Non-invasive analysis in micro-reactors using Raman spectrometry with a specially designed probe
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Abstract

An optical interface has been designed to maximise the sensitivity and spatial resolution required when Raman spectrometry is used to monitor a reaction in a micro-reactor, revealing advantages over a conventional commercial probe. A miniature aspheric lens was shown to be better than microscope objectives to focus the probing laser beam on to the sample. The diameters of the exciting and collection optical fibres were also shown to have a significant influence on sensitivity and the signal to background ratio, with 62.5 m diameter 0.28 numerical aperture (NA) fibres found to be best for analysis of liquids in the 150 m-deep channel in the micro-reactor used. With a spectral measurement time of 2 s, it was shown that the probe could monitor the progress of an esterification reaction in real time and quickly optimise the reagent flow rates. The fast response time revealed features related to short-term pump instabilities and micro-reactor rheology effects that would not have been identified without rapid real-time measurements.

Introduction

The use of microfluidic reactors in synthetic chemistry has increased over the last few years.
 ADDIN EN.CITE 
1-4
 The microfluidic approach allows improved efficiency and selectivity of reactions to be achieved in considerably shorter time, under more benign conditions, compared with conventional large scale batch reactors.5-6 Another attractive feature of microfluidic technology is the opportunity to achieve production scale by using several reactors in parallel.7 This “scale out” approach, although not without challenges, eliminates the need for additional optimisation steps when reactions are scaled up in conventional manufacturing processes. These advantages make micro-reactors attractive for both small-8 and large-scale
 ADDIN EN.CITE 
9-10
 chemical production. However, with this new methodology has emerged a demand for detection systems capable of performing rapid and reliable analysis during micro-reactor process development and optimisation, and for process monitoring.11 These systems will not totally replace off-line analysis by mass spectrometry or high performance liquid chromatography (HPLC), but real-time and preferably non-invasive analysis will make process optimisation easier and faster, and facilitate development of multi-stage chemical syntheses on a single chip. This approach has been demonstrated by Ferstl et al.12 who used different optical techniques for off-chip in-line measurements within enlarged millimetre-scale cells. The challenge is to implement real-time measurements on-chip or within much smaller micro-reactor channels (typically 20-200 μm) to allow more versatile analysis and avoid broadening of the flow patterns in larger diameter measurement cells.

Although the integration of various optical and electrochemical probes into the microchip structure is possible,
 ADDIN EN.CITE 
13-16
 this approach is not as flexible nor as powerful as non-contact sensing. Two methods that have been used on-chip for non-invasive characterisation of liquids flowing in micro-channels are laser-induced fluorescence
 ADDIN EN.CITE 
11, 15-19
 and Raman spectrometry.
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 Fluorescence is considered to be the most popular technique for on-chip analysis.17 However, many of the reported cases relate to various biochemical procedures rather than to the analysis of synthetic chemical processes. Fluorescence is a very sensitive and convenient method, but it cannot be universally applied to process monitoring because few molecules naturally fluoresce. Moreover, fluorescence spectra have wide overlapping bands and carry little or no structural information. Raman spectrometry is free from these limitations and has a number of advantages for in-depth characterisation of reactions in micro-channels. Surface enhanced (resonance) Raman spectrometry (SERS or SERRS) has been used in some applications of micro total analysis systems (μ-TAS),28 but conventional Raman spectrometry is more convenient and has been applied by a number of researchers to monitor chemical processes in micro-reactors.
 ADDIN EN.CITE 
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 However, in most studies commercial confocal Raman microscopes have been used
 ADDIN EN.CITE 
20-24, 27
 and there has been no attempt to optimise the Raman probe optics for analysis of liquids in micro-channels.
In this paper, the main factors affecting the efficiency of collecting Raman spectra from narrow micro-channels have been investigated. As a result, an efficient low-cost Raman probe has been fabricated and its performance compared to that of a commercial system. The probe has been used to monitor the acid catalysed esterification of butanol with acetic anhydride, to illustrate the flexibility of the probe to monitor and optimise reactions in a micro-reactor, with 2 s of spectral acquisition time per measurement. 
Experimental

The optical system is based upon the conventional back-scattering design31 utilising separate optical fibres to deliver the excitation light and collect the signal for subsequent analysis on a commercial Raman spectrometer (Holoprobe; Kaiser Optical Systems Inc., MI). The full configuration of the Raman probe is shown in Figure 1.

A 330 mW, 785 nm laser diode (Invictus 785; Kaiser Optical Systems Inc) was coupled into a 62.5 m 0.28 NA graded index fibre. The output was then collimated using a commercial fibre collimator (CF-2-B; Thorlabs, Cambridge, UK) in combination with a multi-element lens (effective focal length (EFL) of 8 mm, 0.28 NA; Melles Griot Inc., Cambridge, UK) resulting in a beam with a diameter of 2 mm. This beam was then directed onto a dichroic beam splitter before being focussed into the micro-reactor using different lenses described below, resulting in laser powers on the target varying from 190 to 240 mW. The returned signal passed through the dichroic beam splitter (LPD01-785RU, Semrock, NY, USA) and was focused into a range of multi-mode graded index fibres (Thorlabs and Kaiser) with a core of 15, 50, 62.5 or 100 m, using a multi-element lens (EFL 8 mm, 0.28 NA; Melles Griot Inc). In contrast to the commercial Raman probes supplied by Kaiser, the probe constructed in this study contained neither a laser-line filter nor a notch-filter, simplifying the set-up and reducing the cost without compromising the quality of the spectra. As there is a notch filter in the spectrometer, double filtration was unnecessary in this particular situation. Moreover, about 98 % of Rayleigh photons are blocked by the dichroic beam splitter. The whole system was enclosed into a black plastic box that protected the optical setup from stray light. The sensitivity of this set-up was compared to that of the commercial MR Raman probe (Kaiser).

Several laser focusing lenses were compared to maximise the Raman signal detected, including an aspheric lens (EFL 4.5 mm, 0.49 NA, working distance 2.4 mm; Olympus, Japan) and microscope objectives with magnification of 10x, 20x, 40x or 60x (see Figure 1), and the best set-up was selected for detailed study. Careful consideration was given to the selection of this lens as it affects the volume being probed within the channel and also the intensity of returned signal (the larger the volume, the larger the signal, but the less localised the measurement). The choice of lens also had an effect on the unwanted background signal seen from Raman features found to be emanating from the glass channels. The focusing lens in combination with the fibre collection lens and fibre diameter provided some level of confocal discrimination, but at the expense of loss of the desired Raman signal. Where applicable, the laser power on the sample was measured to account for the varied optical losses induced by the different fibres and lenses used.
The micro-reactor chip (FC_R150.676.2; Micronit Microfluidics, Enschede, Netherlands) consisted of two thermally bonded plates of borosilicate glass (1.1 mm thickness), and fused silica (0.7 mm). It contained a single serpentine parabolic-shaped reactor channel with two inlets for reactants and one outlet (Figure S-1 in the Supplementary Information). The depth and width of the channel were 150 m and the internal volume of the serpentine was 13 L. The chip was fixed vertically in a XY-translation stage for precise control of its position relative to the optical probe. For the optical optimisation experiments, the micro-channel was filled with toluene; comparative Raman measurements were obtained for toluene in a 1 cm diameter silica glass cuvette.
The acid-catalyzed esterification of butanol with acetic anhydride, to produce butyl acetate and acetic acid, was chosen as a model reaction to demonstrate the performance of the new Raman probe. All the reagents were used as supplied by Sigma-Aldrich (Dorset, UK) and contained at least 99.5 % m/m of the main component, except for sulphuric acid which was 95 % m/m pure. The reaction was carried out at room temperature (~21 °C). Sulphuric acid was added to acetic anhydride immediately prior to the experiments to give a concentration of 3 % V/V. The solutions were pumped into the reaction vessel using one of the two pumping systems: a dual syringe pump (CMA 102; CMA Microdialysis, Sweden) or an Aladdin NE-1002X (World Precision Instruments, Stevenage, UK). By varying the flow rate range, the extent to which the reaction was completed could be varied along the micro-reactor. To calibrate the Raman response and thus allow quantitative analysis of the reaction, binary mixtures containing different amounts of butyl acetate and acetic anhydride were made up by varying the flow rates of the two liquids.

The spectral acquisition times were 0.5, 1 or 2 s. To reduce the time between consecutively collected spectra, a cosmic ray filter was not used, and any spectra contaminated with cosmic rays were manually discarded. Selection of the spectral acquisition time was based on the necessity to achieve sufficient signal to noise ratio and at the same time a high sampling frequency to reveal possible short timescale instabilities in the flow system and study the feasibility of high-speed process analysis with Raman spectrometry.

Results and discussion
Optimisation of probe optics

Typical Raman spectra of toluene, collected with the Kaiser MR probe from a 1 cm diameter silica glass cuvette and the micro-reactor, are shown in Figure 2. In addition to the narrow toluene Raman lines there are two broad bands at 400 and 1300 cm-1 in Figure 2B. These signals arise from the glass surrounding the micro-channels and could not be fully suppressed. A small portion of the signal around 400 cm-1 was generated in the fibres. The intensity of the glass band at 1300 cm-1 was used to assess attempts to minimize the contribution to the background from the micro-reactor material when varying parameters.
The results in Table 1 give the intensities and signal-to-background values obtained for measurement of the toluene spectrum in the cuvette and the micro-reactor when different optical elements were used to focus the probing beam onto the sample. Only two microscope objectives (10x and 20x) could be used in this experiment as the working distances of the other objectives (40x and 60x) were too small and the focal point did not reach the micro-channel even behind the thin (0.7 mm) glass layer. In contrast, the compact aspheric lens has a working distance of 2.4 mm in air which is increased to almost 4 mm in glass due to optical refraction.
Compared to the objective with the same numerical aperture (NA=0.5, magnification 20x), the aspheric lens produced 2.3 times higher signal and 3.1 times higher signal-to-background ratio when spectra are taken from the micro-reactor. These results show that significant practical benefits can be gained by using a suitable high-NA aspheric lens instead of microscope objectives. The reduced signal obtained with the microscope objective may be partially due to the optical coating on the lens, which can lower transmission above 850 nm.32 In contrast, the aspheric lens was originally designed for use with compact disc (CD) laser diodes that operate around 800 nm.

The other important factor defining the quality of spectra is the core diameter of the collection and excitation fibres: these should be small to provide confocality of the probe to confine the signal collection volume within the micro-channel boundaries, but a lower intensity is collected with a narrower collection fibre. Therefore, a compromise between these two factors should be sought. Moreover, when the probe is coupled with a dispersive spectrometer it is also important to match the collection fibre diameter with the entrance slit size. The spectrometer used in this study had a 50 m slit and was designed for operation with a 100 m collection fibre and a 50 m excitation fibre. As the micro-reactor is significantly smaller than conventional systems, and the goal was to minimize the background signal from the reactor channel, two other combinations of fibre diameters were also investigated, as indicated in Table 2. All spectra were collected with the compact aspheric lens.

Using a larger diameter collection fibre resulted in a substantial increase in the toluene signal intensity from the cuvette. However, the Raman signal from toluene in the micro-channel did not change significantly, whereas the glass background became more prominent, and the system was less confocal. Ideally, the probed volume should not exceed the dimensions of the micro-reactor channels, in which case no background signal from the micro-reactor material would be recorded. In practice, however, this can hardly be achieved without using very narrow fibres and short focal length lenses that significantly decrease the overall sensitivity. The results presented in Table 2 demonstrate that for the three combinations investigated, the signal-to-background ratio was highest when the diameter of both the excitation and collection lenses was 62.5 m. The data in Table 2 also allow comparison of the developed and commercial probes when the same optical fibre combination was used (excitation and collection diameters of 50 and 100 m, respectively), revealing significant improvement in the signal-to-background ratio for measurements in the micro-reactor with the new probe (6.4 versus 3.6). A comparison of the toluene spectra obtained from the micro-reactor when different combinations of lenses and fibres were used is given in Figure 3. In addition to higher sensitivity and reduced glass background achieved with the developed probe, the absence of the Rayleigh band and relatively low background around 400 cm-1 justify the lack of additional optical filters in the probe.
Signal collection volume
To estimate the collection volume depth achieved with the optimised configuration (62.5 m excitation and collection fibres and the aspheric lens) a variation of the method for measuring the axial resolution of a confocal microscope was used.33 The intensity of the residual laser radiation reflected from the glass-air interface was measured as the micro-reactor was moved axially from the probe. The resulting intensity profile (Figure S-2a in the Supplementary Information) revealed an axial resolution of 150 m in air or 230 m in the microfluidic channel when the refractive index is considered.
The beam width was found in a similar experiment where the flat glass surface with a straight sharp end was translated laterally in the focal plane of the probing beam (see Figure S‑2b in the Supplementary Information). This revealed that the lateral resolution was 25 m, which equates to an effective width of 40 m in the channels. The dimensions of the collection volume are comparable with the micro-channel size (Figure 4) ensuring the relatively high quality of the Raman spectra. However, for shallower channels the sensitivity and signal-to-background ratio will be decreased. In this case, optics with higher numerical aperture and/or narrower fibres will be required.
Reaction monitoring
Analysis of the pure compounds’ spectra (Figure 5) suggested that the acetic anhydride band at 670 cm-1 and its negative branch in the 1st derivative spectrum (675 cm‑1; see Figure S-3 in the Supplementary Information) can be used to characterise the reaction in a simple univariate model. This band is sufficiently intense and does not overlap with the bands of the other compounds. Among the Raman features of the products, the butyl acetate peaks at 308 and 635 cm-1, and acetic acid peak at 901 cm-1 could be used for monitoring purposes. However, the latter was shown to be unsuitable due to peak shifts caused by the changing chemical environment during the reaction. The butyl acetate peak at 635 cm-1 overlaps with two other spectral features to some extent, but this interference was not prominent as the reaction approaches completion at high yields. Example Raman and 1st derivative Raman spectra acquired of the reaction mixture in the micro-reactor are given in Figures S-4 and S-5, respectively, in the Supplementary Information.

Estimating mixing efficiency: The butanol peak at 397 cm-1 was used along with the peak of acetic anhydride (670 cm‑1) to evaluate the mixing efficiency of the reagents at the start of the micro-reactor serpentine. The diffusion profiles obtained when acetic anhydride and butanol were each flowing at 5 or 20 L min-1 are plotted in Figure 6. Raman spectra were collected from several lines across the micro-reactor serpentine at increasing distance from the mixing point. It was not necessary to use derivative spectra as the background was stable and the two Raman bands selected do not overlap with other peaks. As expected, the results confirmed that with lower flow rates the reagents have to travel a shorter distance to mix. Measurements were made at 10 m intervals across each line in the serpentine. However, it should be noted that due to the relatively large laser spot size (40 µm) and the parabolic shape of the channel (see Figure 4), the Raman intensities obtained do not accurately describe the distribution of a substance across the micro-channel, but can only be used for rapid estimation of mixing efficiency, which is often hard to calculate in the presence of chemical reactions and related heat and mass transfer effects across the channel. This information is important for selecting flow rate regimes and deciding whether a micro-mixer is required for the process under investigation. According to Figure 6, for the reaction described in the present study, mixing is sufficiently fast at 5 μL min-1 and no extra measures are needed to facilitate mixing.


Analysis at a fixed position in the serpentine: Raman spectra were recorded at a fixed point in the serpentine (line 33 - in the middle of the micro-reactor) to investigate the effect of reagent flow rate on the extent of the reaction. The butanol and acetic anhydride flow rates were: 15 and 16; 9 and 9.6; 6 and 6.4; 3 and 3.2; and 1.5 and 1.6 L min-1, respectively. The progression of the reaction was monitored by measuring the change in the intensity of the signals for acetic anhydride at 670 cm-1 and butyl acetate at 635 cm-1. The overlap between the butyl acetate and acetic acid peaks at 635 and 622 cm-1, respectively (Figure 5), did not pose a problem as both substances are 1:1 products of the reaction, and no side reactions were revealed. It was noted that for this study, use of 1st derivative spectral measurements was unhelpful as the negative part of the acetic acid signal overlapped the positive part of the butyl acetate signal. The results for the different flow rate combinations are shown in Figure 7 and are based on 50 consecutive spectra with a time interval of 7.53 s between each spectrum. Figure 7 indicates the influence of flow rate on the extent of the reaction at the measurement point. The anti-correlating periodic fluctuations of the spectral responses are much greater than the measurement noise and were found to be caused by unstable fluid pumping (CMA dual syringe pump). When a single pump (Aladdin) was used to drive both syringes, improved flow stability, with no periodic fluctuations in response, was observed. For example, the relative standard deviation (RSD) of the butyl acetate signal in Figure 7 was 4.2 %. This compares to a RSD of 1.1 % when a single pump was used to drive the two syringes (each at a flow rate of 10 L min‑1). Rapid data acquisition is essential to detect and track short time-scale instabilities of this type that disturb the steady state of microfluidic reactions. The short measurement time used in this study was adequate to reveal the effects and demonstrates the usefulness of Raman spectrometry for process investigation and optimisation in micro-reactor methodology.

Analysis at different locations across the chip: The usefulness of the developed Raman probe to track the progress of the reaction across the serpentine at a fixed flow rate of the reagents is illustrated in Figure 8. First derivative spectra were calculated to remove the small variation in background signal observed over time. To achieve better pumping stability, this experiment was conducted with both syringes attached to a single pump (Aladdin). With flow rates of 10 L min-1 for butanol and acetic anhydride, the reaction was found to be completed by line 62. When the Raman response for both acetic anhydride and butyl acetate was calibrated, the concentrations at line 62 were 1.4 ± 1.5 and 50.8 ± 5.3 % mol/mol, respectively, corresponding to a conversion of 97.0 ± 3.2 and 107.7 ± 11.1 %, respectively. This experiment demonstrates the ability of Raman spectrometry to facilitate process optimisation by extracting information from any point on the glass micro-reactor. Instead of carrying out several experiments at different flow rates as shown in Figure 7, this approach is faster and more efficient, although it requires accurate positioning of the probe across the chip and optical access to the whole chip surface. It can also be useful in kinetic studies and when designing multi-element micro-reactors. 
Problems that can arise when using Raman spectrometry with micro-reactors
To overcome the intrinsically low sensitivity of Raman spectrometry, lasers that deliver several hundred mW power are typically used. It is important to ensure that the sample components do not absorb at the laser wavelength, as the sample can otherwise be damaged as well as causing localised heating for the reaction. Even provided that none of the reaction components absorb the laser radiation, it may be absorbed by impurities, intermediates or the products of side-reactions which may develop unpredictably. The implications of these effects may be insignificant when a large continuously mixed liquid sample is illuminated, but in the case of narrow micro-channels the effects can be clearly visible, particularly when high-numerical aperture optics are used to tightly confine the beam within the micro-channel. With the equipment used in this study (238 mW of laser power and a 40 m spot diameter) the power density at the focal point is around 20 kW cm-2. It is not surprising therefore, that cavitation (bubble formation) and thermal-lensing have been observed during the experiments, probably due to the presence of impurities. Both effects cause local refraction which was observed by the dimming of the transmitted beam projected on a white surface behind the micro-reactor chip. In the case of cavitation, the shape and movement of a bubble can be seen either directly or with the use of a low cost charge-coupled device camera. Importantly, the refraction results in distortion of the Raman spectrum affecting particularly the intensity of the glass background, which is notably reduced due to the beam expansion behind the channel (see Figure S-6 in the Supplementary Information). Once a bubble is formed at a certain location, it may be difficult to wash its nucleus off the channel wall. Therefore, bubbles should be prevented from happening by avoiding abrupt drops of the flow rate while the laser is on. Also, by using clean reagents, and shuttering the laser beam when the flow is stopped, or changes are applied, it is possible to completely avoid cavitation.
The representativeness of analytical measurements should not be problem in a continuous flow system if it is possible to collect spectra from the whole channel cross-section. However, imperfections on the glass surface can nucleate location-specific phenomena at the micro-channel walls and also reduce the representativeness of the Raman measurements at that point. An example of this problem encountered during the present study was the occasional appearance of fluorescence in the Raman spectra, which was much stronger at the channel edges. The fluorescing substance underwent rapid photo bleaching and very slow recovery when the spot was not illuminated by the laser. These observations suggested that an unknown fluorescing product accumulated at the rough internal glass surface. The spectra taken from the liquid effluent from the micro-reactor did not contain the fluorescence background. Fortunately, the effect was not common, but it serves as a reminder of the unique phenomena that can occur in micro-reactors, especially when using high intensity sources in optical monitoring techniques (such as Raman spectrometry).

Conclusions

The study has shown that to obtain high quality spectra during real-time analysis of liquids in microfluidic channels by non-contact Raman spectrometry, optimisation of the probe design is required. Study of the esterification of butanol with acetic anhydride illustrated the advantages of the developed probe for the rapid characterisation of the factors affecting the reaction, confirming the usefulness of Raman spectrometry for micro-reactor process development and optimisation, as well as real-time reaction monitoring. The results of this investigation will also have relevance to the analysis of micro-reactor channels by laser-induced fluorescence spectrometry.
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Figure captions

Figure 1. Raman optical set-up and microreactor cross-section schematic.
Figure 2. Raman spectra of toluene obtained with a Kaiser MR probe and 10x objective from A) a 1 cm silica glass cuvette and B) the micro-reactor. Spectra are plotted on the same scale; 0.5 s acquisition.

Figure 3. Raman spectra of toluene acquired in the micro-reactor using: A) MR probe, 10x objective, and 50 μm excitation and 100 μm collection fibres; B) MR probe, 20x objective, and 50 μm excitation and 100 μm collection fibres; C) MR probe, aspheric lens, and 50 μm excitation and 100 μm collection fibres; and D) New probe, aspheric lens, and 62.5 μm excitation and 62.5 μm collection fibres. Spectra are plotted on the same scale to demonstrate differences in sensitivity and background intensity. An acquisition time of 0.5 s was employed.

Figure 4. Schematic of the channel cross-section and signal collection volume, shape and dimensions.
Figure 5. Offset Raman spectra of the pure products of the esterification reaction, A) acetic acid, B) butyl acetate, and reagents, C) acetic anhydride, D) butanol. The acquisition time was 2 s.

Figure 6. Estimation of inter-diffusion profiles within micro-channels for butanol (solid line; 397 cm-1) and acetic anhydride containing 3 % V/V sulphuric acid (dotted line; 670 cm-1) at flow rates of a) 5 μL min-1 and b) 20 μL min-1 for each reagent. Each set of measurements represents one line in the serpentine; 2 s acquisition time.

Figure 7. Raman signals from a reagent (acetic anhydride; 670 cm-1) and a product (butyl acetate; 635 cm-1) recorded at a fixed location (line 33) in the middle of the micro-channel serpentine with butanol and acetic anhydride flow rates of A) 15 and 16, B) 9 and 9.6, C) 6 and 6.4, D) 3 and 3.2 and E) 1.5 and 1.6 L min-1, respectively; spectral acquisition time, 2 s.

Figure 8. Magnitude of 1st derivative Raman signal for A) acetic anhydride (at 675 cm-1) and B) butyl acetate (at 300 cm-1) measured at different positions (lines 8 to 62 at 2 line intervals) along the micro-channel serpentine; spectral acquisition, 0.5 s. The error bars show ± one standard deviation (n=10).
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8

Tables

Table 1. Performance of different optics with the Kaiser MR Raman probe. An acquisition time of 0.5 s was employed, and the diameters of the excitation and collection fibres were 50 and 100 m, respectively.

	Optics
	Raman intensity/a.u.
	Toluene:glassc
(micro-reactor)

	
	Toluenea
(cuvette)
	Toluenea
(micro-reactor)
	Glassb
(micro-reactor)
	

	10x objective

NA = 0.25
	31400
	1240
	2590
	0.48

	20x objective

NA = 0.50
	42600
	7640
	6640
	1.15

	Aspheric lens

NA = 0.49
	48000
	17710
	4930
	3.6


a Peak at 1004 cm-1
b Peak at 1314 cm-1
c Denoted signal-to-background ratio
Table 2. Influence of the core diameter of the optical fibres on the quality of Raman spectra of toluene collected from a 1 cm silica glass cuvette and a micro-reactor using the new probe and a Kaiser MR probe. An acquisition time of 0.25 s was employed.

	Probe
	Fibre core diameter/m
	Raman intensity/a.u.
	Toluene:glassc
(micro‑reactor)

	
	Excitation
	Collection
	Toluenea
(cuvette)
	Toluenea
(micro‑reactor)
	Glassb
(micro‑reactor)
	

	New
	62.5
	62.5
	27500
	13270
	1250
	10.6

	
	62.5
	100
	46500
	16000
	2900
	5.5

	
	50
	100
	36200

(43100)d
	13740

(16300)d
	2140

(2549)d
	6.4

	Kaiser MR
	50
	100
	26300

(29590)d
	8860

(9970)d
	2470

(2780)d
	3.6


a Peak at 1004 cm-1
b Peak at 1314 cm-1
c Denoted signal-to-background ratio
d Corrected intensities to account for the reduced coupling efficiency obtained with a 50 m diameter excitation fibre compared to a 62.5 m fibre.
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