) can be found in Appendix A. For regions where multiple peaks were present, the largest peak is bolded. Note that only peaks in the RBM range were measured using software; the values of peaks for other ranges are only estimates.

Table 1: Peaks for SWNT Sample

	785 nm Wavelength Raman Spectrum

	Peak Type
	Peak Location(s) (cm-1)
	Width
	Signal/Noise

	RBM
	170, 266
	Wide
	Good signal

	D-peak
	~1300
	Wide
	Very noisy

	G-peak
	~1600
	Narrow
	Good signal

	G’-peak
	~2600
	Wide
	Very noisy

	532 nm Wavelength Raman Spectrum

	Peak Type
	Peak Location(s) (cm-1)
	Width
	Signal/Noise

	RBM
	99, 162, 201, 251, 321, 379
	Wide
	Very noisy

	D-peak
	~1300
	Wide
	Extremely noisy – almost undetectable

	G-peak
	1600
	Narrow
	Good signal

	G’-peak
	~2700
	Wide
	Good signal


Based on the greatest value in the RBM region, from both spectra, the diameter can be calculated using (Eq. 2). A sample calculation is shown in Appendix B. The calculated diameters are shown below in table 2.

Table 2: Calculated Diameters of SWNT Sample from Both Spectra

	Laser Wavelength (nm)
	Highest Peak Position (cm-1)
	SWNT Diameter (nm)

	785
	170
	1.42

	532
	162
	1.49


High Density Polyethylene (HDPE) Sample

The Raman spectra for the HDPE sample at a wavelength of 785 nm and 532 nm can be found in Appendix D. Both spectra had easily-observable peaks in the region of interest (1200-1500 cm-1). Both the expected peak at 1416 cm-1 and 1295 cm-1 were visible. The exact positions of these peaks, along with their integrals are shown below in Table 3. The calculated value of crystallinity (from (Eq.3)) is also included in the table, with the reference peak set at 1295 cm-1. A sample calculation for this is provided in Appendix B. While the peaks were easily located, it should be noted that the spectrum was very noisy.
Table 3: HDPE Peak Locations, Integrals, and Derived Crystallinity

	785 Wavelength Raman Spectrum

	1416 cm-1 peak location (cm-1)
	1416 cm-1 peak integral
	1295 cm-1 peak location (cm-1)
	1295 cm-1 peak integral
	αc

	1415.84
	470.586
	1294.14
	404.057
	2.53185

	532 Wavelength Raman Spectrum

	1416 cm-1 peak location (cm-1)
	1416 cm-1 peak integral
	1295 cm-1 peak location (cm-1)
	1295 cm-1 peak integral
	αc

	1415.70
	421.980
	1295.14
	615.985
	1.48924


5. Discussion

Results
Single Wall Carbon Nanotube (SWNT) Sample

Overall, both spectra acquired for the SWNT sample are consistent with the literature in this area. In the range that was tested, one would typically expect to find a RBM, D, G and G’ mode. As was shown in table 1, all four of these peaks are visible for the spectra. As the RBM is of fundamental importance in this investigation, the spectra obtained with a 785 nm laser source is of greater value, as this spectrum seemed to have a better signal in this lower region, whereas higher-energy shifts such as the G’-peak were more detectable in the 532 nm Raman spectrum. 

As shown in table 2, the 785 nm spectrum gave a calculated diameter of 1.42 nm, while the 532 nm spectrum gave a diameter of 1.49 nm, based on the wavenumber shift of the highest RBM peak. Both values are similar, indicating validity in this measurement technique. Additionally, these are reasonable values, as most SWNT’s have diameters near 1 nm [2]. However, compared to typical Raman spectra of SWNT samples (see [7] or [8]) there are multiple peaks in the RBM range for this sample, and the overall distribution of peaks is quite wide over the RBM range. This essentially indicates that the sample has a wide Gaussian distribution of diameters, as opposed to having a sample with a fairly low deviation in diameter. Although only two peaks were resolved in the 785 nm spectrum, there was a high Raman intensity between 100 and 300 cm-1, and increasing the sensitivity of the peak-picking would have led to more peaks. Overall, this is indicative of a high variance in diameter.

Comparing again to [7] and [8], one can notice a very noisy baseline in these results compared to those published previously. It is typical for there to be noise in the RBM range [6]. However, there is quite a considerable amount of noise in these spectra, especially that of the 532 nm spectrum. This could indicate that there is not a high concentration of SWNT in the sample, as other Raman shifts may be occurring not attributed to SWNT, or simply too small an amount of the radiation is being scattered relative to that being outputted by the laser. SWNT samples are typically not pure and contain many other forms of carbon, especially carbon black which has many phenyl and other functional groups that could interfere with the signal that is being acquired in the Raman spectrum [9]. 
Hence, this sample exhibited a wide range of diameters with a mode of 1.42 nm, and likely possessed a variety of contaminants. This sample would be of use for applications such as strength or mechanical properties enhancement of materials by adding SWNT, or other applications where the presence of nanotubes in bulk affect the properties of a material positively. For electronics or photonics applications, especially in devices, this sample would likely not be useful, as it has too large a distribution of diameters and too low of a purity. The synthesis and work-up of this sample needs to be redesigned if the ultimate goal of the production process was to produce purity higher than what was observed in this investigation. 

High Density Polyethylene (HDPE) Sample

The Raman spectra at both wavelengths for the HDPE samples are extremely noisy, as was the case with SWNT. Although the peaks at 1416 cm-1 at 1295 cm-1 (necessary for calculation) are both detectable, the shapes of both peaks are obstructed by the noise in the baseline. Noise was not an overly important issue for the SWNT calculations because only the position of the peak on the x-axis was important. However, in this case the integral of the peak is required, and the true value of the integral of the peak is difficult to measure because of the noise. As such, the results of these spectra cannot carry the same reliability.

The positions of the peaks are consistent with literature; a peak at 1295 cm-1, 1416 cm-1, and 1438 cm-1 are characteristic of polyethylene [4]. However, the spectra are much noisier than those obtained in the literature (see [4] or [10] for example). Hence, as mentioned prior, the integral values and the corresponding crystallinity cannot be trusted.
As expected, the calculated crystallinity values are not reasonable, as they are both greater than unity. It is impossible to have a fraction CH2 groups in the crystalline orthorhombic phase, as a perfect orthorhombic crystal would be the limiting value of 1. 
Additionally, both values differ quite greatly, with a 41% difference between them. The fact that both values vary by so much indicates that there was no systematic error present; for example, the problem is not that the wrong reference peak was chosen or that the formula was misused. Rather, a random error was present in the experiment, which is consistent with observation of noise in the signal (which is random).

As a result of the lack of reliability of this data, no inference can be made on the crystallinity of the HDPE sample. 

Error Analysis
Although the HDPE samples were more affected by the experimental error, both samples were prone to error in this experiment. For the SWNT diameter calculation, the only measured value was the wavenumber of the Raman shift in the RBM mode. Hence, all error in the calculated value comes from this measurement error. However, this is not an overly major source of error, as the value of the measured shift is not prone to high amounts of error, and despite the noisy baseline, the location of the peak on the x-axis could be determined quite easily. In theory, these results could be improved by taking replicate measurements, but the sample had a wide distribution of diameters to begin with, and different values likely would have been yielded. As mentioned earlier, these diameters are feasible and consistent with the literature for SWNT’s [5]. 

For HDPE, both measured values were from the Raman spectrometer, and so again the spectrometer was the source for all errors. This time, however, integration was used, which is much more affected by noise, as was discussed in the previous section. As a result, the data is not reliable. This could be for a variety of reasons, such as impurities in the sample, or improper calibration. It should be noted that the spectrometer used is not research grade, and uses a semiconductor laser instead of an ion laser, hence adding more noise. One could possibly attempt to take multiple measurements to average out the noise. However, it would be difficult to trust the values. Also, the integration time setting on the software could have been increased to a longer period, which would have increased the signal-to-noise ratio. X-Ray-Diffraction (XRD) could be used to measure this value instead and would be less prone to error. The main advantage of Raman measurements for crystallinity is on-line analysis, which was not necessary for this investigation.
6. Conclusion


As was mentioned originally, the specific objective of this experiment was to study the RBM of carbon nanotubes, and to determine the diameter of a SWNT sample, and the crystallinity of a HDPE sample. These objectives were partially met; the RBM of the SWNT sample was measured and assessed, and from this data, the diameter of the nanotubes was derived, along with some qualitative information on the variance of these values, and the sample purity. The crystallinity of the HDPE sample, however, was not successfully determined due to experimental error from the noise in the spectra.
The principle results of this investigation are that the SWNT sample exhibits a diameter around 1.42-1.49 nm, with a fairly high variance among these values. The crystallinity of the HDPE sample was inconclusive.

Additionally, it was determined that the carbon nanotube sample likely contained other impurities, and would find optimal application as an addition or coating to a material that requires the presence of nanotubes to obtain desirable properties; but not necessarily requiring a narrow distribution of diameters or a high purity. Additionally, if one were studying the process used to produce this sample, then such a process would require redesign if a more narrow diameter distribution or a higher purity were required.

As for the HDPE sample, it was determined that proper results would require measurement on a Raman spectrometer with a better laser source or one simply less prone to noise, the same spectrometer with a longer integration time, or an alternate technique such as XRD.
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8. Appendices

Appendix A – Original Observations

The frequencies corresponding to the radial breathing modes in the low frequency region (100 – 400 cm-1) are summarized in the Table 1.

	Run
	Peak #
	Wavelength (cm-1)

	
	
	785 nm
	532 nm

	1
	1
	(170)
	(162)

	
	2
	266
	251

	2
	1
	
	(154)

	
	2
	
	242


Table 1 SWNT RBM frequencies

And for HDPE in the high frequency region (1100 – 1400 cm-1) in Table 2:

	Peak 
	Peak Area

	
	785 nm
	532 nm

	I1416
	470.586
	421.198

	Iref (1295)
	404.057
	615.985


Table 2 HDPE Peak Areas

Note: Use parenthesized values in calculations.

Appendix B – Sample Calculations

The diameter of a SWNT is given by:
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For HDPE, the degree of crystallinity is given by
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For the 532 nm wavelength, we have 
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Appendix C – Questions

Question 1

What are the differences between Raman and FTIR spectroscopy?

The single most important difference between Raman spectroscopy and FTIR spectroscopy is that Raman spectroscopy uses light scattering as its primary principle, whereas FTIR spectroscopy uses radiation absorption as its primary principle.

Vibrations in IR change lead to net change in dipole moments of the sample being analyzed. FTIR detects these changes in dipole moments. Raman spectroscopy, on the other hand, is a complementary technique that relies on a change in polarizability of the molecules in the sample. For symmetric molecules, no vibrational mode can be both IR and Raman active.
Raman analysis is much easily performed due to the fact that it does not require any special preparation before a spectrum is obtained. Most importantly, Raman spectroscopy can also be used for aqueous samples since water molecules result in a very weak signal in Raman spectra. This is not the case for FTIR where even the slightest presence of water can cause disruptions in the spectrum. 

Question 2

What other methods could have been employed to determine the crystallinity of HDPE?

In this experiment, we used Raman spectroscopy to determine the crystallinity of HDPE. However there are other methods that could be used to find out this crystallinity, such as X-Ray Diffraction (XRD). XRD allows the characterization of key properties such as the size and morphology of the semi-crystalline material. The resulting diffraction patterns may be used determine HDPE’s crystallinity. If the HDPE is available as a thin film, transmission electron microscopy (TEM) may also be used to characterize its crystallinity.
Appendix D – Raman Spectra
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Figure 2 Raman spectrum of SWCNT sample using a 532 nm wavelength laser
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Figure 3 Raman spectrum of SWCNT sample using a 785 nm wavelength laser
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Figure 4 Raman spectrum of HDPE sample using a 532 nm wavelength laser


[image: image13.emf]
Figure 5 Raman spectrum of HDPE sample using a 785 nm wavelength laser
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