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1. Introduction

         Infrared (IR) spectra provide identification of molecules for practical detection of target 
substances. In practice, identification of target molecules can be made by comparison of measured 
spectra, of initially unknown molecules, with reference or template spectra contained within a 
database of spectra corresponding to known molecular structures [1-6]. As emphasized previously, 
database spectra for use as templates are presently almost entirely composed of experimentally 
measured spectra [7,8]. Accordingly, previous studies [9-13] presented the relatively new idea of 
using IR spectra calculated by means of density functional theory (DFT) to complement 
experimentally measured IR spectra contained within a database of template spectra. The use of 
what are reliable calculated IR spectra will enhance the detection of target molecules, e.g., 
contaminants in water environment [9-13]. The concept of extending experimental IR databases 
with complementary DFT-calculated IR spectra, remains relatively new, and not yet widely 
considered. This important observation is discussed in references [9-13]. Extending IR-spectral 
databases using DFT calculations has two aspects, which are: using DFT-calculated spectra for 
physical interpretation, a perspective of theoretical chemistry; and using DFT-calculated IR 
spectra for comparison with measured spectra, a relatively new perspective for practical IR-
spectral database extension.  
      This study continues presentation of the concept of using density functional theory (DFT) for 
complementary extension of IR-spectral databases. Specifically, this study examines the 
scalability of DFT-calculated spectra with respect to the macroscale applications of constructing 
template spectra for spectrum-feature extraction and of estimating dielectric response. Using DFT-
calculated spectra as templates for the purpose of spectrum-feature extraction is described by 
Figure 1. Referring to Figure 1, an IR-spectrum database should be constructed with respect to a 
specific class of target molecules and detection scenarios, where DFT-calculated spectra provide 
a complementary extension of experimentally measured IR-spectra, and where both DFT-
calculated and experimental spectra are considered equally useful. As emphasized previously, in 
many cases, calculation of IR-spectra using DFT may be more convenient than laboratory 
measurements.  
       Algorithms for comparison of DFT-calculated and measured IR spectra (see Figure 1) remains 
for continuing development. DFT-calculated spectra are essentially distributions of delta functions, 
which must be enhanced, as well as scaled, to be used as templates for spectrum-feature extraction 
from measured spectrum, which are on the macroscale. Further, comparison of DFT-calculated 
spectral templates and measured spectra must consider their inherent difference in nature. DFT 
calculated IR spectra are to be considered the result of independent computational experiments, 
and not spectra to be validated by reproducing measurements.	Spectrum-feature	enhancement	
operations	 can	 be	 applied	 to	 DFT	 calculated	 spectra	 in	 the	 same	 spirit	 that	 feature	
enhancement	 operations	 are	 applied	 to	 experimentally	measured	 spectra	 (see	 reference	
[14-17]	and	references	therein).	Accordingly,	DFT	calculated	spectra,	measured	spectra,	and	
their	 spectrum-feature	 enhancements,	 can	 be	 used	 to	 construct	 ensembles	 of	 template	
spectra.	 The	 concept	 of	 comparing	 extracted	 features	 to	 those	 of	 spectrum	 templates,	 is	
motivated	by	algorithms	applied	in	signal	processing	[18].		

____________
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								Presented	in	reference	[12]	are	comparisons	of	synthetically	broadened	DFT-calculated	
and	measured	spectra.	These	comparisons	are	significant	in	demonstrating	scalability	of	DFT	
spectra	 with	 respect	 to	 feature	 extraction	 on	 the	 macroscale.	 This	 scalability	 motivates	
development	of	spectrum-feature	enhancement	operations	of	DFT-calculated	and	measured	
spectra,	 for	 both	 their	 comparison	 and	 construction	 of	 template-spectrum	 database	
consisting	of	enhanced	spectral	features	(see	Figure	1).	This	study	demonstrates	a	set	of	such	
operations.	
									Before	 proceeding,	 to	 be	 noted	 is	 that	 fundamentally	 spectrum-feature	 extraction	
defines	 an	 inverse	 problem,	 where	 as	 with	 all	 methods	 of	 inverse	 analysis	 [19,20],	
operations	 for	 feature	 extraction	 are	 not	 unique	 and	 characterized	 by	 sensitivity	 with	
respect	to	levels	of	spectrum-feature	details	to	be	extracted.	
	

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Ontology of computational framework for using DFT-calculated and measured spectra 
as templates, for spectrum-feature extraction. 

 
        The ability of DFT-calculated IR spectra, feature enhanced by transformations to continuous-
function representations, to have very high correlation with measured IR-spectra, which are on the 
macroscale, establishes foundation for estimation of dielectric functions of materials. This new 
procedure further extends the concept of using DFT for complementary extension of IR-spectral 
databases, but more specifically in terms of a more basic material property, the dielectric function. 
The general procedure for estimation of dielectric functions, using DFT-calculated IR-spectra, is 
described by Figure 2, and presented in the next section. In contrast to using DFT-calculated 
spectra for feature extraction, which defines an inverse problem [19,20], estimation of dielectric 
functions using DFT defines a “direct” modeling problem, which is based on fundamental 
electromagnetic theory [21,22].    

Emphasized in previous studies [9-13] is that an important application of spectrum-feature 
extraction is for the monitoring of toxic materials, representing environmental contaminants. 
Emphasized in this study is that spectral-feature extraction is equivalently important for the quality 
control of foods. A contribution of this study, resulting from prototype analysis demonstrating the 
functional character of DFT-calculated spectra for construction of template spectra, is an ensemble 
of template spectra for caffeine IR spectra, which can be applied for spectral-feature extraction 
associated with practical quality control of coffee, a global problem of importance (see references 
[23-26] and references therein). 
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Figure 2. Ontology of computational framework for using DFT-calculated IR spectra to estimate 

dielectric response. 
 

In what follows, methods for DFT calculation of IR spectra, and estimation of dielectric, 
transmission and reflectance functions using these spectra, are described. Next, DFT calculations 
of energy-minimized geometries and IR spectra for isolated molecules of caffeine within different 
solvent backgrounds are presented. Next, prototype constructions of spectrum templates are 
presented. Next, an estimate of the dielectric, transmission and reflectance functions for caffeine, 
obtained using DFT calculated spectra is presented. Next, a discussion is given concerning 
spectral-feature extraction and estimation of dielectric, transmission and reflectance functions, 
using DFT calculations. Finally, a conclusion is presented. 
 

2. Methods of Calculation 
DFT-Calculation of IR Spectra. 
      As in previous studies, the DFT models and associated software used for quantum-mechanics 
based calculation of IR spectra are briefly described for completeness. The commercial computer 
program GAUSSIAN16 (G16) and associated post-processing software was used for DFT-
calculation of IR spectra [27-29]. Using this program one can simulate the effect on IR spectra due 
to continuous solvent backgrounds, where IR spectra are calculated using the Born-Oppenheimer 
approximation. The equations of motion which underlie the calculations are the Kohn-Sham (KS) 
equations for implementation of density functional theory [30-36]. The results of solving the KS 
equations yield the KS orbitals which deliver the formally “exact” electron density, the molecular 
equilibrium structure, and the IR spectra, the details of which are discussed in references [29] and 
[35]. Equilibrium structures of molecules are obtained by energy minimization. Using Gaussian, 
the IR spectra are calculated including frequency and intensity of each spectral line. These are 
harmonic frequencies calculated, which is a good approximation for the case of strong bonds, the 
focus we assume here. DFT calculations in this study employed the DFT chemical model 
B3LYP/6-311++g(3df,3pd) (see [36-39]), which is a reasonably large basis set, including a set of 
diffuse functions, and polarization functions on heavy atom. All of 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 [40]. The chemical models 
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indicated above, used in the calculations of this paper, have been used extensively, and have 
provided accurate energy-optimized molecular structures and IR spectra. 
 
Construction of Spectrum Templates using DFT-Calculated IR Spectra. 
         The purpose of spectrum templates is target-molecule feature extraction, by their comparison 
with measured (or detected) spectra, where features of a target molecule are “buried” within a 
spectral background. In principle, template spectra are “feature-enhanced” spectra, constructed for 
convenient comparison with measured spectra. In that DFT calculated spectra are essentially 
distributions of delta functions, specific procedures for construction of template spectra should be 
considered. In principle, procedures for construction of template spectra, which are feature-
enhanced spectra, can include continuous-function transformations of DFT calculated spectra, 
entailing interpolation and pseudo-broadening. Other procedures can include discrete-function 
transformation of measured spectra, for comparison with DFT calculated spectra, entailing discrete 
sampling of continuous measured spectra. Procedures for feature enhancement of DFT-calculate 
spectra, for the purpose of constructing template spectra, are in principle not unique. Among these 
procedures, as described below, are pseudo-broadening of DFT calculated spectra.  
 
Estimation of Dielectric Functions, Reflectance and Transmission.  
        This study introduces procedures for estimation of dielectric functions, reflectance and 
transmission, based on the ability of pseudo-broadened DFT-calculated IR spectra to have very 
high correlation with measured IR-spectra, on the macroscale. Pseudo broadening of DFT spectra 
for estimation of dielectric functions is not in the same spirit as in the case of spectrum template 
construction. For the case of dielectric-function estimation, one seeks by means of pseudo 
broadening, a best or most reasonable approximation of macroscale absorbance spectra using DFT 
spectra. 
       One procedure for pseudo broadening of DFT spectra are linear combinations of Lorentz line-
shape functions, given by, 

																			𝛼!(𝜔) = 	'
𝐴"𝛾"#

(𝜔 − 𝜔")# + 𝛾"#

$!

"%&

																					(1) 

 
where Ak and 𝜔", k =1-Nk, are DFT-calculated IR intensities and frequencies, and 𝛾"# are pseudo-
broadening parameters. Although the functional form Eq.(1) is physically motivated, and provides 
for the calculation of dielectric response using analytical functions, its purpose is that of 
parameterized interpolation, for best-fit of experimentally measured spectra. Examples of using 
Lorentz functions for spectral-line fitting are given in references [41,42]. Pseudo-broadening 
parameter sensitivity should be an issue for parametric modeling of spectra.  
        Given an assumed reasonable estimate of the absorbance function  𝛼!(𝜔), e.g., Eq. (1), a 
procedure for estimating the dielectric function begins with the normalized imaginary index of 
refraction, given by 

																																𝑘$(𝜔) = 	
𝑘(𝜔)

max	[𝑘(𝜔)]																						(2)	 

where 

																																				𝑘(𝜔) = 	
𝛼!(𝜔)
𝜔 	,																														(3)	 
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Next, using the Kramers-Kronig relation [22], the normalized real index-of-refraction change is 
estimated by 

																																		Δ𝑛$(𝜔) = 	
2
𝜋 		𝑃 :

Ω𝑘$(Ω)𝑑Ω
Ω# − 𝜔#

'

(

																													(4)	 

where P denotes the Cauchy principal value [22]. Given the absorbance function 𝛼!(𝜔) expressed 
by Eqs. (1), it can be shown that 

																			Δ𝑛$(𝜔) = 	'
1
𝜔

𝐴"(𝛾"/2)(𝜔" − 𝜔)
(𝜔" − 𝜔)# + (𝛾"/2)#

$!

"%&

																					(5) 

 
      For purpose of comparison, adjustable parameters are introduced, based on the understanding 
that dielectric functions on the macroscale depend on “scatterer” density [22], condensed-phase 
coupling characteristics, and that the transformation Eq.(4), with respect to integration range, can  
be incomplete, when applied to experimental measurements [43-45]. Accordingly, DFT-calculated 
spectra are adopted as an estimated model-ansatz, to be combined with parameters, for 
construction of parametric models to fit experimental measurements. For comparison with 
dielectric functions obtained from measurements, a parametric model is given by 
 

																																			𝑘)(𝜔) = 𝐴)	𝑘$(𝜔)																							(6)	 
and 

																																			𝑛)(𝜔) = 𝑛( + 𝐵)	Δ𝑛$(𝜔),																							(7)	 
 
where As and Bs are scaling coefficients of the normalized quantities defined by Eqs. (2) and (4), 
and the constant component n0 of the real index, with As and Bs, compensate for approximations 
underlying Eq.(4), applied to measurements. For comparison with measured reflectance and 
transmission, respectively, parametric models are given by 
 

																						𝑅*(𝜔) = exp(−𝐶) 𝛼)(𝜔))                        (8) 
 

and                                  																	𝑇*(𝜔) = exp(−𝐷) 𝛼)(𝜔)),                        (9) 
 
where Cs and Ds are adjustable path-length parameters. 
 

3. Prototype IR-Spectrum Templates for Caffeine Molecules 
 

       Examined in this section is the functional character of DFT-calculated spectra, for their 
inclusion within template-spectrum databases, and their ability to show very good correlation with 
measured spectra, i.e., their scalability from micro to macro scale with respect to IR-spectral 
structure. The procedure for continuous-function transformation of DFT spectra and their pseudo 
broadening considered here is spectrum modeling using Lorentzians, similar to the procedure used 
by GaussView [27], which entails constructing the slope field [46] of DFT-calculated spectra [28]. 
As demonstrated, and continuing observations of previous studies, the functional character of 
DFT-calculated spectra, providing good correlation with measured spectra, establishes foundation 
for using DFT spectra as template spectra and to estimate dielectric functions, examined in the 
next section.  



	

	 6	

       For this study, IR spectra for a caffeine molecule within different solvent backgrounds, and in 
vacuum (characteristic of gas phase), have been calculated using the Kohn Sham equation 
implementation of DFT. As indicated, the commercial computer program Gaussian 16 [28, 29], 
and procedure as described above, were used to effect the calculations. For each molecule and 
background, the minimized ground state energy for each molecule is indicated Table 1, and the 
spectral IR intensity corresponding to each calculated frequency is listed in Tables 2. Shown in 
Figs. (3)-(5) are DFT-calculated spectra for a single caffeine molecule, as isolated and within water 
and chloroform solvent backgrounds, respectively. These figures, showing the basic form of DFT-
calculated spectra, provide a delta-function representation of IR spectra. Shown in Fig. (3) is an 
example of a caffeine molecule having an equilibrated minimum-energy structure. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. DFT-calculated IR spectra and molecular structure for isolated caffeine molecule. 
Energy of equilibrated molecular structure -680.615395 Hartree. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. DFT-calculated IR spectra for caffeine molecule in water background. Energy of 
equilibrated molecular structure -680.379863 Hartree. 
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Figure 5. DFT-calculated IR spectra for caffeine molecule in chloroform background. Energy of 
equilibrated molecular structure -680.374694 Hartree. 

  
        
 

Table 1.  Energies of Equilibrated Molecular Structures 
Solvent Energy (Hartree) 
Acetone -680.378811 
CCl4 -680.370069 
Cyclohexane -680.369283 
Chloroform -680.374694 
THF -680.376529 
Water -680.379863  
Methanol -680.379333  
Vacuum -680.615395  

 
 
 
 
 

	
	
	
	
	
	
	
	
	
	
	

Figure	6.	Measured	absorbance	function	of	caffeine	[23].	
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Our analysis first examines scalability of DFT-calculated spectra for a caffeine molecule, 
within different solvent backgrounds, by their comparison to the measured IR spectrum shown in 
Fig. (6). Shown in Figs. (7) and (8) are two different transformations of the measured IR spectrum 
Fig. (6), representing spectral-feature enhancements, for the purpose spectrum-feature extraction 
by comparison to spectrum templates.  
       Next, we examine interpolation and pseudo-broadening of DFT-calculated IR spectra, with 
respect to construction of template spectra, which are non-unique procedures for spectrum feature 
enhancement. Shown in Figs. (9)-(16) are the DFT-calculated spectra of Table 2 that have been 
pseudo-broadened using linear combination of Lorentz line-shape functions Eq. (1). To be noted 
is that trend features of DFT-calculated spectra are preserved with respect to continuous-function 
interpolation and pseudo broadening. This property and ability of DFT-calculated spectra to have 
good correlation with measured spectra, thus demonstrating scalability from micro to macro scale, 
provides foundation for using DFT to calculate estimates of dielectric, transmission and reflectance 
functions, which are macroscopic material properties.  
        
 

	
	
	
	
	
	
	
	
	
	
	

Figure	7.	Discrete-function	approximation	of	absorption	function	(Fig.	6)	for	caffeine. 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure	8.	Pseudo-broadening	of	discrete-function	approximation	(Fig.7)	of	absorbance	
spectrum	(Fig.	6).	
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Figure 9. Interpolation of DFT-calculated IR spectra using model Eq.(1) for isolated caffeine 
molecule (Figure 3). 

 
Referring to the ontology shown in Fig. (1), to be noted is that the different types of spectra and 
their functional representations, Figs. (3)-(11), consisting of	 DFT-calculated	 and	 measured	
spectra,	 and	 their	 spectrum-feature	 enhancements,	 can	 be	 adopted	 as	 an	 ensemble	 of	
template	 spectra. The comparisons shown in Figs. (3)-(11) continues support of previous 
experience indicating that the DFT-calculated IR spectra of this paper are expected to deliver 
reasonable correspondence to the analogous experimental IR spectra. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10. Interpolation of DFT-calculated IR spectra using model Eq.(1) for caffeine molecule 
in water background (Figure 4). 
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Figure 11. Interpolation of DFT-calculated IR spectra using model Eq.(1) for caffeine molecule 

in chloroform background (Figure 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 12. Interpolation of DFT-calculated IR spectra using model Eq.(1) for caffeine molecule 

in cyclohexane background (Table 2). 
 

 

 

 

 

 

 

 

 
 

Figure 13. Interpolation of DFT-calculated IR spectra using model Eq.(1) for caffeine molecule 
in acetone background (Table 2). 
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Figure 14. Interpolation of DFT-calculated IR spectra using model Eq.(1) for caffeine molecule 
in carbon tetrachloride background (Table 2). 

 

 

 

 

 

 

 

 

 

 
Figure 15. Interpolation of DFT-calculated IR spectra using model Eq.(1) for caffeine molecule 

in methanol background (Table 2). 
 

 

 

 

 

 

 

 

 

Figure 16. Interpolation of DFT-calculated IR spectra using model Eq.(1) for caffeine molecule 
in THF background (Table 2). 
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Table 2. DFT-calculated spectra 

isolated	molecule		 in	water		 in	chloroform		 in	acetone		
Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

69.16	 1.29	 74.48	 33.10	 48.77	 27.77	 69.68	 34.67	
80.54	 88.43	 81.40	 254.90	 50.59	 8.77	 83.94	 198.15	
90.02	 49.24	 88.04	 11.89	 86.60	 64.83	 88.08	 15.90	
95.75	 1.19	 116.09	 124.09	 94.07	 53.27	 114.84	 90.02	
118.92	 48.06	 126.83	 654.44	 112.95	 52.22	 126.38	 678.20	
127.15	 220.69	 170.63	 157.82	 125.96	 646.84	 169.86	 151.41	
160.12	 125.25	 206.31	 335.76	 167.23	 133.81	 206.29	 326.67	
208.74	 172.64	 242.49	 9.95	 205.83	 294.30	 242.02	 9.82	
214.13	 4.03	 300.76	 6.13	 240.04	 9.02	 300.24	 5.92	
276.56	 3.39	 301.93	 45.14	 298.39	 4.91	 302.01	 43.13	
297.99	 31.98	 361.03	 198.36	 301.50	 35.98	 360.89	 191.74	
355.65	 5.00	 392.32	 305.22	 360.11	 166.17	 392.25	 294.87	
356.77	 94.65	 397.33	 0.22	 391.92	 253.69	 396.88	 0.26	
396.05	 138.95	 415.05	 221.94	 394.98	 0.36	 415.02	 215.05	
410.68	 142.91	 447.81	 243.19	 415.03	 192.95	 447.69	 237.29	
446.23	 131.88	 490.67	 340.29	 447.27	 213.32	 490.48	 328.85	
485.54	 216.16	 547.46	 2.43	 489.66	 288.90	 547.39	 2.66	
553.76	 5.11	 621.44	 182.13	 546.93	 3.67	 621.39	 172.67	
620.85	 81.50	 641.72	 18.64	 620.93	 143.58	 641.66	 17.48	
647.88	 4.93	 692.00	 11.16	 641.39	 14.50	 691.84	 11.36	
710.78	 0.28	 735.39	 40.07	 691.36	 11.64	 735.24	 33.24	
754.60	 71.39	 741.20	 58.43	 734.73	 16.92	 741.33	 58.10	
765.05	 47.81	 746.28	 266.65	 742.01	 56.17	 746.12	 254.78	
777.40	 82.64	 807.05	 9.01	 745.67	 214.80	 807.24	 8.37	
816.01	 8.11	 838.06	 82.16	 808.05	 6.09	 836.05	 80.40	
851.30	 57.76	 925.67	 64.73	 829.07	 74.52	 925.91	 61.00	
942.47	 10.71	 977.09	 143.83	 926.81	 51.79	 977.21	 136.59	
989.51	 141.92	 1030.59	 607.39	 977.80	 115.75	 1030.98	 580.37	
1037.00	 294.38	 1076.45	 103.70	 1032.39	 481.90	 1076.45	 99.17	
1083.59	 0.36	 1086.53	 30.89	 1076.09	 83.32	 1086.48	 29.81	
1088.16	 9.47	 1152.82	 0.14	 1085.94	 26.39	 1152.65	 0.04	
1153.19	 0.02	 1153.14	 1.92	 1152.04	 0.03	 1153.48	 2.10	
1156.87	 2.05	 1155.57	 0.16	 1154.70	 2.22	 1155.91	 0.16	
1158.03	 0.25	 1197.18	 465.46	 1157.08	 0.22	 1197.49	 439.40	
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Table 2 (cont.) 

isolated	molecule	 	 in	water	 	 in	chloroform	 	 in	acetone	 	
Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

1209.32	 37.34	 1215.55	 99.67	 1198.47	 353.90	 1215.57	 94.11	
1238.59	 42.92	 1249.20	 490.37	 1216.14	 77.10	 1248.89	 468.25	
1260.45	 215.17	 1258.66	 21.23	 1248.40	 393.77	 1258.82	 24.80	
1268.96	 88.98	 1293.50	 338.09	 1259.85	 31.22	 1293.77	 321.85	
1298.47	 98.15	 1327.94	 197.33	 1294.34	 252.91	 1327.87	 189.85	
1355.81	 151.89	 1362.45	 223.79	 1328.02	 169.16	 1362.36	 220.04	
1382.74	 165.50	 1384.26	 10.54	 1361.92	 201.45	 1384.39	 10.20	
1413.54	 59.93	 1426.12	 192.25	 1384.77	 11.47	 1426.70	 192.36	
1446.51	 94.34	 1438.22	 334.09	 1428.58	 181.69	 1438.66	 308.24	
1454.26	 91.88	 1448.59	 97.01	 1439.96	 227.55	 1449.00	 96.92	
1466.36	 49.52	 1468.82	 55.71	 1450.84	 96.51	 1468.97	 54.31	
1477.93	 29.15	 1473.52	 689.18	 1469.85	 49.28	 1474.47	 658.68	
1489.19	 413.14	 1481.08	 58.14	 1477.61	 576.51	 1482.20	 56.01	
1489.59	 22.57	 1482.90	 54.05	 1486.10	 50.07	 1484.14	 52.21	
1495.87	 23.32	 1490.28	 36.97	 1488.04	 45.20	 1491.03	 40.35	
1507.77	 41.26	 1497.01	 408.68	 1494.24	 46.26	 1497.71	 375.27	
1511.81	 55.55	 1507.53	 296.47	 1500.09	 274.03	 1507.94	 252.09	
1527.31	 68.65	 1532.05	 1173.77	 1509.36	 141.89	 1533.44	 1086.42	
1574.88	 383.45	 1572.70	 834.68	 1538.40	 805.70	 1574.72	 793.08	
1623.16	 243.24	 1607.23	 1555.18	 1581.28	 566.28	 1608.23	 1629.63	
1712.85	 1977.52	 1642.77	 2900.67	 1613.32	 1828.91	 1644.35	 2754.78	
1754.12	 924.52	 3071.39	 48.25	 1651.50	 2251.88	 3071.13	 46.85	
3058.67	 50.74	 3075.82	 33.38	 3070.00	 42.50	 3075.75	 33.06	
3059.89	 27.05	 3077.31	 27.90	 3075.17	 32.35	 3077.11	 27.33	
3062.65	 35.94	 3137.46	 21.01	 3075.76	 24.72	 3137.10	 20.09	
3118.64	 14.23	 3142.35	 22.64	 3135.45	 17.62	 3142.21	 21.73	
3121.71	 16.54	 3153.21	 11.35	 3141.28	 18.94	 3153.10	 10.63	
3131.10	 6.65	 3167.04	 8.47	 3152.13	 8.51	 3166.35	 8.28	
3142.97	 7.76	 3190.22	 1.39	 3162.91	 7.61	 3190.14	 1.37	
3167.56	 0.33	 3190.78	 0.71	 3188.28	 0.81	 3190.52	 0.77	
3176.53	 1.20	 3317.52	 5.43	 3188.37	 1.31	 3317.64	 5.12	
3248.29	 2.18	 	 	 3316.84	 4.03	 	 	
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Table 2 (cont.) 

ccl4		 in	methanol	 in	cyclohexane		 in	THF		
Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

Frequency	
(cm-1)	

Intensity	
(M-1cm-1)	

24.04	 58.05	 72.03	 35.13	 16.69	 82.64	 40.91	 10.88	
49.09	 2.74	 82.76	 225.69	 46.41	 2.72	 59.14	 28.47	
86.36	 46.73	 87.86	 10.49	 86.35	 43.85	 86.35	 87.47	
98.51	 19.35	 115.38	 101.98	 98.76	 17.67	 91.10	 63.91	
112.85	 37.71	 126.57	 672.75	 112.43	 32.94	 113.34	 60.04	
126.23	 579.84	 170.22	 154.28	 126.33	 569.35	 125.98	 671.25	
164.97	 120.97	 206.30	 331.06	 164.70	 119.50	 168.40	 140.65	
204.97	 258.72	 242.30	 9.91	 204.83	 252.42	 206.11	 308.36	
238.24	 7.99	 300.49	 6.03	 238.01	 7.83	 240.88	 9.38	
296.71	 3.73	 301.98	 44.11	 296.47	 3.55	 299.18	 5.38	
300.34	 29.40	 360.96	 195.08	 300.18	 28.51	 301.86	 39.04	
358.84	 139.89	 392.28	 300.14	 358.56	 135.70	 360.51	 177.39	
391.52	 210.95	 397.12	 0.24	 391.45	 204.19	 392.08	 271.86	
393.12	 0.32	 415.02	 218.44	 392.81	 0.30	 395.82	 0.33	
415.18	 171.15	 447.75	 240.30	 415.25	 167.20	 415.03	 201.95	
446.91	 186.95	 490.58	 334.22	 446.88	 182.62	 447.45	 224.05	
488.81	 248.94	 547.43	 2.56	 488.67	 242.70	 490.03	 306.20	
546.42	 5.06	 621.43	 177.25	 546.37	 5.30	 547.16	 3.18	
620.36	 120.87	 641.71	 17.93	 620.25	 117.68	 621.16	 155.19	
641.20	 11.80	 691.92	 11.25	 641.18	 11.37	 641.50	 15.72	
691.11	 11.17	 735.31	 36.72	 691.11	 11.04	 691.56	 11.62	
734.44	 10.01	 741.25	 58.29	 734.44	 9.38	 734.94	 22.30	
742.90	 52.63	 746.20	 260.34	 743.08	 51.80	 741.71	 57.11	
745.46	 179.55	 807.14	 8.71	 745.48	 174.49	 745.85	 231.66	
808.93	 4.18	 836.99	 81.26	 809.06	 3.91	 807.70	 7.03	
822.31	 69.39	 925.79	 62.33	 821.39	 68.57	 832.12	 76.97	
927.81	 43.06	 977.14	 139.35	 927.99	 41.62	 926.41	 55.62	
978.70	 96.10	 1030.82	 593.41	 978.88	 93.54	 977.54	 124.89	
1034.07	 381.62	 1076.47	 101.66	 1034.31	 365.77	 1031.73	 524.68	
1075.51	 70.37	 1086.52	 30.31	 1075.40	 68.41	 1076.29	 89.70	
1085.08	 23.14	 1152.76	 0.06	 1084.93	 22.50	 1086.23	 27.78	
1151.80	 0.05	 1153.32	 2.05	 1151.85	 0.05	 1152.28	 0.03	
1156.03	 2.18	 1155.75	 0.16	 1156.28	 2.16	 1154.18	 2.20	
1158.44	 0.26	 1197.36	 451.92	 1158.69	 0.25	 1156.58	 0.19	
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Table 2 (cont.) 

ccl4		 in	methanol	 in	cyclohexane		 in	THF		
Frequency	 Intensity	 Frequency	 Intensity	 Frequency	 Intensity	 Frequency	 Intensity	
(cm-1)	 (M-1cm-1)	 (cm-1)	 (M-1cm-1)	 (cm-1)	 (M-1cm-1)	 (cm-1)	 (M-1cm-1)	
1199.25	 281.22	 1215.50	 96.28	 1199.34	 271.05	 1198.01	 389.41	
1217.10	 60.23	 1248.98	 478.59	 1217.34	 57.67	 1215.88	 84.69	
1248.08	 321.04	 1258.71	 23.76	 1248.07	 308.93	 1248.56	 425.36	
1261.04	 34.64	 1293.70	 332.07	 1261.18	 35.63	 1259.34	 28.80	
1294.91	 195.21	 1327.86	 192.54	 1294.97	 186.87	 1294.10	 281.27	
1328.50	 149.05	 1362.43	 222.20	 1328.64	 146.32	 1327.92	 178.41	
1361.63	 178.19	 1384.35	 10.10	 1361.63	 173.74	 1362.09	 209.89	
1385.33	 13.42	 1426.42	 193.12	 1385.53	 13.73	 1384.56	 10.87	
1430.14	 161.35	 1438.44	 319.97	 1430.40	 156.89	 1427.82	 187.59	
1440.95	 164.59	 1448.75	 96.91	 1441.13	 157.28	 1439.47	 260.98	
1452.64	 95.45	 1468.90	 54.99	 1452.91	 95.06	 1450.04	 96.77	
1471.41	 44.13	 1473.99	 671.51	 1471.78	 43.28	 1469.42	 51.44	
1480.16	 506.11	 1481.65	 57.03	 1480.52	 494.49	 1476.31	 609.44	
1489.61	 45.58	 1483.55	 53.12	 1490.13	 44.81	 1484.48	 52.35	
1491.45	 38.22	 1490.64	 38.70	 1492.01	 37.25	 1486.47	 48.27	
1497.63	 48.74	 1497.36	 391.55	 1498.12	 49.26	 1492.79	 44.90	
1502.12	 197.50	 1507.74	 273.93	 1502.43	 187.96	 1499.12	 314.22	
1510.80	 86.41	 1532.75	 1124.56	 1511.05	 80.91	 1508.75	 180.46	
1542.83	 570.86	 1573.88	 813.44	 1543.45	 538.07	 1536.26	 923.22	
1587.73	 300.24	 1607.67	 1602.58	 1588.79	 267.31	 1578.40	 679.51	
1620.78	 1926.00	 1643.44	 2824.18	 1622.32	 1920.59	 1610.92	 1744.61	
1659.16	 1779.25	 3071.25	 47.50	 1660.34	 1708.28	 1648.31	 2466.35	
3068.47	 38.74	 3075.80	 33.19	 3068.22	 38.16	 3070.53	 44.29	
3073.69	 27.36	 3077.23	 27.60	 3073.38	 26.77	 3075.48	 32.50	
3074.35	 26.04	 3137.28	 20.52	 3074.24	 25.99	 3076.43	 26.08	
3133.35	 16.11	 3142.30	 22.16	 3132.98	 15.94	 3136.23	 18.55	
3140.13	 16.64	 3153.15	 10.97	 3139.96	 16.30	 3141.77	 20.08	
3150.25	 6.96	 3166.79	 8.38	 3149.85	 6.76	 3152.67	 9.35	
3159.00	 7.22	 3190.35	 1.38	 3158.48	 7.22	 3164.42	 7.88	
3185.50	 0.59	 3190.78	 0.75	 3185.20	 0.60	 3189.15	 1.23	
3185.94	 1.41	 3317.68	 5.27	 3185.79	 1.39	 3189.34	 0.91	
3314.77	 3.06	 	 	 3314.35	 2.91	 3317.28	 4.49	
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4. Prototype Estimation of Dielectric, Transmission and Reflectance Functions 

        Demonstrated in this section are estimations of dielectric, transmission and reflectance 
functions, based on the observed scalability of DFT-calculated spectra, as shown above for the 
case of caffeine, and for other substances in previous studies (see [9-13]). Estimation of these 
functions are calculated using the parametric models defined by Eqs. (1)-(9).  
     An example of comparing DFT-calculated dielectric functions to spectroscopic measurements, 
concerning caffeine on the macroscale, considers the work of reference [47], which presents a 
detailed analysis, using various spectroscopic methods, of caffeine dielectric response for the 
macroscopic condensed-phase. A comparison of the DFT-calculated estimates of dielectric 
functions shown in Figs. (17)-(19) to spectral measurements of [47] shows good correlation. A 
specific case of this correlation is described by comparison of Figs. (17)-(19) to the imaginary and 
real indices of refraction shown in Figs. (20) and (21), respectively, obtained from measurement. 
As discussed above, this comparison is with respect to the adjustable parameters defined by Eqs. 
(6) and (7). Comparison of the dielectric functions shown in Figs. (17)-(19) demonstrates an 
insensitivity to small variations of spectral features associated with coupling to the different 
background environments considered.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 17. Normalized imaginary index of refraction and real index of refraction change 

calculated using absorbance function Figure 9. 
 

An aspect of the comparisons, Figs (17)-(21), is that the imaginary and real indices of refraction 
obtained by measurement, Figs. (20) and (21), respectively, are given as a function of frequency 
on a logarithmic scale. This is significant within the context of our general analysis, which is to 
demonstrate scalability of DFT-calculated spectra by their correlation with measured spectra. 
Accordingly, the logarithmic function representations shown in Figs. (20) and (21) specify a 
procedure for “feature-narrowing” of measured spectra for comparison to spectra based on DFT 
calculation. 
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Figure 18. Normalized imaginary index of refraction and real index of refraction change 
calculated using absorbance function Figure 10. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 19. Normalized imaginary index of refraction and real index of refraction change 
calculated using absorbance function Figure 11. 

 
   
 
 
 
 
 
 
 
 
 
 

Figure 20. Imaginary index of refraction obtained from measurement, as function of frequency 
on a logarithmic scale [47]. 
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Another example of comparing DFT-calculated dielectric functions to spectroscopic 
measurements, concerning caffeine on the macroscale, considers the IR spectrum shown in Fig. 
(22) (see reference [48]), which is of a slight variant of the caffeine molecule, i.e., C8H9ClN4O2, 
Caffeine, 8-chloro. A comparison of DFT-calculated estimates of transmission functions, Figs. 
(18), obtained using parametric model Eq. (9), to transmission measurements of [48], Fig. (22), 
show good correlation. Emphasized is that this comparison is within the adjustable pseudo-
broadening parameter 𝛾"#, where the best fit to the spectrum of Fig. (22) is shown in Fig. (23).  
Comparison of Figs. (22) and (23), demonstrate that a change in one functional group produces a 
small change in an overall family of IR spectra. Functional groups in a molecule generally have 
only one identifying stretch and maybe an overtone. Hence, not much should be different between 
spectra of Figs. (22) and  (23), since only a small functional group was changed. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 21. Real index of refraction obtained from measurement, as function of frequency on a 
logarithmic scale [47]. 

 
        
 
                       

 
 
 
 
 
 
 
 
 
 
 
 

Figure 22. Transmission spectrum obtained from measurement [48]. 
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For our next comparison, noted is that parametric modeling of transmission and reflectance, for 
the purpose of spectrum comparison, are formally the same, i.e., Eqs. (8) and (9), and are both 
defined in terms of adjustable pseudo-broadening and path-length parameters. This comparison 
considers the measured reflectance spectrum shown in Fig. (19), which is of caffeine on a rough 
aluminum surface [47]. Referring to Fig. (24), noted is that the measured spectrum, given as a 
function of frequency on a logarithmic scale, is characterized by relatively broad and smoothed-
out features, relative to those shown in Fig. (22), associated with transmission. A comparison of 
DFT-calculated estimates of reflectance functions, Figs. (25) and (26), obtained using parametric 
model Eq. (8), to measured reflectance [48], Fig. (24), shows good correlation. This comparison 
combines both pseudo-broadening, via parametric model Eq. (8), and feature-narrowing, via 
frequency dependence on a logarithmic scale. and is within the adjustable pseudo-broadening 
parameter 𝛾"#, which is varied for comparison, Comparison of Figs. (25) and (26) demonstrates 
that the procedure of pseudo-broadening also is that of smoothing spectral features, for purpose of 
comparison. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23. Estimate of transmission spectrum using DFT-calculated IR spectrum of isolated 
molecule of caffeine (Fig. 3), showing relatively good correlation with measured spectrum Fig. 

(17). 
 
      
 

 
 
 
 
 
 
 
 
 
 

Figure 24. Reflectance spectrum obtained from measurement [47]. 
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Figure 25. Estimate of transmission or reflectance spectrum using DFT-calculated IR spectrum 
of isolated molecule of caffeine (Fig. 3), where parameter 𝛾"# = 400 (1/cm)2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 26. Estimate of transmission or reflectance spectrum using DFT-calculated IR spectrum 
of isolated molecule of caffeine (Fig. 3), where parameter 𝛾"# = 900 (1/cm)2. 

 
5. Discussion 

       
      This study demonstrates that DFT-calculated spectra are sufficiently robust with respect to 
micro-to-macro scalability, which is in terms good correlation with measured IR spectra and 
insensitivity to variations of spectral features associated with coupling to different background 
environments. The DFT calculation of IR spectra for a caffeine molecule in different solvent 
backgrounds, and small variation of molecular structure, e.g., Fig. (22), represent a computational 
experiment demonstrating that average spectral features are insensitive to ambient-background 
coupling at the molecular level. This insensitivity is also demonstrated by comparing DFT-
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calculated spectra, with various spectrum-feature enhancements, to IR spectra obtained from 
measurements. The DFT-calculated spectra, given in Table 2, should provide useful estimates for 
analysis and modeling of substances containing caffeine. Comparisons of DFT calculated 
dielectric, transmission and reflectance functions to experimental measurements demonstrate their 
scalability. Beyond the scope of this study, it should be noted that the modeling of mixtures of 
materials (say for example, coffee blends) requires dielectric functions as input to effective-
medium models [22]. 
       The results of this study further support the concept spectrum database enhancement using 
DFT-calculated spectra, as described by Fig. (1). Specifically, if DFT-calculated spectra are to a 
practical complement to experimental measurements, within a spectrum-template database, they  
must be scalable to meso and macro scales, within reasonable levels of approximation. 
 

6. Conclusion 

       DFT-calculated IR spectra of a caffeine molecule in different solvent backgrounds, and their 
spectral-feature enhancements using interpolation and pseudo-broadening procedures, can be 
utilized as template spectra for feature extraction related analysis of substances containing caffeine, 
especially quality control of different varieties of coffee [23-26]. This work presents a collection 
of DFT calculated IR spectra for caffeine, representing a prototype database of IR spectrum 
templates for its identification (and quantification). It is of significance that DFT-calculated IR 
spectra contain features associated with isolated molecules, allowing their separation from 
signatures related to experimental artifacts and intermolecular interactions. In addition, this work 
presents a set of methods for comparison of DFT-calculated and measured IR spectra. These 
methods remain an open area of investigation. 
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