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Introduction 
         Identification of target molecules using infrared (IR) spectroscopy can be achieved by comparison of 

measured (i.e., detected) spectra with template spectra of known molecules within a database [1] using signal 

processing algorithms [2]. Specifically, for comparison of measured spectra with template spectra within a 

database, algorithms are described in references [3-7]. Measured spectra can be compared with template spectra 

that are within different databases, providing complementary information, including different types of 

information concerning interpretation of spectral features. Typically, databases of spectra consist of spectroscopic 

measurements, which are obtained using different types of spectroscopies, based on transmission and reflection 

[8,9]. Presented in this report are calculations of IR absorption spectra of molecular structures using density 

functional theory (DFT) and associated software technology, e.g., [10], providing complementary information to 

that obtained from laboratory measurement.  

         This report presents DFT calculated IR spectra for PFAS molecules as isolated structures and within a water 

background. The group of chemicals called PFASs, which are highly fluorinated aliphatic molecules, are among 

contaminants commonly found in the environment [11-16]. IR spectral signatures can be correlated with the 

presence of target molecules (see references [17-19]). A previous study [17] introduced and demonstrated the 

concept of using DFT calculated IR spectra. The concept of database enhancement using DFT calculated spectra 

is independent of specific types of detection technology. Methodologies for comparison of detected spectral 

features with database spectra represent a separate problem. This study continues presentation of the concept of 

using DFT to calculate template spectra for practical detection of target substances, by comparison with spectra 

within databases. Specifically, PFAS molecules [20-24], which include toxic and carcinogenic environmental 

contaminants, and whose detection based on IR spectroscopy is thus of great importance.  

          Given in reference [17] is a description of the formalism underlying DFT calculation of IR spectra, and 

implementation of this formalism in terms of the DFT software GAUSSIAN16. The commercial computer 

program GAUSSIAN16 (G16) is designed to compute the IR spectrum of a molecule, including the effect of a 

continuous solvent background [25-27]. Second derivatives of the energy with respect to the Cartesian nuclear 

coordinates are calculated and subsequently changed to mass-weighted coordinates at the equilibrium geometry 

of the molecule. The IR spectrum is obtained from the ground state energy surface calculated in the Born-

Oppenheimer approximation by solving the DFT Kohn-Sham equations [28-34]. The electronic density, the 

potential energy V, and the equilibrium geometry are calculated. The details followed by GAUSSIAN for IR 

analysis are given in references [27] and [33]. 

_____________
Manuscript approved December 2, 2021.
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DFT Calculation of IR Spectra  

        DFT-calculated IR spectra for a collection of PFAS molecules are presented, i.e., ground-state energies for 

energy-minimized configuration of these molecules within a water solvent background, and their ground-state 

oscillation frequencies and IR intensities. For these calculations, geometry-energy optimization and vibration 

analysis was effected using the computer program Gaussian 16 with the DFT chemical model B3LYP [34,35] 

and basis functions 6-311++g(3df,3pd) [36,37]. These basis functions designate the 6-311G basis set 

supplemented by diffuse functions, indicated by the sign ++, and polarization functions (df), having a set of d and 

f functions on heavy atoms [38]. DFT-calculated IR spectra of these molecules as isolated and within a water 

background are shown in Figs. (1) through (10). Values of the IR intensities (M-1cm-1) as a function of frequency 

(cm-1) for these molecules are given in Tables 1 through 5. 

 

Conclusion 

       The DFT calculated IR spectra given here are to be adopted as database information concerning spectral 

features of PFAS molecules, which is complementary to that obtained from laboratory measurement. These DFT 

calculated spectra continue previous calculations [20-25] for construction of a spectrum-template database for 

PFAS molecules. As demonstrated [20,21], the DFT calculated IR spectra given here should provide reasonable 

templates for filtering of IR spectral measurements associated with different types of detector schemes.  

 

                     
Figure 1. DFT-calculated IR spectra and molecular geometry for CAS# 335-76-2 
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Figure 2. DFT-calculated IR spectra and molecular geometry for CAS# 335-76-2 

                         
Figure 3. DFT-calculated IR spectra and molecular geometry for CAS# 375-95-1  

                          
Figure 4. DFT-calculated IR spectra and molecular geometry for CAS# 375-95-1  
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Figure 5. DFT-calculated IR spectra and molecular geometry for CAS# 335-67-1 

        
Figure 6. DFT-calculated IR spectra and molecular geometry for CAS# 335-67-1  

        
Figure 7. DFT-calculated IR spectra and molecular geometry for CAS# 2706-90-3 
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Figure 8. DFT-calculated IR spectra and molecular geometry for CAS# 2706-90-3 

 
Figure 9. DFT-calculated IR spectra and molecular geometry for CAS# 958445-44-8 

 
Figure 10. DFT-calculated IR spectra and molecular geometry for CAS# 958445-44-8 

 



	 6	

Acknowledgments 

Funding for this project was provided by the Office of Naval Research (ONR) through the Naval Research 

Laboratory’s Basic Research Program. 

References 

[1] D. M. Haaland, Multivariate Calibration Methods Applied to Quantitative FT-IR Analyses, Chapter 8, 

Practical Fourier Transform Infrared Spectroscopy, Editors: J.R. Ferraro and K. Krishnan, Academic Press, Inc., 

San Diego, CA (1990). 

[2] S.W. Smith, The Scientist and Engineer’s Guide to Digital Signal Processing, Chapter 7: Properties of 

Convolution, Correlation, California Technical Publishing, San Diego, CA (1997). 

[3] R.B. Lam, “On the Relationship of Least Squares to Cross-Correlation Quantitative Spectral Analysis,” Appl. 

Spectros., 37 (1983) pp. 567-569. 

[4] S.D. Brown, “The Kalman Filter in Analytical Chemistry,” Anal. Chim. Acta 181 (1986) pp. 1-26. 

[5] W.S. Cooper, “Use of Optimal Estimation Theory-in particular the Kalman Filter-in Data Analysis and Signal 

processing,” Rev. Sci. Instrum. 57, No. 11 (1986) pp. 2862-2869. 

[6] C.K. Mann, J.R. Goleniewski, C.A. Sismanidis, “Spectrophotometric Analysis by Cross-Correlation,” Appl. 

Spectros., 36, (1982), pp. 223-227. 

[7] C.K. Mann and T.J. Vickers, “Signal Enhancement by Data Domain Averaging,” Appl. Spectros., 40, 4 

(1986), pp. 525-531. 

[8] N.J. Hanick, Internal Reflection Spectroscopy, Interscience Publishers, New York (1967). 

[9] P.R. Griffiths and C.C. Christopher, Handbook of Vibrational Spectroscopy, John Wiley & Sons, New York 

(2002). 

[10] L. Huang, S.G. Lambrakos, A.Shabaev, N. Bernstein, L. Massa, “Molecular Analysis of Water Clusters: 

Calculation of the Cluster Structures and Vibrational Spectrum Using Density Functional Theory,”Comptes 

Rendus Chimie (2015), Volume 18, Issue 5, May 2015, pp. 516-524. 

[11] V.A. Espana, M. Mallavarapu and R. Naidu, “Treatment Technologies for Aqueous Perfluorooctanesulfonate 

(PFOS) and Perfluorooctanoate (PFOA): A Critical Review with an Emphasis on Field Testing.” Environmental 

Technology & Innovation. Volume 4, pp. 168 to 181 (2015).  

[12] W.J. Backe, T.C. Day and J.A. Field, “Zwitterionic, Cationic, and Anionic Fluorinated Chemicals in Aqueous 

Film Forming Foam Formulations and Groundwater from U.S. Military Bases by Nonaqueous Large-Volume 

Injection HPLC-MS/MS.” Environmental Science and Technology. Volume 47, pp. 5226 to 5234 (2013).  



	 7	

[13] R.C. Buck, J. Franklin, U. Berger, J.M. Conder, P. de Voogt, A.A. Jensen, K. Kannan, S.A. Mabury and S.P. 

van Leeuwen, “Perfluoroalkyl and Polyfluoroalkyl Substances in the Environment: Terminology, Classification, 

and Origins.” Integrated Environmental Assessment and Management. Volume 7 (4), pp. 513 to 541 (2011).  

[14] E.F. Houtz and D.L. Sedlak, “Oxidative Conversion as a Means of Detecting Precursors to Perfluoroalkyl 

Acids in Urban Runoff,” Environmental Science and Technology. Volume 46 (17), pp. 9342 to 9349 (2012).  

[15] F. Oliaei, D. Krien, R. Weber and A. Watson, “PFOS and PFC Releases and Associated Pollution from a 

PFC Production Plant in Minnesota (USA).” Environmental Science and Pollution Research. Volume 20 (4), pp. 

1977 to 1992 (2013).  

[16] D. Kupryianchyk, S.E. Hale, G.D. Breedveld and G. Cornelissen, “Treatment of Sites Contaminated with 

Perfluorinated Compounds Using Biochar Amendment.” Chemosphere. Volume 142, pp. 35 to 40 (2016).  

[17] L. Huang, S.G. Lambrakos, L. Massa, “IR Absorption Spectra for Chlorinated Ethanes in Water Using 

Density Functional Theory,” Multiscale and Multidisciplinary Modeling, Experiments and Design, First Online 

10 January 2019, DOI: https://doi.org/10.1007/s41939-018-00042-x. 

[18] M. Lee, S. Lambrakos, C. Yapijakis, L. Huang, S. Ramsey, A. Shabaev, L. Massa, J. Peak, “Issues 

Concerning Spectral Analysis of Public Water Resources, Journal of Water Science and technology, IWA 

publishing, 69.11, (2014) pp. 2364-2371, doi: 10.2166/wst.2014.166 

[19] R. Lu, B. Mizaikoff, W-W. Li, C. Qian, A. Katzir, Y. Raichlin, G-P. Sheng, H-Q. Yu, “Determination of 

Chlorinated Hydrocarbons in Water Using Highly Sensitive Mid-Infrared Sensor Technology,” Scientific Reports, 

3:2525, DOI: 10.1038/srep02525 (2013). 

[20] S. Wallace, S.G. Lambrakos, A. Shabaev, L. Massa, “Calculated IR Absorption Spectra for Perfluorroalkyl 

and polyfluoroalkyl (PFAS) Molecules,” Structural Chemistry, (2021), 32, pp. 899-901, DOI 10.1007/s11224-

021-01738-6. 

[21] S. Wallace, S.G. Lambrakos, A. Shabaev, L. Massa, “On Using DFT to Construct an IR-Spectrum Database 

for PFAS Molecules,” Structural Chemistry, 2021, https://doi.org/10.1007/s11224-021-01844 

[22] S.G. Lambrakos, A. Shabaev, S. Wallace, L. Massa, “DFT-Calculated IR Absorption Spectra for PFAS 

Molecules,” Naval Research Laboratory Memorandum Report, Naval Research Laboratory, Washington, DC, 

NRL/6360/MR/6394—2021/2, July 13, 2021. 

[23] S. Wallace, S.G. Lambrakos, A. Shabaev, L. Massa, “IR Absorption Spectra for Isolated PFAS Molecules 

Using Density Functional Theory,” Proc. SPIE 11723, Image Sensing Technologies: Materials, Devices, Systems, 

and Applications VIII, 117230L  (12 April 2021); doi: 10.1117/12.2585112 



	 8	

[24] S. Wallace, S.G. Lambrakos, A. Shabaev, L. Massa, “Comparison of DFT Calculated and Measurred IR 

Absorption Spectra,” Proc. SPIE 11756, Signal processing, Sensor/Information Fusion, and Target Recognition 

XXX, 117561G (12 April 2021); doi: 10.1117/12.2585110 

[25] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. 

Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. 

Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. 

Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, 

J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, 

J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. 

Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, 

J. W. Ochterski, R. L. Martin,  K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. 

Dapprich, A. D. Daniels, Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, and D. J. Fox, Gaussian 09, 

Revision A.1, Gaussian, Inc., Wallingford CT, 2009. 

[26] W. Polkosnik and L. Massa, “Single determinant N-representability and the kernel energy method applied 

to water clusters”, JCC, 39, 17, 1038-1043 (2017) 

[27] A. Frisch, M. J. Frisch, F. R. Clemente and G. W. Trucks, Gaussian 09 User’s Reference, Gaussian Inc., 

2009, p, 105-106, online:  www.gaussian.com/g_tech/g_ur/g09help.htm 

[28] P. Hohenberg and W. Kohn, “Inhomogeneous Electron Gas,” Phys. Rev. 136, B864, (1964). 

[29] W. Kohn and L. J. Sham, “Self-Consistent Equations Including Exchange and Correlation Effects,” Phys. 

Rev. 140, A1133 (1965). 

[30] R.O. Jones and O. Gunnarson, “The density functional formalism, its applications and prospects,” Rev. 

Mod.Phys. 61, 689 (1989). 

[31] R. M. Martin, Electronic Structures Basic Theory and Practical Methods, Cambridge University Press, 

Cambridge 2004, p. 25. 

[32] E. B. Wilson, J. C. Decius and P. C. Cross, Molecular Vibrations (McGraw-Hill, New York, 1955). 

[33] J.W. Ochterski, “Vibrational Analysis in Gaussian,” help@gaussian.com, 1999. 

[34] A.D. Becke, “Density-functional Thermochemistry. III. The Role of Exact Exchange,”J. Chem. Phys., 98, 

5648-5652 (1993). 

[35] B. Miehlich, A. Savin, H. Stoll and H. Preuss, “Results Obtained with the Correlation Energy Density 

Functionals of Becke and Lee, Yang and Parr”, Chem. Phys. Lett.,157, 200-206 (1989). 



	 9	

[36] A. D. McLean and G. S. Chandler, “Contracted Gaussian-basis sets for molecular calculations. 1. 2nd row 

atoms, Z=11-18,” J. Chem. Phys., 72 5639-48 (1980). 

[37] T. Clark, J. Chandrasekhar, G. W. Spitznagel and P. V. R. Schleyer, “Efficient diffuse function-augmented 

basis-sets for anion calculations, 3., the 3-21+G basis set for 1st-row elements, Li-F,” J. Comp. Chem., 4 294-

301, (1983). 

[38] M. J. Frisch, J. A. Pople and J. S. Binkley, “Self-Consistent Molecular Orbital Methods. 25. Supplementary 

Functions for Gaussian Basis Sets,” J. Chem. Phys., 80 (1984) 3265-69. 

  



	 10	

                                                                            
Table 1 

CAS# 335-76-2  (Water Background) 
Frequency 

(cm-1) 
Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

16.6000 80.5330 306.9486 23.7129 850.1191 869.6109 
23.1998 104.1895 308.2737 12.4429 900.4930 437.6445 
29.9834 68.7754 318.1906 24.6217 956.3631 939.9294 
38.4451 21.3763 334.9384 10.6709 998.8942 99.6676 
46.4617 24.8491 342.2096 23.2945 1017.6542 508.6434 
52.1555 71.6104 346.9776 14.7594 1046.6330 1816.1775 
57.7938 80.5972 350.9119 2.5739 1047.5463 259.7057 
64.5665 92.2486 360.8069 79.2148 1053.3815 401.5978 
84.9762 22.5347 364.0129 15.6447 1061.0924 34.9694 
92.3354 14.8152 406.7751 85.3840 1064.9077 814.4441 
114.0177 7.6452 427.2848 171.0012 1070.2294 718.3085 
125.0013 14.1032 451.9041 49.9734 1075.3501 1017.8470 
140.0009 63.1689 480.1599 24.7177 1085.1382 745.6889 
155.4289 99.4392 481.8685 201.1991 1089.9441 604.6443 
160.9575 5.4379 487.6558 259.4456 1098.1308 1133.2768 
171.2843 60.1655 493.5731 200.9486 1099.8822 202.7524 
196.9503 192.0357 526.7810 182.3133 1103.2167 1489.6460 
202.4845 304.9256 536.4295 43.1596 1109.2455 1568.9151 
208.6135 128.7081 548.5532 97.8868 1132.4941 170.1405 
225.6628 117.4105 567.5334 188.7180 1145.2214 61.7209 
239.0428 7.7070 574.7411 581.2061 1160.4589 79.6216 
244.6499 40.4778 590.0562 1403.4452 1183.9112 45.3747 
253.4418 35.4595 602.0752 122.3876 1207.1824 55.2463 
256.1548 1.8082 612.2417 87.1496 1218.9436 76.8661 
263.8090 39.8367 618.4843 194.1689 1248.1919 5.6690 
266.4380 48.0501 649.9629 516.2876 1255.1772 55.4912 
279.2874 28.9012 664.0013 500.8246 1257.6284 108.3917 
283.8106 37.7292 676.2688 391.8037 1361.3331 164.7663 
293.0312 33.9771 696.1847 649.3686 1704.6489 1025.7568 
302.3452 6.2768 732.9767 510.6673 3723.9654 260.5129 
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Table 1 (continued) 

CAS# 335-76-2  (Isolated Molecule) 
Frequency 

(cm-1) 
Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

18.5609 60.3539 310.7595 12.7272 859.3103 523.9683 
24.0202 39.6113 311.8601 3.5997 907.9125 308.9392 
30.6205 23.8552 320.1758 15.8404 965.4434 533.5197 
38.2692 16.3770 337.6626 7.3972 1005.2484 57.4831 
47.6733 35.2385 345.8434 15.6338 1028.0120 246.5454 
53.2735 26.8988 349.5718 7.2388 1055.5571 197.7058 
58.4165 40.9071 354.6154 5.6508 1057.7063 685.2093 
65.2909 53.9469 361.3721 35.4050 1061.9172 375.6115 
86.8906 8.4434 365.7070 13.2879 1073.4830 145.8671 
92.7264 7.9808 409.0291 46.5097 1076.8756 228.9012 
116.4852 4.1714 430.3505 78.2490 1084.4775 352.2978 
127.3970 6.0719 454.7590 24.2175 1089.1916 157.3403 
141.7313 29.1300 480.9286 27.6496 1099.1027 87.4580 
157.2169 35.8500 484.7674 104.1716 1102.3731 358.2291 
162.6380 4.2632 490.0673 121.6412 1109.8911 38.5205 
175.1256 13.3241 494.7941 106.2266 1119.2235 1321.3543 
201.0470 98.9754 527.1962 142.6969 1130.3586 904.2863 
206.9153 204.8690 538.6764 32.7475 1136.7033 1057.4438 
214.1459 58.6191 550.2148 66.4787 1140.5585 643.6609 
230.0079 96.5349 569.8059 67.9290 1152.0652 47.6980 
242.3820 4.2794 576.1596 472.2145 1165.5989 44.6008 
246.8492 28.2968 593.3992 903.4633 1186.5242 46.0800 
251.0677 19.6000 604.2405 67.4745 1210.2596 41.5975 
258.4115 1.5315 613.7759 72.0967 1222.2226 62.1087 
265.2170 31.4619 620.0403 147.3543 1251.4857 3.8087 
268.8705 27.5920 652.3663 408.2501 1257.8225 6.7918 
282.4596 22.5938 665.2234 392.3673 1262.2484 130.7007 
285.0346 18.9424 679.6868 259.8811 1351.7909 98.3170 
296.5738 20.0079 700.8457 514.1132 1731.6791 535.2280 
304.7970 8.8820 735.9925 447.3976 3753.5053 141.5715 
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Table 2 

CAS# 375 -95-1 (Water Background) 
Frequency 

(cm-1) 
Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

26.5797 489.1194 307.5068 0.3010 871.2451 60.5531 
30.2990 53.2596 310.6171 1.8263 916.3337 1037.1830 
37.6731 69.1813 321.7410 0.5865 964.2359 1112.1241 
43.8225 163.0534 334.3401 16.7265 1000.7733 386.7391 
48.6815 37.3687 347.3221 11.9732 1021.2214 90.0670 
61.1915 15.1970 352.4408 40.9862 1034.5577 319.2493 
84.1342 15.9416 358.2465 41.9456 1048.6261 2169.9008 
92.0932 6.5325 385.7612 3.3776 1056.7168 832.1455 
120.4215 48.8846 417.1148 232.1468 1063.2292 222.8501 
131.2560 6.9359 433.4556 212.5881 1077.0113 207.4406 
137.1276 62.2814 447.4541 21.5628 1080.8817 161.1635 
138.1247 73.6650 470.6984 51.5716 1087.8478 686.4143 
148.8754 38.4080 476.1397 34.9992 1092.5374 1417.5306 
166.9775 50.0438 483.8499 120.5815 1097.9432 507.4373 
179.5291 12.1818 533.6049 607.9835 1105.5411 1485.5054 
197.5045 801.5234 539.1852 76.1854 1111.2826 1317.6310 
216.8301 255.5197 568.4732 71.6287 1147.4167 67.8257 
238.7746 19.6868 575.5681 647.9311 1167.8088 27.3387 
246.0370 25.0273 584.5346 428.0169 1182.1117 16.0091 
255.6755 16.4194 588.6310 251.0396 1194.0675 116.6996 
261.4865 0.4607 605.3782 120.4948 1202.7504 43.8013 
265.3963 21.0190 616.4282 10.4041 1212.5603 15.5686 
277.0584 19.9169 619.5841 3.0668 1226.6552 5.7913 
286.2817 2.8874 664.6558 1051.1006 1257.2303 168.3988 
290.6893 35.0331 677.8156 247.2916 1357.6301 170.1698 
293.8878 34.4102 735.5113 199.0090 1709.3744 1012.1372 
304.6373 2.6453 824.9639 2461.9030 3720.9505 263.4559 
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Table 2 (continued) 

CAS# 375 -95-1 (Isolated Molecule) 
Frequency 

(cm-1) 
Intensity (M-

1cm-1) 
Frequency 

(cm-1) 
Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

27.5389 46.4145 310.6375 0.2838 879.0457 23.7377 
31.4201 82.0478 314.4325 0.9325 924.0087 611.5857 
38.7780 38.3220 324.5666 0.7461 974.9642 552.3505 
46.4515 28.5389 336.7472 12.0175 1010.8255 237.5100 
50.2169 138.8113 349.5386 2.1434 1031.2211 52.2855 
61.9071 14.1707 353.0207 30.9561 1042.3343 200.7118 
84.3494 9.4971 359.5999 18.8032 1059.9123 1553.4030 
93.3671 5.4649 386.6068 2.2949 1066.0658 234.9543 
121.4439 32.0088 419.1222 117.0704 1074.4468 86.5402 
131.1939 3.0925 436.2000 99.0572 1087.8743 179.6126 
136.9437 30.9000 449.9688 10.7083 1093.0818 51.2922 
138.9143 34.1950 472.1165 21.9388 1099.2109 380.4030 
149.3743 28.0321 479.2735 23.7562 1107.1966 572.0609 
167.5308 24.4368 486.4485 68.3010 1113.5431 373.0625 
180.1909 7.6139 539.6878 83.7652 1132.2770 957.6221 
201.2904 516.8567 543.7815 212.1224 1137.8003 1335.4292 
220.2108 200.0344 571.3269 23.4828 1155.5920 21.6387 
241.5961 12.6041 580.6628 226.4332 1170.2623 34.7695 
244.7278 12.3515 588.4381 331.6402 1185.0297 19.0119 
257.1458 8.4180 593.2243 342.7406 1197.9241 87.7670 
262.2100 0.1476 607.1731 59.0151 1206.4778 36.2819 
266.9689 9.4666 617.8430 7.9266 1215.0006 14.8537 
278.1726 15.2493 620.6767 1.7849 1229.3649 4.7038 
287.0539 1.8790 666.5604 762.7952 1262.3724 139.0625 
292.5622 15.1142 680.3924 166.3692 1349.3725 109.9495 
296.3553 16.4177 739.0949 134.2435 1734.8733 519.2156 
307.6208 1.3552 833.9375 1834.2983 3754.1906 150.3646 
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Table 3 

CAS 335-67-1 (Water Background) 
Frequency 

(cm-1) 
Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

22.3956 369.7509 310.2458 0.2816 883.4417 274.4489 
31.5516 227.4157 316.9228 7.3463 936.6261 1180.4088 
32.9576 185.8183 333.4393 6.9214 987.1563 805.2486 
45.9426 4.3765 346.4850 8.6320 1015.2415 54.2441 
52.6540 52.4530 355.3098 56.0869 1033.0720 311.8785 
79.8514 17.7759 358.6708 41.3799 1048.2249 2070.7662 
91.9472 13.3201 396.4995 31.1012 1056.3263 731.2531 
118.5732 31.1351 425.0916 271.2243 1066.7436 422.1453 
132.4343 31.6870 441.3285 95.6734 1076.7433 104.6112 
138.1118 52.1206 466.0511 27.9510 1081.7064 340.9349 
141.3688 57.9098 477.7596 89.4325 1089.7970 1092.2402 
163.3871 52.1788 483.7876 97.7353 1097.4064 710.5975 
177.8441 56.8225 536.0903 43.8946 1104.9224 1706.8732 
198.3303 554.1639 543.5935 352.5852 1111.4677 1102.0353 
218.4593 294.9198 571.2779 129.9387 1145.6000 63.0204 
244.2646 10.0672 579.4206 180.6174 1170.0328 11.6675 
246.2465 21.9230 587.2669 1128.0815 1186.7547 83.4229 
260.1738 23.4604 597.2628 164.2428 1198.2177 83.9219 
262.6885 2.8764 616.0034 14.2782 1208.8620 20.9139 
272.2421 16.2878 616.4928 42.4246 1224.1581 2.4667 
285.0322 28.4321 662.2828 1099.4470 1256.9880 170.4403 
290.4247 29.3273 677.5201 202.9928 1356.0470 176.8574 
299.9090 6.8053 734.0190 202.3540 1709.1335 1011.4214 
302.2376 12.0855 830.9424 2052.3891 3725.2498 258.8508 
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Table 3 (continued) 

CAS 335-67-1 (Isolated Molecule) 
Frequency 
(M-1cm-1) 

Intensity 
(M-1cm-1) 

Intensity 
(M-1cm-1) 

Intensity 
(M-1cm-1) 

Intensity 
(M-1cm-1) 

Intensity 
(M-1cm-1) 

28.6753 67.1965 313.7511 0.1818 891.7183 138.2092 
33.7991 32.8249 320.0772 4.2913 945.7977 681.1468 
43.3463 169.0232 336.4228 4.5322 999.0215 449.4544 
46.9246 7.8981 348.6703 2.4073 1025.1247 37.3031 
56.0477 61.9823 356.6637 40.9830 1040.6387 165.6704 
82.3097 8.9230 359.5906 18.5441 1060.4214 1260.8205 
92.3507 7.6850 397.8286 18.2619 1066.1629 328.9040 
120.7377 21.0179 427.8284 133.3972 1081.9449 286.3925 
132.5981 22.7062 444.1411 42.9101 1085.0923 48.3841 
138.8143 23.4856 467.4239 16.4962 1094.6086 266.1482 
142.2854 24.0258 478.6852 26.3982 1104.1479 477.7260 
164.6364 34.3991 486.2466 65.5382 1111.0981 392.4212 
179.1660 24.7648 538.2768 52.6908 1133.0857 1110.3150 
202.8976 360.7429 545.2985 262.9139 1137.3804 1089.4455 
222.8891 200.8900 573.9170 73.8472 1155.7920 28.3954 
244.2341 15.3657 582.3087 68.5217 1173.0124 14.0355 
247.6092 2.2556 589.8246 665.3264 1190.6720 77.0065 
261.7820 12.6441 599.6437 100.9798 1203.0663 64.7918 
263.8864 1.2230 617.2761 7.4155 1211.9025 17.1535 
273.7841 8.0987 617.9981 22.6422 1227.3217 2.7356 
287.6793 13.2684 666.3223 766.4326 1262.5046 141.5838 
292.2910 14.6287 680.7364 130.2213 1349.3617 109.3636 
303.1535 3.3939 739.0673 133.7617 1735.1531 521.1107 
304.7818 6.8771 840.1908 1502.2515 3754.1497 149.6210 
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Table 4 

CAS# 2706-90-3 (Water Background) 
Frequency 

(cm-1) 
Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

35.3914 150.9012 341.2846 2.4933 963.4112 619.2281 
41.2470 268.7744 358.6903 43.9891 1027.5721 714.8957 
54.2900 106.1684 388.7946 99.3905 1049.4395 1420.9182 
92.7805 30.0859 437.1240 147.6534 1054.0031 1091.6893 
116.3376 40.6081 469.8067 171.5298 1062.8201 237.2314 
143.2621 49.4226 488.3560 56.9798 1089.6550 441.4743 
171.6912 45.5609 528.5646 115.2248 1099.2822 1406.1375 
205.6676 211.3356 549.3385 416.2016 1105.8013 1334.1741 
235.5281 159.7754 576.9758 529.6406 1144.8319 56.0647 
248.5112 20.3747 588.8538 675.1506 1188.8960 140.5985 
268.4352 12.9103 609.0909 100.9134 1210.4704 12.1207 
279.3347 12.3495 657.6329 1059.0920 1258.0938 170.4747 
297.3264 11.1004 681.6684 65.1009 1357.3024 168.5811 
302.1235 16.1782 735.9528 186.3401 1708.6938 1017.6745 
330.9137 10.2883 869.6891 1234.4397 3720.4796 259.6304 

CAS# 2706-90-3 (Isolated Molecule) 
Frequency 

(cm-1) 
Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

29.3329 43.3309 343.7723 0.3098 973.7051 328.3846 
41.6659 175.5144 358.4320 20.7755 1038.4431 448.0291 
52.2380 82.2654 389.2641 65.6215 1059.9024 487.4646 
95.6663 13.7656 439.2099 74.0574 1066.5082 720.9132 
116.7713 25.8657 471.6562 70.0599 1075.6484 283.7392 
144.2638 19.1196 488.5487 49.6604 1103.0416 214.2725 
172.8908 28.1557 531.0303 83.7605 1129.3933 1025.2176 
210.7102 105.9193 552.6304 237.0392 1133.8789 983.3764 
239.7934 95.7315 580.4434 251.2851 1154.7054 34.2157 
244.5599 14.8461 594.4802 499.4831 1193.7325 132.3647 
270.3305 7.0275 610.6311 52.6481 1214.0188 8.1781 
280.1186 5.7651 662.1798 689.2837 1263.6269 136.6384 
299.7862 5.1500 684.1114 43.2103 1349.2572 106.1613 
305.0017 7.6714 739.3694 135.8901 1734.5640 541.3890 
333.3629 4.8156 879.4047 880.0666 3754.0864 145.0214 
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Table 5 

CAS# 958445-44-8 (Water Background) 
Frequency 

(cm-1) 
Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

17.9077 739.1247 352.5887 26.7194 964.6726 1577.2843 
25.4505 59.9417 361.8769 86.9577 980.7554 331.0374 
33.0140 13.2078 388.4782 14.3287 1001.7475 561.4724 
39.8172 65.5762 398.9627 209.4919 1025.7535 2412.9341 
45.0561 309.8647 441.4457 137.2982 1036.8400 357.7818 
49.3986 53.3335 463.3159 93.3296 1043.9811 812.5418 
73.6007 43.1295 474.4974 64.7404 1051.1147 2136.8122 
80.7208 71.0147 485.6045 63.4568 1063.0100 3058.2707 
95.5775 19.5301 524.1564 245.6911 1077.7558 332.3240 
104.5047 73.1573 548.7835 146.3320 1102.0839 761.2820 
135.3675 8.7470 550.3838 279.3603 1108.2589 1763.0417 
165.7559 68.6248 565.5350 1727.6633 1115.1753 2118.1876 
196.8032 25.6996 579.3249 94.4640 1130.2605 1978.0450 
200.1130 94.0807 594.8519 52.4163 1138.2145 384.8184 
202.7910 75.9455 604.8802 137.5401 1214.8051 116.9882 
238.8526 10.3120 635.6600 53.5637 1273.9913 210.3181 
241.6767 28.3445 652.0332 610.4030 1289.4026 391.4026 
267.6399 58.6649 717.3674 221.7464 1312.3300 43.8608 
281.6568 34.7401 737.3936 176.2253 1350.2410 137.7654 
286.2667 22.5498 741.9804 413.6813 1388.8893 24.3057 
295.5654 24.8368 806.6528 1024.3895 1719.8822 1029.4802 
310.5434 32.6468 826.7841 162.5412 3197.5979 9.4063 
324.7031 10.2296 904.1323 427.2589 3728.2290 246.0491 
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Table 5 (continued) 

CAS# 958445-44-8 (Isolated Molecule) 
Frequency 

(cm-1) 
Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

Frequency 
(cm-1) 

Intensity 
(M-1cm-1) 

16.6945 366.3808 352.6974 10.4390 984.5788 569.5342 
21.0839 48.5148 367.6656 36.4602 1000.1045 210.2987 
25.7129 12.8621 385.8515 5.0373 1014.9700 519.3693 
36.5176 19.7080 404.1198 108.6167 1038.5149 268.7717 
46.9260 136.4825 446.1207 61.4451 1046.9987 1547.9194 
51.8393 142.5321 465.5650 48.9792 1057.3541 293.2731 
68.8677 29.5261 480.0536 32.7518 1075.8763 1252.4321 
79.4906 6.4842 487.2315 54.1760 1098.2623 112.2322 
89.0983 22.0473 525.2901 152.3997 1102.8601 1105.9452 
111.8512 53.9035 549.6319 132.3560 1118.5289 715.4340 
131.3421 2.6304 552.5400 45.4852 1129.8669 1542.0230 
168.4853 25.5486 570.8894 1007.5271 1134.5152 335.9843 
196.9306 29.6575 581.8125 206.6481 1150.2127 1146.5461 
204.1675 21.0659 600.0455 34.1094 1175.2872 2096.8227 
209.8700 42.3005 605.4262 72.5777 1228.7983 111.7169 
238.2462 7.6541 639.4023 49.4093 1277.2500 176.2072 
244.3869 25.3366 652.5740 383.1802 1293.5921 372.0194 
269.3129 24.6640 720.1957 116.8736 1326.1389 38.2491 
284.4728 11.7323 738.2741 193.5382 1337.9405 64.4465 
289.2649 18.8047 744.6336 192.2427 1385.4228 19.6322 
300.2477 8.6432 811.4382 484.0547 1751.8990 534.0512 
311.4256 13.9067 834.3717 78.4165 3189.5990 4.4945 
325.5279 4.3261 921.5758 243.7782 3755.9583 129.1723 

 
 




