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Abstract

The infrared and Raman spectra of aqueous sugar solutions are compared.  The Raman spectroscopy more accurately measures the concentration of two sugars in aqueous solution than does the Fourier transform infrared spectroscopy using an attenuated total reflection cell.  The unknown aqueous solution has a concentration of 231.1+/-25.8 gm/L sucrose and 279.7+/-4.8 gm/L fructose.

Introduction

Vibrational spectroscopy measurements of carbohydrates in aqueous solution is obscured in infrared transmission due to strong absorption by the solvent, water, below 900 cm-1, from 1,400 to 2,500 cm-1 and above 3,000 cm-1.   Attenuated total reflection (ATR) infrared cells are suggested as the best option to measure spectra for aqueous solutions.  

This study compares the results of Fourier transform infrared spectroscopy using an attenuated total reflection cell (ATR-FTIR) with the results of Raman Spectroscopy for concentrated sugar solutions.  With reflection based infrared spectroscopy infrared light is projected onto a sample and the reflected light measured.  Some of the infrared light is absorbed by the sample at wavelengths (measured in wavenumber units) where molecular vibrations take place.  With Raman spectroscopy, a high power laser of a very specific wavelength shines on the sample.  At 90 degrees the scattered light not at the same wavelength as the laser is observed.  The incident laser light is scattered with some of the energy either lost (anti-Stokes radiation) or gained (Stokes radiation) from molecular vibrations.  While infrared and Raman effectively measure the same molecular vibrations, there are differences in the laser activation efficiency of the different molecular and for the molecular vibrations to emit Stokes radiation, which is not the case with infrared spectroscopy.  The two sugars used for this spectra comparison are D-fructose, a monosaccharide with a 5 member ring and sucrose, a disaccharide consisting of D-fructose and α-glucose, a monosaccharide with a 6 member ring.  The structures of both sugars are shown in Figure 1.   Here we see that the chemical structure and the chemical bonds of the two sugars are similar.  The differences between the two sugars are the keto-oxygen in sucrose that bridges the D-fructose rings  to the additional 6 member ring which is composed of similar functional groups as the 5 member d-fructose ring but is arranged differently.
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Figure 1 Structure of Fructose, a monosaccharide with a 5 member ring, and Sucrose, a disaccharide composed of fructose and glucose with its 6 member ring.

Experimental

Materials: Solutions were made with D-sucrose GR crystals (EM Science, 480 S. Democrat Rd., Gibbstown, NJ, 08027) and D-fructose USP crystals (Fisher Chemicals, Fair Lawn, NJ 07410) and deionized water (Milli-Q system from Millipore Corporation 
290 Concord Road, Billerica, MA 01821).  Fructose solutions, sucrose solutions and their mixtures were all prepared at high concentration, i.e.> 100 gm/L, for instrument collaboration.  Solution concentrations were prepared to an accuracy of 11%.

ATR-FTIR Spectroscopy:  A Perkin-Elmer (761 Main Ave., Norwalk, CT 06859) Series 1600 Fourier Transform Infrared spectrometer was used equipped with a SourceIR Technologies (15 Great Pasture Rd. Danbury, CT 06810) DuraScope single reflection diamond ATR.  The background spectrum was obtained using a water droplet on the diamond ATR surface. The sugar spectra consisted of observing a droplet of the solution on the diamond ATR surface.  The sugar spectra were subtracted from the water background.  All spectra were obtained using the average of 16 scans.  The FTIR spectrometer has a wavenumber accuracy of 0.1 cm-1.

Raman Spectroscopy: A fiber optic EZRaman L spectrometer from EnWave Optronics, Inc., (1821 McDurmott Street, Suite A-1, Irvine CA. 92614) was used for these measurements using a 200 mW Divya® 785H (Symphotic Tii Corp., 880 Calle Plano, Unit K, Camarillo, CA 93012-8573) 785 nm, frequency stabilized laser source.  The background spectrum was obtained by observing ambient air.  The sugar spectra were obtained by observing the solutions through a 2 mL glass walled sample cell.  The spectrometer has a wavenumber accuracy of 0.5 cm-1.

Using the instrument specifications alone, the FTIR is the more accurate instrument by a factor of 5.

Results and Discussion

The FTIR spectra taken with the diamond ATR are given in Figure 2.  The two sugar solutions show multiple peaks that are significantly different in the 900 to 1300 cm-1 wavenumber range.  Outside this region the two spectra are virtually indistinguishable considering the noise level in the absorbance data.  The predominate peaks in the 900 to 1300 cm-1 wavenumber range of the spectrum are given in Table 1 as well as their peak assignments.  

The Stokes scattering Raman spectra taken with the ENwave Optronics instrument are given in Figure 3.  The two sugar solutions show multiple peaks that are significantly different in the 350 to1500 cm-1 wavenumber range.  This range is much wider than that observed with the FTIR spectrometer and the peaks are clearly different in intensity as well as wavenumber.  The predominant peaks in the 350 to1500 cm-1 wavenumber range are given in Table 2.  

It is clear from analysis of the peaks in Tables 1 and 2 that the intensity ratios between the various peaks in Raman are different than those in Infrared.  This is due to the difference in the quantum efficiency for absorption and inelastic scattering with Raman spectroscopy.  Due to the larger number of and the clear intensity differences in the peaks observed with the Raman spectra, it is easier to determine the type of sugar (and its concentration in a mixture) with Raman than it is with ATR-FTIR. 
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Figure 2 ATR-FTIR spectra of Sucrose and Fructose Solution.; Red line - Sucrose solution at 693.3 gm/L, Blue Line - Fructose Solution at 686.6 gm/L.

Table 1 Predominant FTIR Peaks for Sugar Solutions

	Peak 

(cm-1)
	Peak Height 

(Absorbance)
	Group
	Peak Assignment

	Sucrose
	
	
	

	924.36
	0.08
	CH=CH2
	CH2 out-of Plane wag

	993.98
	0.19
	CH=CH2
	CH2 out-of-plane deformation

	1051.88
	0.19
	CHx-O-H in alcohols
	C-O stretch

	1133.61
	0.09
	C-O-C in aliphatic ethers
	C-O-C antisymmetric stretch

	D-Fructose
	
	
	

	990
	0.06
	CH=CH2
	CH2 out-of-plane deformation

	1058.68
	0.22
	CHx-O-H in alcohols
	C-O stretch

	1225
	0.04
	C-O-C in vinyl ethers or esters
	C-O-C antisymmetric stretch
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Figure 2 Raman Spectra of fructose and sucrose. Magenta line - Sucrose solution at 693.3 gm/L, Blue Line - Fructose Solution at 686.6 gm/L.
Table 2 Predominant Raman Peaks for Sugar Solutions

	Peak 

(cm-1)
	Peak Intensity 


	Group
	Peak Assignment

	Sucrose
	
	
	

	650
	2600
	Aromatic-OH
	OH out-of-plane deformation

	725
	3010
	CH=CH in cis distributed Alkenes
	CH out-of –plane deformation

	835
	4900
	1,3,5 tri substituted Benzene
	CH out-of –plane deformation

	900
	2200
	CH=CH2 in vinyl compounds
	CH2  out-of-plane wag

	1060
	4750
	CH2-O-H in cyclic Alcohols
	C-O stretch

	1136
	4000
	C-O-H in secondary or tertiary alcohols
	C-O stretch

	1280
	2200
	C-O-C in esters
	C-O-C antisymetric stretch

	1300-1400
	2900
	Bridging oxygen?
	

	1470
	2400
	CH2 in aliphatic compounds
	CH2 scissor vibration

	Fructose
	
	
	

	630
	7000
	Aromatic-OH
	OH out-of-plane deformation

	705
	3090
	CH=CH in cis distributed Alkenes or Aromatic-OH
	CH out of plane deformation

Or

OH out-of-plane deformation

	810
	5450
	CH=CH2 in vinyl esters
	CH2  out-of-plane wag

	880
	4800
	1,3,4 tri substituted Benzene
	CH out-of-plane deformation (2 bands)

	980
	2800
	CH=CH- in trans di-substituted alkenes
	=CH out-of-plane deformation

	1080
	5200
	CH2-O-H in cyclic Alcohols
	C-O stretch

	1280
	4060
	C-O-C in esters
	C-O-C antisymetric stretch

	1470
	3010
	CH2 in aliphatic compounds
	CH2 scissor vibration


Unknown Analysis

To determine the concentration of the unknown solution using these two analytical methods, calibration standards were prepared for sucrose and fructose. Aqueous solutions of sucrose and fructose were prepared at approximately 166.7 gm/L, 333.3 gm/L and 666.7 gm/L separately and spectra were taken.  To determine which peak (or combination of peaks) should be used to determine the concentration of an individual sugar in mixture with another, we look for a peak that is unique to the sugar under analysis or a combination of peaks that can be used as a signature for analysis using principle component analysis.  In this work we will use individual peaks only and not principle component analysis.  For the Raman spectra, a peak at 700 cm-1 for fructose and a peak at 1136 cm-1 for sucrose can be used as individual peaks.  Since the Raman spectrum has significant background intensity, the peak height above background will be used for calibration.  For the ATR-FTIR spectra, a peak at 1225 cm-1 for fructose and a peak at 993 cm-1 (or 1052 cm-1) for sucrose can be used as individual peaks.   Since the ATR-FTIR spectrum has a zero background, no background subtraction was needed. The peak intensities with appropriate background subtractions are given in Table 3.  Calibration curves were created from the intensities given in Table 3 and are plotted in Figures 3, 4, 5 and 6.  The calibration data was curve fit using a linear fit of the average of the peak intensities for each concentration.  The fit equations are also given in Table 3 with the standard error of estimate for the fit and the value of the correlation coefficient, R2.  The values of the correlation coefficients were larger than 0.997, showing high linearity of all the calibration data.

Table 3 Calibration Data for Sucrose and Fructose Solutions

	ATR-FTIR
	Spectrum
	1
	2
	3
	Average
	Stdev
	Fit Results
	

	Concentration
	Wavenumber
	Peak
	Peak
	Peak
	Peak
	Peak
	
	

	gm/L
	cm-1
	Absorbance
	Absorbance
	Absorbance
	Absorbance
	Absorbance
	
	

	sucrose
	
	
	
	
	
	
	
	

	168.3
	1225
	0.05
	0.06
	0.06
	0.06
	0.00
	0.0004
	Slope

	353.3
	1225
	0.11
	0.12
	0.12
	0.12
	0.01
	-0.0089
	Intercept

	673.3
	1225
	0.21
	0.24
	0.28
	0.24
	0.04
	0.9972
	R^2

	
	
	
	
	
	
	
	0.0072
	Std Error of Estimate

	fructose
	
	
	
	
	
	
	
	

	165.0
	994
	0.01
	0.01
	0.02
	0.01
	0.002161
	0.0001
	Slope

	340.0
	994
	0.02
	0.02
	0.03
	0.02
	0.003302
	0.0021
	Intercept

	706.7
	994
	0.04
	0.05
	0.06
	0.05
	0.0079
	1.0000
	R^2

	
	
	
	
	
	
	
	0.0001
	Std Error of Estimate

	Raman
	Spectrum
	1
	2
	3
	Average
	Stdev
	
	

	Concentration
	Wavenumber
	Adj. Peak
	Adj. Peak
	Adj. Peak
	Adj. Peak
	Adj. Peak
	
	

	gm/L
	cm-1
	Intensity
	Intensity
	Intensity
	Intensity
	Intensity
	
	

	sucrose
	
	
	
	
	
	
	
	

	168.3
	1135
	512.7
	569.7
	541.7
	541.4
	28.5
	2.8503
	Slope

	353.3
	1135
	1060.9
	1147.4
	1160.0
	1122.7
	54.0
	82.5592
	Intercept

	673.3
	1135
	1869.9
	2031.9
	2067.0
	1989.6
	105.1
	0.9984
	R^2

	
	
	
	
	
	
	
	41.0149
	Std Error of Estimate

	fructose
	
	
	
	
	
	
	
	

	165.0
	705
	319.7
	326.0
	383.6
	343.1
	35.2
	2.0189
	Slope

	340.0
	705
	695.2
	676.1
	806.0
	725.7
	70.1
	21.8220
	Intercept

	706.7
	705
	1353.7
	1358.6
	1616.3
	1442.9
	150.2
	0.9992
	R^2

	
	
	
	
	
	
	
	21.8770
	Std Error of Estimate
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Figure 3 Fructose Calibration Data using ATR-FTIR Spectroscopy using the Peak at 994 cm-1.
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Figure 4 Sucrose Calibration Data using ATR-FTIR Spectroscopy using the Peak at 1225 cm-1.
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Figure 5 Fructose Calibration Data using Raman Spectroscopy using the Peak at 705 cm-1.
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Figure 6 Sucrose Calibration Data using Raman Spectroscopy using the Peak at 1135 cm-1.
Analysis of the unknown sugar solution mixture was performed in the same way that the calibration samples were analyzed.  The results of the spectra by Raman and ATR- Fourier Transform Infrared are given in Figure 7 and 8, respectively.  In total, 3 repeats of these spectra were run for analysis but only one is shown in these figures.  The Raman spectrum shown in Figure 7 shows that there are peaks for both sucrose and fructose.  Analysis of the spectra using the same peaks as those used with calibration for specific sugars, i.e. those given in Table 3, gives the adjusted peak intensities shown in Table 4, as well as the calculation of the unknown concentrations using each spectrum measured, the average unknown concentration and the standard deviation in the unknown concentrations.  
The concentration of the unknown was found to be 279.7+/-4.8 gm/L fructose and 231.1+/-25.6 gm/L sucrose by Raman spectroscopy and 288.8+/-17.9 gm/L fructose and 345.1+/-40.0 gm/L sucrose by ATR-FTIR spectroscopy where the results are reported as arithmetic mean +/- standard deviation.  The results of a Student’s t-Test are given in Table 5.  Here we see from the P-values, the probability that the measurements are the same, that the Fructose analyses are significantly more alike than the sucrose analyses. The results for the concentration determination by Raman spectroscopy have lower standard deviations for both sucrose and fructose and, as a result, are significantly more accurate.  This is because the absorbance of the sucrose peak using ATR-FTIR is weak, giving a reasonably inaccurate determination of that concentration.   For ATR-FTIR the fructose concentration is more accurately determined than that of fructose.  It is of the same accuracy as the concentrations measured by Raman.
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Figure 7 Raman Spectrum of Unknown
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Figure 8 ATR-FTIR Spectrum of Unknown
Table 4 Analysis of Unknown Concentration by Raman and ATR-FTIR

	Raman
	Wavenumber
	
	
	
	Concentration

	
	(cm-1)
	Peak Intensity
	Background
	Adj. Peak
	(gm/L)

	Fructose-a
	705
	2427.2
	1800.9
	626.4
	276.9

	Fructose-b
	705
	2520.8
	1876.9
	644.0
	285.3

	Fructose-c
	705
	2515.4
	1888.8
	626.6
	277.0

	
	
	
	
	Average
	279.7

	
	
	
	
	Stdev
	4.8

	Sucrose-a
	1135
	3289.5
	2490.5
	799.0
	201.8

	Sucrose-b
	1135
	3388.2
	2465.6
	922.6
	243.1

	Sucrose-c
	1135
	3454.0
	2515.4
	938.6
	248.5

	
	
	
	
	Average
	231.1

	
	
	
	
	Stdev
	25.6


	ATR-FTIR
	Wavenumber
	Peak
	Concentration

	
	(cm-1)
	Absorption
	(gm/L)

	Fructose-a
	994
	0.020
	272.5

	Fructose-b
	994
	0.023
	307.9

	Fructose-c
	994
	0.021
	286.1

	
	
	Average
	288.8

	
	
	Stdev
	17.9

	Sucrose-a
	1225
	0.105
	330.8

	Sucrose-b
	1225
	0.124
	390.3

	Sucrose-c
	1225
	0.100
	314.3

	
	
	Average
	345.1

	
	
	Stdev
	40.0


Table 5 t-Test for Results for Unknown
	Analyte
	t-value
	Degrees of Freedom
	P-value

	Fructose
	0.85
	4
	0.22

	Sucrose
	4.185
	4
	0.009


Conclusions

The ATR-FTIR and Raman spectra of aqueous solutions of sucrose, a disaccharide with 5 and 6-membered rings, and fructose, a monosaccharide with a 5-member ring, were compared.  Using the instrument specifications, the ATR-FTIR spectrometer is the more accurate but this is not the whole story.  The infrared spectra gave only a few distinguishable peaks with weak intensities.  By contrast the Raman spectra gave many distinguishable peaks with high intensities making it easy to distinguish between the two sugars and accurately determine their concentrations in the unknown mixture.  As a result, the most accurate analysis of the unknown sugar solution mixture gives a concentration of 231.1+/-25.8 gm/L sucrose and 279.7+/-4.8 gm/L fructose.
