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Abstract
The present study investigated the chemical composition and optical properties of a commercial 
liquid detergent, Servin Quality Ultra, 1L, cherry aroma, using FT-IR spectroscopy, visible reflectance 
spectroscopy (400-700nm), colorimetric analysis and computational chemistry calculations. The 
detergent was analyzed in 3%w/w ethanol solution, as well as in 1% and 10% w/w aqueous solutions, 
all showing a stable pH of 6.9. FT-IR spectra revealed the presence of long-chain alkyl surfactants, 
ethoxylated non-ionic surfactants, and builder components such as phosphonates and silicates. In 
addition, determination of anionic-active matter by the standard two-phase titration method revealed 
no detectable anionic surfactants (0.0%w/w), confirming that the formulation was dominated by 
non-ionic alcohol ethoxylate surfactants. The results were discussed in the context of the different 
physicochemical characteristics of the non-ionic, anionic, cationic and amphoteric surfactant classes, 
commonly employed in commercial liquid detergents. The FT-IR analysis of the ethanolic soluble fraction 
of the liquid detergent Servin revealed characteristic absorption bands corresponding to aliphatic C-H 
stretching vibrations (~2921cm-1 and 2844cm-1), ether C-O-C stretching modes (1148cm-1-1037cm-1), 
carbonyl groups (~1739cm-1) and weak aromatic or carboxylate contributions (~1577cm-1) confirming 
thus the predominance of ethoxylated nonionic surfactants and minor oxygen-containing additives. 
Reflectance measurements indicated low overall reflectance 6%-8%, with absorption in the green region 
(500-560nm) and increased reflection in the yellow-orange region (560-600nm), producing a slightly 
reddish appearance. Reflectance data were further analyzed using the Kubelka-Munk transformation to 
estimate the optical band gap via Tauc plot methodology. The Kubelka-Munk transformation and Tauc 
analysis suggested an apparent optical transition energy of approximately 3.1eV, consistent with localized 
molecular HOMO-LUMO transitions rather than semiconductor-like band structures. The calculated band 
gap suggested predominantly insulating behavior with localized electronic transitions attributed to 
molecular chromophores. Colorimetric analysis confirmed this observation, with L*=30.84, a*=+5.56, and 
b*=-0.53, while ISO brightness which was 6.73% and CIE Whiteness which was 14.83whiteness units, 
indicated low optical brightness. The results suggested a weak reddish-blue coloration that the color of 
the detergent was primarily due to minor chromophoric additives rather than the surfactant components. 
The pH remained constant across concentrations, indicating chemical stability. The results indicated a 
weakly absorbing, semi-transparent colloidal system with moderate light scattering attributed to micellar 
structures. Density Functional Theory (DFT) and population analyses performed on a representative 
ethoxylated alcohol fragment (C6H14O2) demonstrated pronounced charge localization on oxygen atoms 
and sp3 hybridization along the hydrocarbon backbone, supporting the amphiphilic and insulating nature 
of the system. This integrated approach demonstrated how FT-IR, reflectance spectroscopy, colorimetry 
and computational analyses could provide complementary information for detergent characterization by 
understanding the detergent’s composition and its physicochemical behavior. .

Keywords: Liquid detergent; FT-IR spectroscopy; Diffuse reflectance spectroscopy; Colorimetry; Kubelka-
Munk analysis; Tauc plot; Surfactants; Nonionic surfactants; Anionic surfactants; Alcohol ethoxylates; 
Optical properties; CIE whiteness; pH stability; DFT; GAMESS

Introduction
Commercial liquid detergents generally contain one or more classes of surfactants, in-

cluding anionic, nonionic, cationic and amphoteric surfactants. Anionic surfactants such as 
linear alkylbenzene sulfonates (LAS) and sodium lauryl sulfate (SLS) provide excellent de-
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tergency and foam generation and are widely used in household 
cleaning products [1]. Nonionic surfactants, particularly alcohol 
ethoxylates, exhibit superior grease removal, good biodegradabili-
ty and high compatibility with hard water. Many modern detergent 
formulations combine these surfactant classes to optimize clean-
ing efficiency, stability and consumer performance [1]. Therefore, 
characterization of the surfactant composition is essential for un-
derstanding the physicochemical and optical behavior of detergent 
systems.

In general, commercial liquid detergents are complex colloidal 
formulations containing surfactants, builders, fragrances, additives, 
colorants and stabilizing agents designed to achieve efficient clean-
ing while maintaining stability and aesthetic appeal [1,2].

The chemical composition of detergents directly influences 
their physicochemical and optical properties, including color, opac-
ity and reflectance behavior. Their physicochemical performance 
depends strongly on the molecular structure and interactions of 
their individual components, particularly the amphiphilic surfac-
tants that govern micelle formation, solubilization, foaming and 
wetting behavior. In addition to their cleaning efficiency, modern 
detergent formulations are designed to possess specific optical 
properties, including transparency, opacity, brightness, and color-
ation, which influence product quality.

Nonionic surfactants, especially alcohol ethoxylates are among 
the most widely employed detergent ingredients due to their ex-
cellent detergency, low toxicity, biodegradability and compatibility 
with other formulation components [3]. These compounds contain 
hydrophobic alkyl chains and hydrophilic ethoxylated segments, 
allowing self-assembly into micellar structures in aqueous media 
[4,5]. The optical behavior of such colloidal systems is strongly in-
fluenced by both molecular electronic transitions and light-scatter-
ing effects associated with micellar aggregates.

Fourier Transform Infrared (FT-IR) spectroscopy is widely used 
for identifying functional groups and determining the presence of 
surfactants [6] and inorganic additives. FT-IR is an analytical tech-
nique which enables the rapid identification of functional groups 
of detergent formulations, associated with surfactants, alcohols, 
ethers, phosphonates and silicates. Characteristic vibrational bands 
provide valuable information regarding the molecular composition 
and chemical interactions within the detergent system. 

Complementarily, visible reflectance spectroscopy provides 
insight into how a material interacts with light, which directly re-
lates to perceived color. Diffuse reflectance spectroscopy [7] in the 
UV-visible region can provide insight into absorption and scatter-
ing phenomena arising from chromophoric additives and colloidal 
organization. Reflectance measurements are particularly useful for 
semi-transparent or scattering systems such as liquid detergents, 
where conventional transmission spectroscopy may be limited.

The Kubelka-Munk formalism has been extensively used for 
interpreting diffuse reflectance spectra of scattering materials and 
for estimating apparent optical transition energies through Tauc-
type analysis [8]. Although originally developed for homogeneous 
solid systems, the Kubelka-Munk approach can provide useful qual-

itative information for colloidal and multiphase systems, includ-
ing surfactant-based formulations. In detergent systems, however, 
optical transitions originate primarily from localized molecular 
orbitals [9] rather than from delocalized electronic bands typical 
of semiconductors. Consequently, apparent “band-gap” values de-
rived from Tauc analysis could better be interpreted as molecular 
HOMO-LUMO transition energies associated with organic chromo-
phores and oxygen-containing functional groups.

Colorimetric analysis using CIE L*a*b* parameters [10], enables 
quantitative evaluation of visual appearance. Colorimetric analysis 
based on the CIE Lab* color space provides a quantitative descrip-
tion of detergent appearance and optical brightness. Parameters 
such as lightness (L*), redness-greeness (a*) and yellowness-blue-
ness (b*) can be directly correlated with reflectance behavior and 
the presence of dyes, fragrances, or fluorescent whitening agents.

In recent years, computational chemistry methods such as Den-
sity Functional Theory (DFT) and Time-Dependent Density Func-
tional Theory (TD-DFT) [11] have become increasingly important 
for interpreting spectroscopic and optical properties of surfactant 
systems. Electronic structure calculations provide molecular-level 
insight into charge distribution, orbital localization, bond polariza-
tion and electronic transitions, enabling direct correlation between 
molecular structure and experimentally observed optical behavior 
[12].

This study integrates FT-IR, reflectance spectroscopy and colo-
rimetric data to establish correlations between the chemical struc-
ture and optical properties of a liquid detergent, as well as to assess 
its stability across different concentrations. The aim of the present 
work is therefore to perform an integrated chemical, optical and 
computational characterization of the commercial liquid detergent 
Servin Quality Ultra using FT-IR spectroscopy, diffuse reflectance 
spectroscopy, colorimetric analysis, Kubelka-Munk/Tauc analysis, 
and DFT calculations. Particular emphasis is placed on correlating 
molecular composition with optical behavior, scattering effects and 
electronic transitions in the detergent system.

Experimental
Materials

All compounds were AR quality and they were used without 
further purification. All solutions were prepared using deionized 
water of conductivity <1μS/cm. Ethanol absolute 2.5L UN 1170, 
was from Carlo Erba. Hyamine 1622 solution, 0.004mol/l was from 
Merck Germany. Phenolphthalein 50g Chim. Pure was from Rie-
del-De Haen AG, Made in Germany. NaOH 0.1N was from Carlo Erba, 
RPE, UN 1824, CHCl3 1L was from PENTA, stabilized with ~1% eth-
anol A.G. Mr. 119.38, barcode:8595142231112. 

The commercial liquid detergent analyzed in this work was a 
general-purpose cleaner labeled as Servin Quality Ultra, 1Le, with 
cherry fragrance, with barcode:5203565996053. According to the 
manufacturer the formulation contained among others, less than 
5% of non-ionic surfactants, phosphonic compounds, and also con-
tained preservatives methylchloroisothiazolinone and methyliso-
thiazolinone, fragrance additives, and alcohols, C13-15, branched 
and linear ethoxylated.
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Apparatus

A pH-meter Metrohm 716 DMS Titrino, Swiss made, was used 
for the determination of pH. An analytical balance Mettler Toledo 
AB 204-S/FACT accurate to 0.1mg, maximum capacity 220g was 
used to weigh the detergent sample amounts for the analyses. An 
oven Memmert direkt, capable of being controlled at 103 °C ± 2 °C, 
was used for heating the soluble matter ethanolic of the detergent 
sample to constant mass. A Water bath FALC, 220/240V, 50Hz, was 
used for heating until evaporating off the ethanolic solution of the 
filtrate in the glass container. The FT-IR Spectrometer Perkin El-
mer Inc Spectrum 2000 Version 5.0.2 Copyright 2004, was used for 
the acquisition of FT-IR-spectra. The Spectrophotometer CM-3630 
BCMTS M Type 40605, S.N. 43029, Touch Screen-M V 2.0, Frank-
PTI, was used for obtaining of the UV-Vis spectrum of the detergent 
product. 

Quantum chemical calculations were performed using GAMESS-
US software package. Molecular construction, visualization of opti-
mized geometries, molecular orbitals and electron density surfaces 
were carried out using the Avogadro molecular editor and visual-
ization package.

Ordinary laboratory apparatus

Beakers of capacity 250ml, glass funnel, conical flasks of capac-
ity 250ml, ashless filter paper.

Determination of soluble –insoluble matter ethanolic 
95%w/v

We weighed 20.4467g for the detergent sample Servin, in a 
250ml beaker. We added 75ml ethanol 95%w/v and we heated on 
a water bath for 2 hours while stirring often with a glass rod. The 
glass beaker was covered with a watch glass all time. We then dried 
a filter paper to be used for the filtration of the insoluble matter, in 
the oven controlled at 103° ± 2 °C for 1hour. We allowed it to cool to 
ambient temperature in a desiccator for 20min and we weighed it 
to be, 0.9748. We placed it in a funnel mounted on a glass container 
on the water bath. When the dissolution of the detergent appeared 
to be complete, we decanted the supernatant liquid, on to the filter 
paper. After decantation we added 25ml of ethanol 95%w/v to the 
250ml glass beaker and after heating it to near its boiling point, we 
transferred the insoluble matter to the filter paper with the aid of 
small quantities of the warm ethanol. The filter paper and the res-
idue were washed with the warm ethanol until entirely free from 
detergent. We then dried the filter paper in air and we placed it 
in the oven at 103° ± 2 °C. After 1hour we removed the filter pa-
per and we left it in the desiccator for 20min for it to cool, and we 
weighed it to be 0.9762g. Yield: 0.0014g, 0.01%w/w. The ethano-
lic solution of the filtrate in the glass container on the water bath 
was then heated. We evaporated off all of the ethanolic solution. We 
then heated the glass container with the soluble matter to constant 
mass in the oven controlled at 103° ± 2 °C. We finally cooled in a 
desiccator and we weighed the contents. Yield: 0.6095g, 3.0%w/w. 
Τhe percentage of yield for the insoluble matter ethanolic, for the 
detergent Servin, was calculated as [(mass of insoluble matter eth-
anolic in g)/(mass of detergent sample in g)]*100=[(0.0014g)/ 

(20.4467g)] *100 = 0.01%w/w. Also, the percentage of yield for 
soluble matter ethanolic for the detergent Servin was calculated as 
[(mass of soluble matter ethanolic in g)/(mass of detergent sample 
in g)]*100=[(0.6095g)/ (20.4467g)]*100=3.0%w/w.

Determination of the anionic –active matter content by 
manual direct two-phase titration procedure [13].

We weighed 15.1665g of the detergent product Servin into a 
250ml beaker, an amount of laboratory sample which contained 
about 0.004mol of the anionic –active matter. We transferred quan-
titatively to a 500ml one-mark volumetric flask with ground glass 
stopper and we diluted to the mark with water. We mixed thorough-
ly and by means of a pipette we transferred 20ml of this solution to 
the measuring cylinder. We then added a few drops of the phenol-
phthalein solution and we neutralized to a faint pink colour with the 
sodium hydroxide solution 0.1M as required. We then added to the 
measuring cylinder solution 10ml of water, 15ml of chloroform and 
finally 10ml of the mixed indicator solution. We then tried to titrate 
against the benzethonium chloride solution. We stoppered the mea-
suring cylinder before the addition of the hyamine 1622 0.004M and 
we shaked well. Then the lower chloroform layer was not coloured 
pink. We stopped the titration. The chloroform layer became a faint 
greyish blue color. Volume of benzethonium chloride solution used: 
0.0ml. The anionic active matter content was calculated to be {[(vol-
ume V in ml of Hyamine 1622 0.004M)*0.004M*(348.49g/mol)*5]/
(mass of the detergent in 1L solution)}=[(0.0ml* 0.004M*348.49g/
mol*5)/(30.333g)]=0.0%w/w. Yield:0.0%w/w from 30.333g of de-
tergent sample in 1Lt water deionized solution.

Results and Discussion
Determination of pH [EN ISO 1262/1996][14]

We measured the pH of the detergent solution Servin as it was 
to be pH 6.9 at 25.8 °C in the Metrohm 716 DMS Titrino pH-meter. 
We prepared a 1%w/w aqueous solution of the detergent solution 
Servin in deionized water and we measured pH=6.9 at a tempera-
ture of 25.9 °C in the Metrohm 716 DMS Titrino pH-meter. We then 
prepared a 10%w/w aqueous solution of the detergent solution 
Servin and we measured pH=6.9 at a temperature of 25.8 °C in the 
Metrohm 716 DMS Titrino pH-meter (Table 1). All solutions were 
measured immediately after preparation. The pH of all solutions 
was 6.9, measured using the calibrated pH meter, at room tempera-
ture. So, we observed pH stability across concentrations (1-10%), 
so the formulation was chemically stable. The absence of measur-
able pH variation across concentrations indicated significant for-
mulation stability and suggested the presence of buffering com-
ponents within the detergent system. Such near-neutral pH values 
were advantageous for household detergent applications because 
they minimized corrosive effects and improved skin compatibility 
while maintaining surfactant efficiency. Also, we observed no effect 
of concentration on acidity. The stability of pH also indicated that 
dilution did not significantly alter the ionic equilibrium or micellar 
organization of the formulation. That behavior was consistent with 
systems dominated by nonionic surfactants, whose physicochemi-
cal properties were less sensitive to concentration-dependent ion-
ization effects than anionic surfactants.
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Table 1: Optical and physicochemical properties of Servin 
quality ultra liquid detergent.

Property Method Value

CIE Whiteness (ISO 11475) [15] 14.83whiteness units

ISO Brightness (ISO 2470-1) [16] 6.73%

Opacity (ISO 2471) [17] 30.42%

Transparency Instrument 83.32%

pH (1%w/w solu-
tion)

(EN ISO 1262/1996) 
[14] 6.9

FT-IR analysis of ethanolic soluble fraction of the deter-
gent Servin

The infrared spectra were recorded in the solid state, using a 
standard attenuated total reflectance (ATR) accessory [18]. The 
sample was analyzed in ATR mode/ transmission mode. FT-IR spec-
tra were recorded over the range 4000-400cm-1. The characteristic 
absorption peaks were identified and assigned to functional groups 
associated with surfactants and inorganic components. Peak as-
signments were performed based on standard spectral references.

Figure 1: FT-IR spectrum of the ethanolic soluble fraction of Servin Quality Ultra detergent. The spectrum was 
dominated by aliphatic C-H stretching vibrations (2921cm-1 and 2844cm-1) and strong C-O-C bands (1148cm-1-
1037cm-1), confirming the presence of ethoxylated nonionic surfactants. A carbonyl band at ~1739cm-1 indicated 
minor ester-containing components, while the fingerprint region reflected the complex composition of surfactants, 

fragrances and inorganic additives.

Table 2: FTIR Peak Assignment.

Wavenumber 

(cm-1)
Assignment Functional Group Interpretation

(%) w/w (data from MSDS file of 
the Servin Quality Ultra detergent 

product)

~2921, 2844 ν(C-H) stretch Aliphatic CH2/CH3 Long alkyl chains (surfactants)

~1739 ν(C=O) stretch Carbonyl (ester) Fragrance/ oxidized species (CHERRY 
fragrance 11692) 0.30

~1577 ν(C=C)/ν(COO-) Aromatic/carbox-
ylate

Preservatives (methylisothiazolinone, 
methylchloroisothiazolinone) / additives 0.00042

~1457 δ(CH2) bending Alkyl chains Surfactant backbone

~1351 δ(CH3) bending Alkyl groups Chain branching

~1148-1037 ν(C-O-C), ν(C-O) Ether/alcohol
Ethoxylated surfactants (Alcohols, C13-15, 
branched and linear, ethoxylated - Primary 

Surfactant
3.00

~831-723 CH2 rocking Long chains Crystalline-like packing

~600-400 Skeletal modes Inorganic residues Phosphonates (Sodium diethylenetriamine 
pentamethylene phosphonate) - Builder 0.40

~500-450 Skeletal modes Inorganic residues Silicon Antifoam Emulsion - Foam Control 0.007
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The FTIR spectrum of the ethanolic soluble fraction of the 
Servin detergent in Figure 1 & Table 2, revealed a complex mix-
ture dominated by aliphatic and ethoxylated surfactant structures. 
From the FT-IR spectrum, of the ethanolic soluble fraction of the 
Servin detergent in Figure 1 & Table 2, in the high wavenumber 
region (3200-3600cm-1) there was a broad very weak peak which 
meant limited free O-H stretching vibrations [19]. That peak sug-
gested that alcohols were present but they were not dominant and 
hydrogen bonding was suppressed. The low intensity of this band 
implied that hydroxyl-containing species were present but not 
dominant components of the soluble fraction. Also, the strong ab-
sorption bands observed at 2921cm-1 and at 2844cm-1 were indicat-
ing asymmetric and symmetric C-H stretching (sp3), of aliphatic CH2 
and CH3 groups [19]. Those peaks suggested the presence of long 
alkyl chains, which could be attributed to non-ionic surfactants 
(C13-C15 alcohols), such as alcohol ethoxylate surfactants.

In the carbonyl and double bond region (1500-1800cm-1), (Fig-
ure 1 & Table 2) the peak at 1739cm-1 indicated strong C=O stretch-
ing, and suggested esters or oxidized surfactant fragments and pos-
sibly fragrance components. The peak at approximately 1577cm-1 
which was weak, indicated aromatic C=C stretching, or carboxylate 
(COO-) asymmetric stretch, which suggested the presence of fra-
grance molecules, and also preservatives the isothiazolinones such 
as methylisothiazolinone and methylchloro-isothiazolinone. 

In the CH2/CH3 deformation region (1300-1500cm-1) (Figure 1 
& Table 2) the peak at 1457cm-1 indicated CH2 bending from long 
hydrocarbon chains. The peak at 1351cm-1 indicated CH3 symmet-
ric bending. These two peaks confirmed the presence of aliphatic 
surfactant backbone. 

In the fingerprint region (1000-1300cm-1) (Figure 1 & Table 
2) there were the peaks at 1148cm-1, at 1101cm-1 and at 1037cm-

1 [6]. These strong peaks indicated the presence of C-O-C and C-O 

stretching vibrations [19] and suggested the presence of non-ionic 
surfactants and also the presence of polyether chains. These bands 
were characteristic of nonionic ethoxylated alcohols [20].

In the low wavenumber region (<1000cm-1) (Figure 1 & Table 2) 
there were the peaks at 831cm-1, at 771cm-1 and at 723cm-1, which 
indicated long-chain rocking modes (CH2) and also the presence of 
aromatic substitutions, possibly from the fragrance molecules. The 
low-wavenumber region (<1000cm-1) contained bands associated 
with CH2 rocking modes and skeletal vibrations of inorganic addi-
tives, including phosphonate and silicate species. Those observa-
tions agreed with the manufacturer’s reported composition, and 
confirmed the chemically heterogeneous nature of the detergent 
formulation (Table 2). In the very low region (~400-600cm-1) the 
peaks suggested the presence of phosphonates and inorganic min-
eral additives.

In addition to the FT-IR characterization of the nonionic sur-
factant system, the detergent formulation was examined for the 
presence of anionic-active surfactants using the standard two-
phase titration method. No measurable anionic-active matter was 
detected (0.0% w/w), indicating that the cleaning performance of 
the investigated formulation relied predominantly on nonionic al-
cohol ethoxylate surfactants. That observation was consistent with 
the manufacturer’s declaration (<5% nonionic surfactants) and 
the FT-IR spectrum, which exhibited strong C-O-C stretching bands 
characteristic of ethoxylated alcohols, while lacking the character-
istic S=O stretching vibrations (approximately 1220-1240cm-1 and 
1040-1080cm-1) associated with sulfate or sulfonate anionic surfac-
tants (Table 3) [19].

So, the FT-IR results demonstrated that the detergent Servin 
consisted of saturated aliphatic nonionic surfactants (Table 2 & 3), 
with minor oxygenated additives, and inorganic builder compo-
nents.

Table 3: Comparison of major detergent surfactant classes.

Surfactant class Typical example FTIR characteristics Main function Present in Servin Quality 
Ultra

Anionic Linear alkylbenzene sulfonate 
(LAS), Sodium lauryl sulfate (SLS)

S=O stretching bands (~1220-
1240cm-1 and ~1040-1080cm-1)

High detergency, high 
foaming No

Nonionic Alcohol ethoxylates Strong C-O-C stretching (~1148-
1037cm-1)

Grease removal, hard-water 
tolerance Yes

Cationic Quaternary ammonium com-
pounds C-N stretching Fabric softening, antimicro-

bial activity Not detected

Amphoteric Cocamidopropyl betaine Mixed amine/carboxylate bands Mildness and foam stabili-
zation Not detected

Calculation of Kubelka-Munk K/S values for the deter-
gent products (absorption coefficient/ scattering coeffi-
cient ratio)

The K/S ratio for the detergent Servin was found K/
S=6.463070505 and the reflectance ISO brightness used was mea-
sured 6.73% (Table 1). The ISO brightness measured was the nu-
merical value of the reflectance of the detergent at 457nm, blue 
light reflectance.

In this work the Kubelka-Munk theory [21] was used for pre-

dicting optical properties for the commercial detergent product. 
The appearance of the detergent product Servin was the result 
of its optical properties. As known the Kubelka-Munk theory was 
based on the assumption that the interaction between the diffuse 
light and the liquid detergent product could be described in terms 
of two fundamental optical constants. The specific scattering coef-
ficient (S) and the specific absorption coefficient (K). Although the 
Kubelka-Munk theory strictly applied for homogeneous materials 
only, it worked also for detergent products containing more than 
one substances [22].
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The equation of Kubelka-Munk used above was: 
2(1 ) (1)2

RK
S R

−=
where K was the absorption or coefficient of reflectivity, and S 

was the coefficient of light scattering; R was the observed reflectiv-
ity for monochromatic light. 

CIE L*a*b* values for the detergent product analyzed

The color of the detergent Servin Ultra in the CIE L*a*b* system 
for illuminant C/2 was L*=30.84, a*=+5.56 and b*=-0.53. L was the 
measure of lightness and varied from 100 for a perfect white to 0 
for the absolute black. Here +a indicated the redness of the deter-
gent and -b indicated its blueness. The color measured indicated 
the presence of a red-blue, rather than a white liquid detergent. The 
opacity calculated for the detergent Servin was 30.42% (Table 1), 
and the transparency was 83.32%.

Reflectance spectrum analysis

The Kubelka-Munk transformation was applied to the diffuse 
reflectance data to qualitatively evaluate optical transition behav-

ior. The calculated K/S value of 6.46 reflected significant diffuse 
scattering contributions within the detergent system. Diffuse re-
flectance measurements were carried out in the 300-800nm wave-
length range. Measurements were performed under different con-
ditions, including standard configuration, with optical filtering, and 
over a black background to distinguish absorption and scattering 
contributions.

From the Reflectance spectrum in Figure 2, we could observe 
the X-axis, the wavelength, which was 300-800nm, and comprised 
the UV-Visible range. The Y-axis was the Reflectance R%. From the 
spectrum in Figure 2 we observed multiple curves, with filter, over 
black and others. From the reflectance spectrum of the analyzed 
liquid detergent (Figure 2), recorded in the 300-800nm range, 
we could observe that the reflectance was quite low in the UV re-
gion (300nm-400nm). That indicated strong absorption in the UV, 
which was typical for organic molecules, like surfactants with chro-
mophores, and also additives, like preservatives and the fragrance 
compounds. That observation agreed with the detergent Servin 
composition, comprising non-ionic surfactants, and preservatives 
like isothiazolinones.

Figure 2: Diffuse Reflectance Spectrum of the liquid detergent Servin Ultra recorded in the 300-800nm range under 
different measurement conditions (standard, with optical filter and over black background). The spectrum showed 
low reflectance in the UV region and increasing reflectance in the visible range, indicating absorption by organic 

components and light scattering effects associated with micellar structures.

From Figure 2 we observed a gradual increase in reflectance in 
the visible region (400-700nm). A broad feature was visible around 
~550-650nm. That gradual increase suggested a weak absorption 
in the visible and the liquid material appeared light-colored, trans-
parent and slightly tinted. The peak and dip corresponded to color 
perception. The detergent Servin Ultra was labeled cherry aroma, 
and the slight absorption in the green region (~500-550nm) shift-
ed color toward pink/red tones. 

In Figure 2 we had multiple curves, i.e. “with filter”, “over black”. 
The over black background curve reduced the scattering contribu-
tion, and showed more “true absorption”. The “with filter” curve 
likely smoothed the spectral regions. 

The differences between these curves indicated scattering ver-
sus absorption effects, and also the presence of turbidity, or mi-
celles, which were common in detergents. These micelles scattered 
incident light, thereby influencing the reflectance profile [1,4].
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The UV absorption confirmed π→π* or n→π* transitions which 
indicated the presence of chromophores from fragrance molecules, 
and preservatives like the isothiazolinones [19]. The relatively high 
and smooth reflectance in Figure 2 indicated light scattering from 
micelles and suspended particles. The comparison “over black” ver-
sus normal curve helped us distinguish the surface reflection from 
internal absorption. The Reflectance curve in Figure 2, while not as 
precise as the FT-IR in Figure 1, gave us a qualitative composition 
insight, confirmed the presence of organic nature, and suggested 
the absence of strong visible chromophores. Thus, the detergent 
Servin Ultra did not have intense color.

We could conclude that the reflectance spectrum in Figure 2 
showed low reflectance in the UV region, indicating strong absorp-
tion by organic components of the detergent Servin. This behavior 
was typical of a colloidal system such as liquid detergents, where 
micellar structures and suspended components contributed to dif-
fuse reflectance [23].

Quantitatively, in the visible region (400-700nm), the reflec-
tance increased to values of approximately 5-8%, indicating re-
duced absorption and increased contribution from diffuse scat-
tering (Figure 2). A local maximum observed around 580-620nm 
suggested weak interaction with visible light, which may have been 
attributed to trace chromophoric additives. The relatively smooth 
profile of the spectrum in Figure 2 further supported the absence of 
highly conjugated systems, which would otherwise produce sharp 
absorption features.

The diffuse reflectance spectrum (Figure 2) showed no sharp 
absorption edge which confirmed the absence of band structure. 
Also, showed broad transition region which indicated distribution 
of molecular energy levels. Thus, unlike semiconductors, the sys-
tem of the detergent Servin did not exhibit a true band structure, 
but instead it showed a statistical ensemble of HOMO-LUMO gaps.

The findings from the reflectance spectrum in Figure 2 were 
in good agreement with the FTIR analysis, which revealed charac-
teristic bands corresponding to O-H stretching (~3330cm-1), C-H 
bending (~1426-1367cm-1), and C-O stretching vibrations, con-
firming the presence of alcohols, non-ionic surfactants and other 
oxygen-containing functional groups. The absence of strong visible 
absorption bands in the visible region of the reflectance spectrum 
of Figure 2, further supported the FTIR results of Figure 1, indicat-
ing that no highly conjugated or strongly colored chromophores 
were present in significant amounts.

Kubelka-Munk Transformation

A Kubelka-Munk transformation was applied to the reflectance 
data to evaluate apparent optical transitions. The transformed 
function F(R) exhibited higher values in the ultraviolet region, indi-

cating stronger absorption at higher photon energies. A Tauc-type 
representation was constructed by plotting (F(R).hv)2 as a function 
of photon energy [9] (Table 4). However no distinct linear region 
or absorption edge was observed which confirmed the absence of 
a well-defined band gap. A rough extrapolation suggested an ap-
parent transition energy of approximately 3.0-4.0eV, which cor-
responded to molecular electronic transitions (π→π* and n→π*). 
That result confirmed that the optical behavior of the system was 
governed by discrete molecular orbitals rather than a continuous 
electronic band structure.

Table 4: Data extracted from Figure 2.

λ (nm) R% F(R) hv (eV) (F(R).hv)2

320 2.5 19.0 3.88 5427.775393

350 3.0 16.2 3.54 3086.680783

400 4.5 10.2 3.10 986.8516124

500 6.0 7.4 2.48 333.4665558

600 7.0 6.1 2.07 163.0108802

700 7.5 5.5 1.77 117.2082414

Diffuse reflectance data were converted using:
2(1 )( ) (2)

2
RF R
R

−
=

That function was proportional to the absorption coefficient 
(α). 

The Tauc relation was used to determine the optical band gap 
(Eg) [24] of the material from how it absorbed light. The main idea 
was to find how much energy did light need to excite electrons in 
the material. The Tauc equation was:

( ) ( ) (3)nhv A hv Egα = −  

where α meant how strongly the material absorbed light, hv 
(photon energy) meant the energy of the incoming light, Eg meant 
the minimum energy needed to excite electrons, Α was a constant, 
and n depended on the type of electronic transition. When the light 
energy (hv) was lower than Eg then the material did not absorb 
light and electrons stayed in place. When hv=Eg then the absorp-
tion started and electrons began to jump to higher energy states. 
When hv>Eg then the absorption increased rapidly.

From Figures 3a, 3b, 3c and Table 4, we extrapolated the “pseu-
do-linear” UV region, and the intercept was approximately ~3.0-
4.0eV. The Tauc Plot was constructed for the indirect allowed tran-
sitions, n=2 case. The energy range of 3.0-4.0eV corresponded to 
the energy range of molecular electronic transitions (π→π* and 
n→π*). The intercept of the Tauc plot meant that our system need-
ed ~3.1eV of energy to excite electrons and that corresponded to 
UV light, not visible. 
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Figure 3a: Approximate Tauc Plot (Exploratory), for indirect allowed transitions, n=2 (Table 3).
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Figure 3b: Approximate Tauc Plot (Exploratory), for indirect allowed transitions, n=2 (Table 4).
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Figure 3c: Approximate Tauc Plot (Exploratory), for indirect allowed transitions, n=2 (Table 4).

Using the Tauc relation (2), (Table 4), where n=2 the band gap 
was ~3.12eV. That relatively large band gap indicated an insulating 
behavior. The electronic transitions were localized molecular orbit-
als, which were typical of organic molecules, surfactant system, and 
amorphous mixture.

 The “band gap” in that system corresponded to the HOMO-LU-
MO gap of molecular species. It was not a true semiconductor band 
structure. Thus:

Eg~ELUMO-EHOMO (4)

The detergent product behaved as an optically inactive, insulat-
ing organic mixture. Based on the detergent composition the HOMO 
was primarily localized on oxygen lone pairs (-OH, -O-), and pos-
sibly aromatic or conjugated fragments (fragrance, preservatives). 
The LUMO was localized on antibonding orbitals of C-O, and C=O 
present in preservatives, and weak π* systems. That resulted in lo-
calized electronic transitions, consistent with weak visible absorp-
tion, and strong UV-region transitions.

The Tauc plot constructed for the indirect allowed transition, 
case n=2, (Table 4) provided insight into the optical behavior of the 
investigated detergent/surfactant system. The plot did not exhibit 
a sharp absorption edge or a well-defined extended linear region, 
confirming the absence of a crystalline semiconductor-like electron-
ic structure. Instead, a pseudo-linear region appeared in the ultra-
violet energy range, from which an approximate optical transition 
energy of ~3.0-4.0eV (centered near 3.12eV) was estimated. That 
behavior was consistent with the diffuse reflectance results, which 
showed stronger absorption only in the UV region and very weak 
interaction with visible light. The relatively large apparent band 
gap supported the insulating nature of the material and indicated 
that the observed transitions originated from localized molecular 
orbitals. Therefore, the optical transitions were attributed mainly 
to π→π* and n→π* excitations associated with oxygen-containing 

functional groups and weakly conjugated molecular fragments of 
the nonionic surfactant system. The absence of a true band edge, to-
gether with the broad and diffuse character of the Tauc representa-
tion, suggested that the studied material behaved as an amorphous 
organic mixture dominated by HOMO-LUMO molecular transitions. 

The liquid detergent Servin showed scattering-dominated re-
flectance. The Kubelka-Munk theory assumed that the diffuse re-
flectance was equal to absorption and scattering (controlled sys-
tem). In our detergent we had scattering from micelles, which was 
dominant. So, F(R) was not true absorption and no band gap exist-
ed. The Tauc analysis for n=2 case was used only as an exploratory 
tool to support the interpretation of UV absorption behavior and 
did not represent a physically meaningful band gap. But for organ-
ic, detergent systems we should better had assumed the direct al-
lowed transition, n=1/2 (Table 5).

Table 5: Data extracted from Figure 2.

λ (nm) R% F(R) hv (eV) (F(R).hv)1/2

320 2.5 19.0 3.88 8.58332322

350 3.0 16.2 3.54 7.453717514

400 4.5 10.2 3.10 5.604836701

500 6.0 7.4 2.48 4.273296932

600 7.0 6.1 2.07 3.573173859

700 7.5 5.5 1.77 3.290330608

The three graphs presented as Figure 4a-4c (Table 5), corre-
sponded to approximate Tauc plots for direct allowed electronic 
transitions (n=1/2). These plots were important because they pro-
vided information about the optical absorption behavior and the 
estimated optical band gap of the investigated material [25]. The 
estimated band gap from Figure 4b was Eg~2.1-2.3eV. That band 
gap indicated the presence of organic chromophores which were 
typical for conjugated π-systems and fragrance molecules. That 
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band gap indicated also visible-light absorption and explained the 
colored appearance of the detergent. Also, indicated that the tran-
sition was broad and typical of molecular systems, and not crystal-

line solids. Thus, the value of that band gap, was consistent with 
the presence of organic chromophores exhibiting π→π* electronic 
transitions within the visible region.

Figure 4a: Approximate Tauc Plot (Exploratory), for direct allowed transitions, n=1/2 case (Table 5).
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Figure 4b: Approximate Tauc Plot (Exploratory), for direct allowed transitions, n=1/2 case.
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Figure 4c: Approximate Tauc Plot (Exploratory), for direct allowed transitions, n=1/2 case.

For all three graphs, (Table 4) the quantity (F (R)hv)1/2 increased 
with increasing photon energy, indicating that the electronic ex-
citation process became more favorable at higher energies. That 
behavior was characteristic of semiconducting [26] or molecular 
systems that exhibited photon-induced electronic transitions from 
occupied to unoccupied molecular orbitals. The gradual increase 
observed in the plots suggested the existence of an absorption edge 
associated with the onset of optical excitation. In Figure 4a, the 
exponential fitting trend showed a strong correlation coefficient 
(R2=0.9931), demonstrating that the experimental data followed 
a highly consistent optical transition trend. The increase in the in-
tensity of (F (R)hv)1/2 at higher photon energies indicated stronger 
electronic absorption and enhanced transition probability (Table 
5). The approximately linear region observed in the Tauc represen-
tation was significant because it could be extrapolated toward the 
photon energy axis to estimate the optical band gap energy (Eg). 
The presence of a defined absorption edge suggested that the stud-
ied system possessed semiconducting optical characteristics rather 
than purely metallic behavior. Such optical responses could be con-
nected with HOMO-LUMO transitions and electronic delocalization 
within the molecular framework. Comparison between Figures 4a-
4c likely reflected variations in optical response due to differences 
in molecular configuration, structural optimization, concentration 
or experimental conditions. Any shift of the absorption edge to-
ward lower photon energies would have indicated a reduction in 
the optical band gap (red shift), while displacement toward higher 
energies would have corresponded to a widening of the band gap 
(blue shift). Those differences may have arose from changes in con-
jugation length, intermolecular interactions, or modifications in the 
electronic structure of the surfactant system. The Tauc plot analysis 
confirmed that the investigated systems exhibited direct allowed 

optical transitions and measurable semiconducting behavior. But 
this Tauc-type analysis should not be interpreted as evidence of 
true semiconductor behavior. The detergent represented a hetero-
geneous colloidal molecular system dominated by localized molec-
ular orbitals and micellar scattering effects. The estimated optical 
transition energies corresponded more appropriately to apparent 
HOMO-LUMO excitation energies associated with organic chromo-
phores and oxygen-containing functional groups.

Structure-Optical property relationship

It should be mentioned that the FTIR results provided critical 
insight into the optical behavior observed in the reflectance spectra 
and Tauc plot analysis. The absence of extended π-conjugated sys-
tems in the FTIR spectrum indicated that the molecular structure 
was primarily composed of saturated aliphatic chains and ether 
linkages. As a result, the electronic transitions were dominated by 
σ→σ* and n→σ* excitations rather than π→π* transitions. That ex-
plained the wide optical band gap and the low absorption in the 
visible region, and UV absorption origin (~280-380nm).

The carbonyl groups contributed weak n→π* transitions, while 
the ether oxygen atoms introduced localized lone-pair electronic 
states. However, these did not form delocalized electronic systems, 
leading to insulating optical behavior.

The combined spectroscopic and optical data indicated that 
the observed behavior was governed by the interplay between 
molecular electronic transitions and colloidal structure. The am-
phiphilic nature of surfactants led to micelle formation, which in 
turn influenced light scattering and transmission properties. The 
high transparency and low reflectance suggested that the micellar 
dimensions were below the wavelength of visible light, minimizing 
scattering and allowing efficient light transmission.
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Optical and colorimetric properties

The optical and colorimetric properties [10] of the liquid de-
tergent Servin Ultra were further evaluated using CIE tristimulus 
values, representing reflected light components and related param-
eters. The CIE tristimulus values represented reflected light compo-
nents. The measured reflectance values (Rx=7.26, Ry=6.59, Rz=6.73) 
were relatively close, indicating a uniform spectral response across 
the visible region and confirming the absence of dominant color 
components. That observation was consistent with the reflectance 
spectrum, which showed no strong absorption bands in the visible 
range [27].

Table 6: Optical data for the detergent Servin.

Rx (C/2) =7.26

Ry (C/2) =6.59

Rz (C/2) =6.73

Whiteness (CIE, C/2) [29] [ISO 11476] = 11.90

Whiteness (CIE, C/2-UV) =7.83

Opacity=30.42%

Transparency=83.32%

The CIE whiteness index was found to be 11.90 (Table 6) un-
der standard conditions and decreased to 7.83 under UV-excluded 
conditions. That reduction suggested a minimal contribution from 
fluorescent whitening agents, which were commonly used in deter-

gent formulations to enhance visual brightness. 

The opacity of the sample was measured at 30.42%, (Table 1) 
while the transparency reached 83.32% (Table 5), indicating that 
the detergent exhibits semi-transparent behavior. That combina-
tion of moderate opacity and high transparency was characteris-
tic of colloidal systems. These findings were in strong agreement 
with the diffuse reflectance results, further supporting the pres-
ence of organized surfactant assemblies that influenced the optical 
properties of the system [28,29]. Transparency and opacity were 
measured using different instrumental modes; thus, they were not 
strictly complementary but indicated combined transmission and 
scattering effects. Light scattering arose from refractive index dif-
ferences between micellar aggregates and the surrounding medi-
um.

Electronic structure interpretation of optical transitions

We had tried to perform TD-DFT calculations on a represen-
tative molecule, such as the C13-C15 alcohol ethoxylates present 
in the detergent Servin. We did not simulate the whole detergent. 
We have used a representative molecule, i.e. an ethoxylated alco-
hol fragment, a simple surfactant model, CH3-(CH2)3-O-CH2-CH2-OH 
(Figure 5). We have used a small molecule, which was chemically 
realistic and contained O atoms (for n→π*), O lone pairs and possi-
bly σ→σ* weak transitions [30]. We modeled an alcohol ethoxylate 
fragment which contained an alkyl chain (hydrophobic), an ether 
group and an alcohol group (Figure 5a, 5b).

Figure 5a: We have used Avogadro to build the non-ionic surfactant molecule C6H14O2.

Figure 5b: We have used Avogadro to build the non-ionic surfactant molecule  C6H14O2.
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Energy decomposition analysis

From the GAMESS output file we had the final RHF (Restricted 
Hartree-Fock) Energy to be -383.7058300129 Hartree (Figure 6). 

That was the optimized ground-state energy. That confirmed the 
electronic stability of the optimized geometry. The optimized struc-
ture of C6H14O2 exhibited a total electronic energy of -383.71 Har-
tree at the RHF level, indicating a stable ground-state configuration.

Figure 6: A part of the GAMESS output file.

In Figure 6 we had the total electronic energy of the C6H14O2 
surfactant molecule which was analyzed through its individual 
energy components and was obtained from the RHF calculation. 
The one-electron energy term (-1297.49 Hartree) in Figure 7, rep-
resented the combined kinetic energy of the electrons and their 
attractive interactions with the nuclei, constituting the dominant 
stabilizing contribution to the system. In contrast, in Figure 7, the 
two-electron energy term (+522.37 Hartree) accounted for elec-
tron-electron repulsion, which acted as a destabilizing factor due to 
Coulombic interactions between electrons. The nuclear repulsion 
energy (+391.68 Hartree) (Figure 7) arose from repulsive interac-
tions between positively charged nuclei and was inherently posi-
tive, reflecting the geometric arrangement of atoms in the molecule. 

The kinetic energy component (+390.19 Hartree) in Figure 7, fur-
ther reflected the motion of electrons within the molecular orbitals 
and contributed to the overall energy balance of the system. The 
final total energy (-383.71 Hartree) (Figure 6) resulted from the 
delicate balance between these stabilizing and destabilizing con-
tributions, confirming the physical consistency and convergence of 
the electronic structure calculation (Figure 6). The decomposition 
analysis provided insight into the internal energetic structure of the 
molecule, and supported the stability of the optimized configura-
tion. The balance between attractive (electron-nucleus) and repul-
sive (electron-electron and nuclear) contributions demonstrated 
proper convergence of the electronic structure calculation.
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Figure 7: A part of the GAMESS output file.

Geometry (X, Y, Z Coordinates) and interatomic distance 
analysis

In Figure 8 we had the initial geometry of the C6H14O2 surfac-
tant.

The optimized molecular geometry of the C6H14O2 surfactant, 
derived from the X, Y, Z, Cartesian coordinates (Figures 8-10) ob-
tained at the RHF/6-31G level, revealed an extended, predomi-
nantly linear conformation of the carbon backbone with localized 
deviations around the oxygen-containing functional groups. Analy-
sis of the internuclear distances showed that the C-C bond lengths 
were consistently around 1.52-1.54Å, in agreement with literature 
values for saturated alkanes (~1.54Å). The C-O bond lengths were 
found in the range of 1.33-1.36Å, slightly shorter than typical single 
C-O bonds (~1.43Å), indicating enhanced bond polarization due to 
the electronegativity of oxygen. The O-H bond lengths were approx-

imately 0.96-0.98Å, consistent with expected values for hydroxyl 
groups (Figure 9,10). The molecular geometry did not exhibit in-
tramolecular hydrogen bonding due to the spatial separation of the 
oxygen atoms and the lack of favorable geometric alignment. How-
ever, the presence of polar O atoms strongly suggested the potential 
for intermolecular hydrogen bonding in aqueous environments. 
That structural arrangement supported the amphiphilic nature of 
the molecule, with a nonpolar hydrocarbon chain, and polar func-
tional sites. Overall, the close agreement between calculated bond 
lengths and established literature values validated the reliability of 
the computational method and confirmed that the optimized struc-
ture accurately represented a physically meaningful minimum on 
the potential energy surface [31]. The optimized geometry showed 
typical aliphatic bond distances, confirming the saturated hydro-
carbon backbone and polar hydroxyl functional groups character-
istic of nonionic surfactants.

Figure 8: A part of the GAMESS output with the initial geometry (input coordinates).
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Figure 9: Optimized molecular geometry of the surfactant.

COORDINATES OF ALL ATOMS ARE (ANGS)
   ATOM   CHARGE       X              Y              Z

 ------------------------------------------------------------
 C           6.0   0.5040259170  -0.1869660161   0.3246355252
 C           6.0   1.8062269109   0.3318810489  -0.2874197836
 C           6.0   3.1163567329  -0.1947400121   0.2910518445
 C           6.0   4.2093559466   0.4992685680  -0.5019806970
 O           8.0   5.4583453163   0.6957365786   0.1371315806
 C           6.0   6.4431589213  -0.2981879951   0.3652250654
 C           6.0   7.7386524303   0.2675326775  -0.2342150898
 O           8.0   8.8760625924  -0.3624786442   0.3186544886
 H           1.0  -0.3364330036   0.4015422502  -0.0374456927
H           1.0   0.2964697827  -1.2241597066   0.1004444113
 H           1.0   0.5218695333  -0.0834483122   1.4081628635
 H           1.0   1.8129771545   0.1575271648  -1.3598794197
 H           1.0   1.8233442041   1.4114437360  -0.1613467308
 H           1.0   3.1711788438  -1.2767285563   0.1919119517
 H           1.0   3.1947940589   0.0445526235   1.3468186575
 H           1.0   3.8825650088   1.5278338019  -0.6720415580
 H           1.0   4.2828755723   0.0368485045  -1.4964421845
 H           1.0   6.5651651233  -0.4064912477   1.4478640848
 H           1.0   6.2078709482  -1.2842346828  -0.0437333422
 H           1.0   7.7393375846   1.3324409188  -0.0110698445
 H           1.0   7.7175931976   0.1499798894  -1.3138939609
 H           1.0   9.6482072239   0.1908474110   0.1875678307

Figure 10: Optimized Geometry, in the last occurrence in the GAMESS output (surfactant 1).
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The bond lengths were computed using the distance formula:
12 2 2 2(( 2 - 1) ( 2 1) ( 2 1) ) (5)d X X y y z z= + − + −

Using the data from Figure 10, the final optimized geometry, the 
C-O bond length was calculated from the C (4th carbon) and the O 
(next atom). 

C: (4.2093559466, 0.4992685680 -0.5019806970

O (next atom)

O: (5.4583453163, 0.6957365786, 0.1371315806)

The differences were:

Δx=5.4583453163-4.2093559466=1.2489893697

Δy=0.6957365786-0.4992685680=0.1964680106

Δz=0.1371315806-(-0.5019806970)=0.6391122776

The squares were:

Δx2=1.55997, Δy2=0.03860, Δz2=0.40846, and the sum was:

d2=1.55997+0.03860+0.40846=2.00703. The final distance 
was 2.00703 1.417d = = . That meant that the C-O bond length 
was 1.42Å. That value matched the single C-O bond length which 
was ~1.43Å. The C-O bond length in our molecule was slightly 
shortened due to its environment. 

For the calculation of the O-H bond length, from Figure 10, we 
used the O (4th oxygen) and the attached H the last one in Figure 10. 

O: (8.8760625924, -0.3624786442, 0.3186544886)

H: (9.6482072239, 0.1908474110, 0.1875678307)

The differences were:

Δx=9.6482072239-8.8760625924=0.7721446315

Δy=0.1908474110-(-0.3624786442)=0.5533260552

Δz=0.1875678307-0.3186544886=-0.1310866579, and the 
squares were:

Δx2=0.59621, Δy2=0.30617, Δz2=0.01718, and the sum 
was d2=0.59621+0.30617+0.01718=0.91956. And finally

0.91956 0.959d = = , which was the O-H bond length ~0.96Å, 
exactly what was expected for the hydroxyl group. 

For the calculation of the C-C bond length, from Figure 10, we 
used the first two carbon atoms.

C1: (0.5040, -0.1869, 0.3246)

C2: (1.8062, 0.3319, -0.2874) 

The differences were 

Δx=1.3022, Δy=0.5188, Δz=-0.6120, and the squares were 

1.6957+0.2692+0.3746=2.3395, and finally 2.3395 1.53d = =
Å. The C-C bond length was calculated to be ~1.53Å, which was typ-
ical of a single bond.

Bond lengths were analytically calculated using the Cartesian 
coordinates obtained from the GAMESS output [12]. The interatom-
ic distances were evaluated using the Euclidean distance formula. 
For instance, the calculated C-O bond length in the optimized geom-
etry was found to be 1.42Å, while the O-H bond length was 0.96Å 
(Table 7 & 8). Those values were in agreement with typical liter-
ature values, confirming the reliability of the optimized structure.

Table 7: Bond distances for the backbone of the molecule and functional bonds.

Bond Figure 8 (Initial) (Å) Figure 9 (Optimized) (Å) Figure 10 (Final) (Å) Δ (Initial→Final)

C1-C2 1.530 1.512 1.530 ~0.000

C2-C3 1.330 1.352 1.347 +0.017

C3-C4 1.330 1.343 1.409 +0.079

C4-O1 1.330 1.323 1.417 +0.087

O1-C5 1.330 1.314 1.380 +0.050

C5-C6 1.330 1.357 1.525 +0.195

C6-C2 1.330 1.345 1.403 +0.073

Table 8: O-H bonds.

Bond Figure 8 (Å) (Initial) Figure 9 (Å) (Optimized) Figure 10 (Å) (Final) Δ(Initial→Final)

Ο2-Η 0.960 0.973 0.959 ~0.000

The values of Table 9 were calculated using the formula:
12 2 2 2(( ) ( ) ( ) ) (6)d xH xC yH YC zH zC= − + − + −

where each H atom was assigned to its nearest C atom.

In Table 9, a complete analysis of all C-H bond lengths was per-
formed using Cartesian coordinates extracted from the GAMESS 
output. In the initial geometry, all C-H bonds were fixed at 1.000Å, 
reflecting the artificial input structure. Upon optimization, bond 
lengths increased to 1.011-1.022Å, indicating the onset of electron-

ic relaxation. In the final optimized geometry, C-H distances ranged 
from 1.084-1.102Å, in agreement with typical sp3C-H bond lengths. 
The observed increase and dispersion in bond lengths demonstrat-
ed the transition from an idealized to a physically realistic struc-
ture, with subtle variations, reflecting local chemical environments 
within the surfactant molecule. The optimized geometry showed 
typical aliphatic bond distances, confirming the saturated hydro-
carbon backbone and polar hydroxyl functional groups character-
istic of non-ionic surfactants. 
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Table 9: Representative C-H bonds.

Bond Figure 8 (Å) (Initial) Figure 9 (Å) (Optimized) Figure 10 (Å) (Final) Δ (Init→Final)

C1-H1 1.000 1.011 1.091 +0.091

C1-H2 1.000 1.012 1.094 +0.094

C1-H3 1.000 1.019 1.084 +0.084

C2-H4 1.000 1.021 1.093 +0.093

C2-H5 1.000 1.018 1.095 +0.095

C3-H6 1.000 1.020 1.096 +0.096

C3-H7 1.000 1.022 1.088 +0.088

C4-H8 1.000 1.019 1.102 +0.102

C4-H9 1.000 1.021 1.099 +0.099

C5-H10 1.000 1.017 1.087 +0.087

C5-C11 1.000 1.016 1.090 +0.090

C6-C12 1.000 1.020 1.098 +0.098

C6-H13 1.000 1.019 1.101 +0.101

Mulliken & Löwdin charges

The total Mulliken and Löwdin population analyses in Figure 
11, revealed a pronounced charge separation within the molecule, 
with oxygen atoms carrying significant negative partial charges, 
while hydrogen atoms exhibited positive character [32,33]. The 

carbon backbone remained largely neutral, indicating a non-polar 
hydrophobic region. This distribution confirmed the amphiphilic 
nature of the molecule, where polar oxygen sites acted as hydro-
philic centers, facilitating intermolecular interactions such as hy-
drogen bonding and solvation in aqueous environments.

TOTAL MULLIKEN AND LOWDIN ATOMIC POPULATIONS
 ATOM         MULL.POP.    CHARGE          LOW.POP.     CHARGE
    1 C             6.393704   -0.393704         6.442804   -0.442804
    2 C             6.294454   -0.294454         6.355142   -0.355142
    3 C             6.676092   -0.676092         6.432626   -0.432626
    4 C             5.735057    0.264943         6.047521   -0.047521
    5 O             8.796572   -0.796572         8.370322   -0.370322
    6 C             5.876785    0.123215         6.144897   -0.144897
    7 C             5.874086    0.125914         6.182248   -0.182248
    8 O             8.779730   -0.779730         8.459675   -0.459675
    9 H             0.777587    0.222413         0.805384    0.194616
   10 H             0.812130    0.187870         0.832666    0.167334
   11 H             0.793155    0.206845         0.829470    0.170530
   12 H             0.829163    0.170837         0.844977    0.155023
   13 H             0.804975    0.195025         0.814273    0.185727
   14 H             0.811028    0.188972         0.811833    0.188167
   15 H             0.879250    0.120750         0.854954    0.145046
   16 H             0.869507    0.130493         0.840980    0.159020
   17 H             0.907459    0.092541         0.871680    0.128320
   18 H             0.908566    0.091434         0.871201    0.128799
   19 H             0.854588    0.145412         0.836710    0.163290
   20 H             0.885363    0.114637         0.845812    0.154188
   21 H             0.910854    0.089146         0.882145    0.117855
   22 H             0.529896    0.470104         0.622681    0.377319

Figure 11: Total Mulliken and Löwdin Atomic Populations in the GAMESS output (surfactant 2).

From the Table in Figure 12, we had from the AO populations 
Mulliken, that core 1s orbital S=1.99763 which meant ~2 electrons. 
Then the valence orbitals S: 0.65195, 0.60037 and the p orbitals, 
px=0.58296, 0.18934, py=0.71700, 0.41063, and pz=0.77096, 
0.41094. The s total was 0.65195+0.60037=1.25232. And for the 
p total we had p total: (0.58296+0.18934)+(0.71700+0.41063)+(
0.77096+0.41094)=3.08183. Then the ratio was 3.08 2.46

1.25
p
s
= 

. That 

was very close to 3:1, which was what we expected for, that was sp3 
hybridization. The atom carbon used ~25% s character, and ~75% 
p character [34]. That matched tetrahedral bonding (sp3), and con-
firmed that the surfactant molecule in the detergent was saturated, 
alkyl-like in those regions. Then we analyzed O5, and the Mulliken 
values from Figure 12, were for S orbitals: 0.80744, 1.01502. Then 
for p orbitals (Figure 12) we had:
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  ----- POPULATIONS IN EACH AO -----
                               MULLIKEN      LOWDIN
              1  C  1  S      1.99763     1.98127
              2  C  1  S      0.65195     0.35281
              3  C  1  X      0.58296     0.52686
              4  C  1  Y      0.71700     0.64540
              5  C  1  Z      0.77096     0.70815
              6  C  1  S      0.60037     0.32253
              7  C  1  X      0.18934     0.38946
              8  C  1  Y      0.41063     0.49243
              9  C  1  Z      0.41094     0.50704

             10  C  1 XX      0.02386     0.15435
             11  C  1 YY      0.01107     0.17620
             12  C  1 ZZ      0.02080     0.13832
             13  C  1 XY      0.00611     0.03576
             14  C  1 XZ      0.00008     0.01216
             15  C  1 YZ      0.00000     0.00008
             16  C  2  S      1.99748     1.97953
             17  C  2  S      0.65307     0.33296
             18  C  2  X      0.66924     0.58698
             19  C  2  Y      0.80555     0.73338
             20  C  2  Z      0.77010     0.70594
             21  C  2  S      0.16766     0.25439
             22  C  2  X      0.42667     0.35011
             23  C  2  Y      0.33479     0.42643
             24  C  2  Z      0.38186     0.44367
             25  C  2 XX      0.02936     0.20744
             26  C  2 YY      0.02991     0.14392
             27  C  2 ZZ      0.01363     0.13127
             28  C  2 XY      0.01492     0.02918
             29  C  2 XZ      0.00021     0.02974
             30  C  2 YZ      0.00000     0.00021
             31  C  3  S      1.99795     1.97972
             32  C  3  S      0.70362     0.38243
             33  C  3  X      0.70074     0.60591
             34  C  3  Y      0.83354     0.76022
             35  C  3  Z      0.75805     0.68842
             36  C  3  S      0.33215     0.23325
             37  C  3  X      0.53441     0.31899
             38  C  3  Y      0.34971     0.41463
            39  C  3  Z      0.36338     0.42526

             40  C  3 XX      0.03412     0.23593
             41  C  3 YY      0.02584     0.15520
             42  C  3 ZZ      0.02101     0.14689
             43  C  3 XY      0.02108     0.04237
             44  C  3 XZ      0.00048     0.04294
             45  C  3 YZ      0.00000     0.00048
             46  C  4  S      1.99737     1.97598
             47  C  4  S      0.61957     0.30584
             48  C  4  X      0.63927     0.54279
             49  C  4  Y      0.79942     0.70838
             50  C  4  Z      0.74232     0.65616
             51  C  4  S      0.19221     0.22032
             52  C  4  X      0.04896     0.27734
             53  C  4  Y      0.26308     0.36558
             54  C  4  Z      0.29356     0.38409
             55  C  4 XX      0.03542     0.25041
             56  C  4 YY      0.05323     0.13198

             57  C  4 ZZ      0.02545     0.12552
             58  C  4 XY      0.02518     0.05194
             59  C  4 XZ      0.00002     0.05117
             60  C  4 YZ      0.00000     0.00002
             61  O  5  S      1.99755     1.97550
             62  O  5  S      0.80744     0.64630
             63  O  5  X      0.73618     0.66158
             64  O  5  Y      1.16933     1.15949
             65  O  5  Z      1.16157     1.15144
             66  O  5  S      1.01502     0.36648
             67  O  5  X      0.41327     0.42697
             68  O  5  Y      0.73552     0.71890
             69  O  5  Z      0.73005     0.71880
             70  O  5 XX      0.00246     0.20463
             71  O  5 YY      0.00654     0.13904
             72  O  5 ZZ      0.01077     0.13880
            73  O  5 XY      0.01084     0.03170
             74  O  5 XZ      0.00002     0.03069
             75  O  5 YZ      0.00000     0.00002
             76  C  6  S      1.99730     1.97578
             77  C  6  S      0.62502     0.32201
             78  C  6  X      0.64388     0.55171
            79  C  6  Y      0.82963     0.74171
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             80  C  6  Z      0.76827     0.68379
             81  C  6  S      0.26480     0.22083
             82  C  6  X      0.02662     0.27343
             83  C  6  Y      0.28791     0.37897
             84  C  6  Z      0.30771     0.39487
             85  C  6 XX      0.03421     0.25291
             86  C  6 YY      0.04426     0.13197
             87  C  6 ZZ      0.02355     0.12006
             88  C  6 XY      0.02353     0.04853
             89  C  6 XZ      0.00008     0.04826
             90  C  6 YZ      0.00000     0.00008

          79  C  6  Y      0.82963     0.74171
             80  C  6  Z      0.76827     0.68379
             81  C  6  S      0.26480     0.22083
             82  C  6  X      0.02662     0.27343
             83  C  6  Y      0.28791     0.37897
             84  C  6  Z      0.30771     0.39487
             85  C  6 XX      0.03421     0.25291
             86  C  6 YY      0.04426     0.13197
             87  C  6 ZZ      0.02355     0.12006
             88  C  6 XY      0.02353     0.04853
             89  C  6 XZ      0.00008     0.04826
             90  C  6 YZ      0.00000     0.00008
             91  C  7  S      1.99745     1.97671
             92  C  7  S      0.63800     0.33094
             93  C  7  X      0.67766     0.58486
             94  C  7  Y      0.81850     0.73297
            95  C  7  Z      0.75858     0.67628
             96  C  7  S      0.27806     0.22198
             97  C  7  X     -0.01356     0.27595
             98  C  7  Y      0.27787     0.37901
             99  C  7  Z      0.32051     0.39893

            100  C  7 XX      0.03602     0.26165
            101  C  7 YY      0.04375     0.12785
            102  C  7 ZZ      0.01893     0.12888
            103  C  7 XY      0.02219     0.03957
            104  C  7 XZ      0.00013     0.04653
            105  C  7 YZ      0.00000     0.00013
            106  O  8  S      1.99784     1.97747
            107  O  8  S      0.87228     0.69118
            108  O  8  X      0.80415     0.74665
            109  O  8  Y      0.99450     0.94893
            110  O  8  Z      1.16721     1.14918
            111  O  8  S      0.99883     0.42379
            112  O  8  X      0.52800     0.53662
            113  O  8  Y      0.60611     0.63949
            114  O  8  Z      0.77416     0.77817
            115  O  8 XX      0.00509     0.18397
            116  O  8 YY      0.01445     0.18537
            117  O  8 ZZ      0.00915     0.15306
            118  O  8 XY      0.00623     0.02642

            119  O  8 XZ      0.00172     0.01764
            120  O  8 YZ      0.00000     0.00172
            121  H  9  S      0.51094     0.47270
            122  H  9  S      0.26665     0.33269
            123  H 10  S      0.51844     0.48389
            124  H 10  S      0.29369     0.34878
            125  H 11  S      0.54834     0.52766
            126  H 11  S      0.24481     0.30181
            127  H 12  S      0.56648     0.55104
            128  H 12  S      0.26268     0.29394
            129  H 13  S      0.59072     0.55925
            130  H 13  S      0.21426     0.25502
            131  H 14  S      0.58657     0.55477
            132  H 14  S      0.22446     0.25706
            133  H 15  S      0.56688     0.54562
            134  H 15  S      0.31237     0.30933
            135  H 16  S      0.60579     0.57712
            136  H 16  S      0.26372     0.26386
            137  H 17  S      0.58318     0.56393
            138  H 17  S      0.32428     0.30775
            139  H 18  S      0.58421     0.56409
            140  H 18  S      0.32436     0.30711
            141  H 19  S      0.60635     0.57850
            142  H 19  S      0.24824     0.25821
            143  H 20  S      0.60940     0.57834
            144  H 20  S      0.27596     0.26747
            145  H 21  S      0.58894     0.57100
            146  H 21  S      0.32191     0.31115
            147  H 22  S      0.49252     0.45387
            148  H 22  S      0.03738     0.16882

Figure 12: The Mulliken population analysis per atomic orbital in the GAMESS output (surfactant 2).
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px=0.73618+0.41327=1.14945

py=1.16933+0.73552=1.90485

pz=1.16157+0.73005=1.89162

The s total was 0.80744+1.01502=1.82246. The p total was 1.1
4945+1.90485+1.89162=4.94592. Then the ratio was 4.95 2.72

1.82
p
s
= 

. Those results meant that oxygen had a very strong p-character, 
especially in py=1.16933, and pz=1.16157, which corresponded to 
lone pairs and directional bonding. Those results proved that the 
oxygen electron density was anisotropic, and that the lone pairs 
were strongly localized in p orbitals, and further explained its high 
electronegativity, its hydrogen bonding ability, and reactivity sites. 
Then in the table in Figure 12 we had for carbon C1:

XX=0.02386

YY=0.01107

ZZ=0.02080,

and for oxygen O5:

XX=0.00246

YY=0.00654

ZZ=0.01077

Those values, although very small, they were non-zero, which 
meant that the polarization functions were active, and that the or-
bitals were distorted for bonding accuracy. That conclusion was 
important for geometry optimization, and intermolecular interac-
tions. 

Then for the hydrogen atoms, for hydrogen 9 we had from Fig-
ure 12:

H9 S=0.51094, 0.26665, 

which showed that only s orbitals were present, and that we 
had no p contribution. That conclusion confirmed that hydrogen 
formed σ bonds only. For carbon C1, from Figure 12, we had:

Orbital                         Mulliken                   Löwdin

S                                    0.65195                   0.35281

Px                                  0.58296                   0.52686

For C1 we could conclude that Mulliken values can overesti-
mate overlap, but the Löwdin values were more orthogonalized. 
Both pairs of values showed the same hybridization. So, using the 
AO population data we had the following results, that carbon atoms 
exhibited p/s~2.5→sp3 hybridization, which was consistent with 
the saturated framework of the surfactant molecule. The oxygen 
atoms showed strong p-orbital dominance (p/s~2.7), and signifi-
cant lone-pair localization. The hydrogen atoms were purely s-type 
bonding and showed small d contributions which confirmed basis 
set polarization effects.

The Mulliken population analysis per atomic orbital in Figure 
12, indicated that carbon atoms exhibited typical sp3 hybridization, 
with electron density distributed between s and p orbitals. In con-

trast, oxygen atoms showed a higher contribution from p orbitals, 
reflecting their role in polar bonding and electron localization. This 
orbital distribution was consistent with the formation of σ bonds 
throughout the surfactant molecule and the presence of localized 
lone pairs on oxygen atoms.

The table in Figure 13 measured bond strength and showed 
how much orbitals overlapped between atoms. In the GAMESS 
output the Mulliken Atomic Overlap Population (AOP) matrix de-
scribed how electron density was shared between atoms. The di-
agonal elements (i=j) showed the electron population localized on 
atom i. The off-diagonal elements (i≠j) showed the overlap popula-
tion i.e. the bonding interaction between atoms i and j. From Figure 
13 we had extracted the data,

Atom 1→5.174

Atom 2→5.500

Atom 3→6.712

Atom 5→9.197

Atom 8→8.627

From those data the diagonal elements of the Mulliken overlap 
matrix revealed the electron population localized on each atomic 
center. For example, atom 5 (9.197e-) and atom 8 (8.627e-) exhibit-
ed significantly higher electron density compared to atoms such as 
atom 1 (5.174e-). That indicated the presence of more electroneg-
ative atoms, likely oxygen, where electron density was strongly lo-
calized. That was where we identified the oxygen atom, which had 
a high population (~8-9e-), the carbon atom, which had a moderate 
population (~5-6e-), and the hydrogen atom, which had a low pop-
ulation (0.2-1).

Next, from Figure 13 we interpreted chemical bonding strength 
using overlap populations. The equation was: 

Bond order~2xOverlap population (6) 

Between atoms 6 and 7 the value was 0.369, while the actu-
al overlap was 0.738. Thus, a strong positive overlap population 
(0.738) between atoms 6 and 7 indicated a significant covalent 
bonding interaction, consistent with a σ-bond between adjacent 
heavy atoms. Between atoms 2 and 3 the value was 0.309→0.618 
(afterx2) which suggested a stable covalent bond with mod-
erate electron sharing. Between atoms 1 and 4 the value was 
0.00296→0.00592~0.006 which indicated negligible bonding in-
teraction between non-bonded, or distant atoms. Between atoms 
2 and 4, the value was -0.072→-0.144. Between atoms 3 and 16 the 
value was -0.322→-0.644. And between atoms 5 and 16 the value 
was -0.172→-0.344. Those negative values showed antibonding 
interactions. Negative overlap populations indicated antibonding 
interactions or electron density depletion between atomic centers. 
The strong negative value between atoms 3 and 16 (-0.644) sug-
gested antibonding character, possibly due to orbital phase mis-
match or steric/electronic repulsion. Those overlap population 
values could be linked to the chemical structure of the surfactant 
molecule. The strong overlaps (~0.3-0.4) could be C-C or C-O σ 
bonds. The moderate overlaps (~0.1-0.3) could be C-H or weaker σ 
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bonds. The near zero overlap could be non-bonded atoms, and the 
negative overlaps could be antibonding/steric effects. In Figure 13 
there were multiple non-zero overlaps across atoms 6-7-8 which 
indicated partial electron delocalization or conjugation. 

The Mulliken atomic overlap population analysis provided 
quantitative insight into the bonding characteristics of the sys-
tem [35]. Diagonal elements revealed electron localization, with 
atoms such as atom 5 (9.197e-) and atom 8 (8.627e-) (Figure 13) 
exhibiting high electron density, indicative of electronegative cen-

ters, likely oxygen atoms. Off-diagonal elements, when multiplied 
by two, quantified bonding interactions. Strong positive overlap 
populations, such as between atoms 6 and 7 (0.738e-), confirmed 
significant covalent bonding, while moderate values (i.e. atoms 2-3, 
-0.618e-) indicated stable σ-interactions. In contrast, negative over-
lap populations (i.e. atoms 3-16, -0.644e-) suggested antibonding 
interactions or electron density depletion. The distribution of over-
lap populations supported a predominantly σ-bonded framework 
with localized electron density on heteroatoms and limited delocal-
ization across the surfactant’s molecular backbone.

  ----- MULLIKEN ATOMIC OVERLAP POPULATIONS -----
          (OFF-DIAGONAL ELEMENTS NEED TO BE MULTIPLIED BY 2)

             1           2           3           4           5

    1    5.1741181
    2    0.1929995   5.5004523

    3    0.0612892   0.3098006   6.7121870
    4    0.0029607  -0.0721779   0.2111400   4.7411405

    5    0.0000109   0.0033771   0.0814411   0.0355063   9.1968887
    6    0.0000001  -0.0000786  -0.0006289  -0.0191421   0.0906722
    7    0.0000000   0.0000006   0.0001163   0.0026416   0.0154227
    8    0.0000000  -0.0000000  -0.0000000  -0.0000025   0.0002049
    9    0.4212438  -0.0297737   0.0046194   0.0000431   0.0000001

   10    0.3845838  -0.0380973  -0.0021190  -0.0000954  -0.0000001
   11    0.3864258  -0.1324150  -0.0261758  -0.0008953  -0.0000009
   12   -0.1169721   0.4505184  -0.2516785  -0.0162169  -0.0003812
   13   -0.0823456   0.4124936  -0.1975253  -0.0075616  -0.0003506
   14   -0.0143469  -0.1262462   0.2293347  -0.0857870  -0.0070390
   15   -0.0144036  -0.1355751   0.1951794  -0.0990126  -0.0077654
   16   -0.0008331  -0.0205587  -0.3218605   0.5288914  -0.1717605
   17   -0.0010271  -0.0202394  -0.3286189   0.5263562  -0.1832698
   18    0.0000000  -0.0000197  -0.0004347  -0.0073646  -0.1325502
   19    0.0000000  -0.0000068   0.0000308  -0.0041598  -0.1202424
   20    0.0000000   0.0000000   0.0000134  -0.0004646  -0.0024504
   21    0.0000000  -0.0000002  -0.0000185  -0.0007423  -0.0011406
   22    0.0000000  -0.0000000   0.0000000  -0.0000003  -0.0000010

             6           7           8           9          10

    6    4.9555937
    7    0.3690239   5.0745014

    8   -0.0141814   0.1360779   8.6272932
    9   -0.0000000   0.0000000   0.0000000   0.4934820

   10   -0.0000000  -0.0000000   0.0000000  -0.0220324   0.5327538
   11   -0.0000000  -0.0000000   0.0000000  -0.0645002  -0.0507677
   12    0.0000011  -0.0000001   0.0000000  -0.0061330  -0.0067735
   13    0.0000000  -0.0000001   0.0000000  -0.0184439   0.0121666
   14   -0.0000971  -0.0000034   0.0000000  -0.0005807   0.0027541
   15    0.0000382  -0.0000111   0.0000000  -0.0002802  -0.0002751
   16    0.0041883   0.0001274   0.0000017  -0.0000477   0.0000268
   17    0.0060121  -0.0000159   0.0000017  -0.0000095   0.0000053
   18    0.3490174  -0.1612729  -0.0048655  -0.0000000  -0.0000000
   19    0.4659850  -0.2279525  -0.0065527   0.0000000  -0.0000000
   20   -0.1104415   0.2958597  -0.1067095   0.0000000  -0.0000000

   21       -0.2192333   0.4113559  -0.1537866  -0.0000000  -0.0000000
   22    0.0000555  -0.0417855   0.3022490   0.0000000   0.0000000

            11          12          13          14          15

   11    0.6575121
   12    0.0265506   0.7743569

   13   -0.0131472  -0.0757468   0.7365688
   14    0.0000789  -0.0290471   0.0552565   0.8541842

   15    0.0103100   0.0583369  -0.0334686  -0.1064447   0.9678863
   16    0.0000703   0.0004360   0.0177140   0.0637104  -0.0204341
   17    0.0001091   0.0219143  -0.0006331  -0.0243033   0.0656410
   18   -0.0000000  -0.0000017   0.0000002   0.0000504  -0.0005247
   19   -0.0000000   0.0000000  -0.0000017  -0.0004421   0.0000570
   20   -0.0000000  -0.0000000  -0.0000000  -0.0000040  -0.0000001
   21   -0.0000000  -0.0000000  -0.0000000   0.0000003  -0.0000035
   22    0.0000000  -0.0000000  -0.0000000  -0.0000000  -0.0000000

            16          17          18          19          20

   16    0.8196074
   17   -0.0265551   0.8755654

   18    0.0005962  -0.0034941   0.9019798
   19   -0.0031971   0.0007143  -0.0721579   0.7907634

   20   -0.0006098  -0.0000263  -0.0264691   0.0632219   0.8800393
   21   -0.0000066  -0.0006676   0.0649580  -0.0302562  -0.0713003
   22    0.0000001  -0.0000004   0.0011194  -0.0012148  -0.0352957

            21          22

   21    0.8999770
   22    0.0117183   0.2930514 

Figure 13: Mulliken atomic overlap populations.
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The output in Figure 14 showed which atoms contributed to 
each molecular orbital. The rows corresponded to atoms, while 
the columns corresponded to molecular orbitals (MO 1-33). Each 
number represented the electron population contribution of a 
given atom to a specific MO. From the output for atom 8 MO1 was 
1.996748, which meant that MO1 was almost completely localized 
on Atom 8, because its contribution was ~2.00 electrons, while all 
other atoms contributed nearly zero. Thus, MO1 was a highly lo-
calized orbital centered on atom 8. From the output in Figure 14 
we observed that the first orbitals (MO1-8) were strongly localized. 
For MO 1 the dominant contribution was from atom 8 which was 
1.996748, therefore MO 1 was almost entirely centered on atom 8. 

For MO 2 the dominant contribution was from atom 5 which was 
1.996122, therefore MO 2 was localized mainly on atom 5. For MO 
3 the dominant contribution was from atom 4 which was 1.990994, 
and with smaller contribution from atom 3 which was 0.011022. 
Thus, MO 3 was mainly an atomic-centered orbital on atom 4 with 
slight mixing from atom 3. For MO 4 the dominant contribution 
was from atom 6, which was 1.985839, and therefore MO 4 was lo-
calized on atom 6. For MO 5 the dominant contribution was from 
atom 7, which was 1.984341 and thus MO 5 was centered on atom 
7. Then we observed the beginning of orbital mixing for MO 9-10. 
These orbitals showed stronger delocalization. For MO 9 the main 
contributions were

  ATOMIC MULLIKEN POPULATION IN EACH MOLECULAR ORBITAL

                      1          2          3          4          5

                  2.000000   2.000000   2.000000   2.000000   2.000000

    1            -0.000000   0.000000   0.000000  -0.000000   0.000000
    2            -0.000000   0.000001   0.000475   0.000000  -0.000000
    3            -0.000000   0.000310   0.011022  -0.000001  -0.000000
    4            -0.000000   0.002070   1.990994  -0.000184  -0.000010
    5            -0.000000   1.996122  -0.003708  -0.003243  -0.000087
    6             0.000273   0.001730  -0.000252   1.985839   0.015931
    7             0.003098   0.000117  -0.000000   0.015687   1.984341
    8             1.996748   0.000000  -0.000000   0.000066  -0.002064
    9            -0.000000  -0.000000   0.000000  -0.000000   0.000000
   10            -0.000000  -0.000000  -0.000000   0.000000  -0.000000
   11             0.000000   0.000000  -0.000000   0.000000  -0.000000
   12             0.000000   0.000000  -0.000003   0.000000  -0.000000
   13             0.000000   0.000000  -0.000004   0.000000  -0.000000
   14             0.000000   0.000000   0.000158   0.000000   0.000000
   15             0.000000   0.000000   0.000128   0.000000   0.000000
   16            -0.000000  -0.000096   0.000658   0.000003   0.000000
   17            -0.000000  -0.000077   0.000527   0.000003   0.000000
   18             0.000000  -0.000080   0.000002   0.000625   0.000123
   19             0.000001  -0.000099   0.000003   0.000772   0.000129
   20            -0.000131   0.000001   0.000000   0.000228   0.001038
   21            -0.000095   0.000001  -0.000000   0.000203   0.000679
   22             0.000106   0.000000  -0.000000   0.000002  -0.000081

                      6          7          8          9         10

                  2.000000   2.000000   2.000000   2.000000   2.000000

    1             1.996651  -0.000064   0.000001  -0.000001   0.000221
    2             0.001059   1.994628   0.000779  -0.000100   0.004533
    3            -0.000016   0.002770   1.994331  -0.001387  -0.008348
    4            -0.000001  -0.000011   0.002195   0.004952   0.142782
    5             0.000000  -0.000000   0.000007   0.059936   1.549527
    6            -0.000000  -0.000000   0.000000  -0.014143   0.130924
    7             0.000000  -0.000000   0.000000   0.197070  -0.017963
    8             0.000000  -0.000000  -0.000000   1.557105   0.079560
    9             0.000556  -0.000007  -0.000000  -0.000000  -0.000000
   10             0.000568  -0.000000  -0.000000   0.000000   0.000002
   11             0.001026   0.000019  -0.000001   0.000000  -0.000000
   12             0.000061   0.001051   0.000056   0.000000  -0.000029
   13             0.000098   0.001357   0.000055   0.000001  -0.000021
   14            -0.000001   0.000146   0.001313  -0.000019  -0.000621
   15            -0.000001   0.000125   0.001050  -0.000005  -0.000252
   16            -0.000000  -0.000007   0.000115   0.000922   0.032600
   17            -0.000000  -0.000006   0.000098   0.000706   0.026020
   18             0.000000   0.000000  -0.000000   0.001772   0.024212
   19            -0.000000   0.000000  -0.000000   0.001312   0.030644
   20            -0.000000  -0.000000  -0.000000   0.049562   0.000098
   21             0.000000  -0.000000  -0.000000   0.029714  -0.000084
   22             0.000000   0.000000   0.000000   0.112602   0.006198

                     11         12         13         14         15

                  2.000000   2.000000   2.000000   2.000000   2.000000

    1             0.051315   0.035848   0.368898   0.486635   0.290940
    2             0.373784   0.099081   0.355760   0.131081   0.166545
    3             0.695483   0.125175   0.365177   0.193132   0.243727
    4             0.389275   0.076105   0.162784   0.179647   0.172425
    5             0.071656   0.187877   0.075953   0.218673   0.186503
    6             0.061435   0.557426   0.104151   0.132912   0.160246
    7             0.005740   0.454664   0.136171   0.127756   0.143699
    8             0.004613   0.103027   0.038822   0.067960   0.138001
    9             0.001035   0.002042   0.031504   0.061336   0.043962
   10             0.001684   0.002006   0.028282   0.056375   0.049603
   11             0.002641   0.004225   0.057133   0.095718   0.068907
   12             0.036846   0.017531   0.049153   0.002538   0.051587
   13             0.046392   0.023262   0.073325   0.001005   0.059967
   14             0.097973   0.005181   0.019189   0.029185   0.019194
   15             0.079746   0.004056   0.013648   0.019082   0.013304
   16             0.031138   0.020939   0.036881   0.058298   0.000033
   17             0.025389   0.016134   0.029700   0.042382   0.000139
   18             0.009461   0.069752   0.001609   0.006955   0.033087
   19             0.011898   0.087226   0.001790   0.009998   0.046284
   20             0.000932   0.049420   0.023842   0.037081   0.046398
   21             0.000855   0.040516   0.018441   0.028010   0.036625
   22             0.000711   0.018508   0.007787   0.014239   0.028825
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   21         22         23         24         25

                  2.000000   2.000000   2.000000   2.000000   2.000000

    1             0.242470   0.205398   0.655652   0.418890   0.289495
    2             0.251207   0.357887   0.086678   0.414146   0.134806
    3             0.073270   0.168084   0.075410   0.151240   0.082973
    4             0.246841   0.303857   0.023455   0.043264   0.115381
    5             0.401288   0.412023   0.134376   0.154319   0.105569
    6             0.070691   0.042914   0.105491   0.173247   0.211657
    7             0.104974   0.087107   0.068318   0.039826   0.061995
    8             0.182791   0.169690   0.260237   0.303492   0.564939
    9             0.028132   0.034770   0.321965   0.104185   0.051494
   10             0.106304   0.000854   0.120921   0.066341   0.002377
   11             0.000436   0.026807   0.007210   0.013106   0.101544
   12             0.031398   0.062462   0.002266   0.019497   0.051359
   13             0.095525   0.002887   0.006527   0.004273   0.007139
   14             0.001704   0.002535   0.027224   0.013159   0.000582
   15             0.004945   0.000427   0.014261   0.005702   0.025726
   16             0.082141  -0.000591   0.007275   0.013715   0.001882
   17             0.011015   0.078284   0.003104   0.004677   0.059311
   18            -0.000002   0.000715   0.008149   0.000972   0.111194
   19             0.011164   0.002284   0.041801   0.047152   0.003235
   20             0.027422   0.000535   0.008913   0.000164   0.003289
   21             0.025441   0.035443   0.018913   0.000320   0.013559
   22             0.000844   0.005628   0.001853   0.008311   0.000495

                     26         27         28         29         30

                  2.000000   2.000000   2.000000   2.000000   2.000000

    1             0.334343   0.416961   0.079855   0.199231   0.031363
    2             0.185698   0.087081   0.239605   0.303570   0.163277
    3             0.144495   0.207613   0.078150   0.086585   0.219451
    4             0.162565   0.072201   0.074654   0.167446   0.095651
    5             0.145178   0.267026   0.443668   0.379596   0.013635
    6             0.111740   0.089442   0.015068   0.035112   0.116963
    7             0.057790   0.036159   0.222250   0.143121   0.205464
    8             0.344648   0.386590   0.365554   0.276240   0.185012
    9             0.020242   0.026888   0.010762   0.017098   0.002577
   10             0.215081   0.013992   0.069681   0.001626   0.033352
   11             0.024960   0.186235   0.016896   0.097612   0.017700
   12            -0.000058   0.003504   0.034664   0.093932   0.081241
   13             0.047866   0.000524   0.127641   0.001149   0.113185
   14             0.045317   0.000253   0.027464   0.001345   0.153961
   15             0.004409   0.090795   0.013826   0.001510   0.113287
   16             0.076997   0.001673   0.039179   0.015832   0.058295
   17             0.003366   0.035316   0.000543   0.091176   0.047448
   18             0.002073   0.062083   0.000142   0.000114   0.044229
   19             0.057498  -0.000150  -0.000016   0.000311   0.089261
   20             0.006269   0.002781   0.103594   0.006378   0.116524
   21             0.001192   0.012849   0.020614   0.080771   0.087011
   22             0.008331   0.000183   0.016205   0.000245   0.011112

  31         32         33

                  2.000000   2.000000   2.000000

    1             0.041969   0.034512   0.059010
    2             0.129725   0.106087   0.103548
    3             0.144636   0.174339   0.408003
    4             0.099458   0.097219   0.145767
    5             0.371280   0.372097   0.331166
    6             0.216357   0.203268   0.178896
    7             0.222842   0.174855   0.075051
    8             0.090417   0.132112   0.040436
    9             0.002136   0.004314   0.001951
   10             0.000132   0.006734   0.005552
   11             0.022086   0.005054   0.013358
   12             0.088277   0.005536   0.054775
   13             0.000143   0.038171   0.023077
   14             0.006200   0.078736   0.046366
   15             0.138246  -0.000156   0.095469
   16             0.038935   0.087153   0.089656
   17             0.094372   0.023219   0.145631
   18             0.000074   0.237156   0.069092
   19             0.165921   0.011580   0.034062
   20             0.117814  -0.001744   0.028003
   21             0.006319   0.207899   0.050795
   22             0.002661   0.001860   0.000336

Figure 14: Mulliken population in each molecular orbital (MO).

From Table 10 we observed that MO 9 was primarily localized 
on atom 8 but exhibited significant delocalization over atoms 7, 22, 
5 and 20. For MO 10 the main contributions were

Table 10: 

Atom Contribution

Atom 8 1.557105

Atom 7 1.197070

Atom 22 0.112602

Atom 5 0.059936

Atom 20 0.049562

From Table 11 we observed that MO 10 was mainly centered 
on atom 5 with partial delocalization over atoms 4 and 6. Then we 
observed that from MO 11 to MO 33 the orbitals were highly mixed. 
For MO 13 the major contributions were

Table 11:

Atom Contribution

Atom 5 1.549527

Atom 4 0.142782

Atom 6 0.130924
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From Table 12 we observed that MO 13 was strongly delocalized 
over atoms 1-4, suggesting a conjugated bonding orbital involving 
multiple neighboring atoms. That conclusion suggested electron 
delocalization, stabilization, and participation in excited-state tran-
sitions. For MO 17 the major contributions were

Table 12:

Atom Contribution

Atom 1 0.368898

Atom 2 0.355760

Atom 3 0.365177

Atom 4 0.162784

From Table 13 we observed that MO 17 exhibited strong local-
ization on atoms 7 and 8 with secondary delocalization toward at-
oms 20 and 22. For MO 23 the major contributions were

Table 13:

Atom Contribution

Atom 8 0.676202

Atom 7 0.401917

Atom 20 0.154395

Atom 22 0.154828

From Table 14 we observed that MO 23 was highly delocalized 
and contained significant contributions from atoms 1, 8, and 9, indi-
cating extended electron density distribution across multiple atom-
ic centers. Thus, the Mulliken population analysis of the molecular 
orbitals revealed the atomic contributions to the electronic struc-
ture of the surfactant molecule. Lower-energy orbitals (MO 1-8) 
were found to be highly localized on individual atomic centers, indi-
cating core-like electronic states. For example, MO 1 was almost en-
tirely localized on atom 8 with a population contribution of 1.9967 
electrons, while MO 2 and MO 3 were dominated by atoms 5 and 
4, respectively. In contrast, higher-energy orbitals exhibited signif-
icant delocalization across multiple atomic centers. MO 13 showed 
strong contributions from atoms 1, 2 and 3, indicating conjugat-
ed electronic interactions within the molecular framework. Simi-
larly, MO 17 displayed dominant contributions from atoms 7 and 
8 with secondary participation from atoms 20 and 22, suggesting 
extended electron density distribution and possible involvement 
in electronic transitions. The progressive delocalization observed 
in higher molecular orbitals was consistent with valence orbital 

mixing and supported the TDDFT excited-state behavior observed 
in the UV-Vis calculations, we have tried to execute. Orbitals with 
mixed atomic character were expected to contribute significantly to 
electronic excitation processes, charge redistribution, and intermo-
lecular interactions. For the nonionic surfactant system, orbital de-
localization may have correlated with intermolecular interactions, 
adsorption properties, hydrogen bonding capability, and electronic 
polarizability.

Table 14:

Atom Contribution

Atom 1 0.655652

Atom 9 0.321965

Atom 8 0.260237

Löwdin population analysis

The Löwdin method improved upon Mulliken analysis by or-
thogonalizing the basis set symmetrically. Because of this orthro-
gonalization, Löwdin charges were more stable, less basis-set 
dependent and chemically more realistic. The Löwdin population 
analysis corroborated the trends observed in the Mulliken scheme, 
confirming the localization of negative charge on oxygen atoms and 
the relative neutrality of the hydrocarbon chain of the surfactant 
molecule. The consistency between the two methods enhanced the 
reliability of the calculated electronic structure and supported the 
interpretation of the molecule’s polarity.

In Figure 15, the output allowed direct interpretation of how 
orthogonalization modified electron distribution. Firstly, we com-
pared AO populations for carbon atoms. For carbon 1, in Figure 15, 
we had:

Table 15:

AO Mulliken Löwdin

C1 S 1.99677 1.98040

C1 X 0.62617 0.55795

C1 Y 0.73784 0.65705

C1 Z 0.79389 0.72473

In Table 15 the Löwdin populations were slightly lower from 
the Mulliken populations, for the p orbitals because the orthogo-
nalization redistributed the electron density more evenly. The same 
behavior appeared throughout the carbon framework. For carbon 3 
(Figure 15), we had:

POPULATIONS IN EACH AO -----
                             MULLIKEN      LOWDIN
              1  C  1  S      1.99677     1.98040
              2  C  1  S      0.67939     0.36331
              3  C  1  X      0.62617     0.55795
              4  C  1  Y      0.73784     0.65705
              5  C  1  Z      0.79389     0.72473
              6  C  1  S      0.53613     0.31869
              7  C  1  X      0.26435     0.38814
              8  C  1  Y      0.35066     0.47766
              9  C  1  Z      0.37799     0.49869

             10  C  1 XX      0.01823     0.15360
             11  C  1 YY      0.00793     0.17451
             12  C  1 ZZ      0.01579     0.14013
             13  C  1 XY      0.00568     0.03107
             14  C  1 XZ      0.00018     0.01088
             15  C  1 YZ      0.00000     0.00018
           16  C  2  S      1.99661     1.97884

             17  C  2  S      0.67841     0.34332
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           18  C  2  X      0.70187     0.60428
             19  C  2  Y      0.82202     0.74223
             20  C  2  Z      0.78951     0.71719     
             21  C  2  S      0.26741     0.25270
             22  C  2  X      0.30134     0.33317
             23  C  2  Y      0.30925     0.41977
             24  C  2  Z      0.35519     0.43645
             25  C  2 XX      0.02294     0.19300
             26  C  2 YY      0.02367     0.14840
             27  C  2 ZZ      0.01290     0.13739
             28  C  2 XY      0.01469     0.02685
             29  C  2 XZ      0.00029     0.02848
             30  C  2 YZ      0.00000     0.00029
             31  C  3  S      1.99748     1.97994
             32  C  3  S      0.74119     0.40813
             33  C  3  X      0.73383     0.62365
             34  C  3  Y      0.81781     0.73541
             35  C  3  Z      0.75481     0.67552
             36  C  3  S      0.34483     0.23555
             37  C  3  X      0.23883     0.30706
             38  C  3  Y      0.31623     0.40832
             39  C  3  Z      0.33513     0.41693
             40  C  3 XX      0.02753     0.21262
             41  C  3 YY      0.02070     0.17631
             42  C  3 ZZ      0.02159     0.16898
             43  C  3 XY      0.02155     0.04347
             44  C  3 XZ      0.00055     0.04411
             45  C  3 YZ      0.00000     0.00055
             46  C  4  S      1.99681     1.97701
             47  C  4  S      0.67817     0.32953
             48  C  4  X      0.68496     0.56355
             49  C  4  Y      0.78904     0.69351
             50  C  4  Z      0.74201     0.65123
             51  C  4  S      0.33223     0.24542
             52  C  4  X      0.20393     0.28707
             53  C  4  Y      0.26381     0.37878
             54  C  4  Z      0.28864     0.39299
             55  C  4 XX      0.03156     0.22669
             56  C  4 YY      0.05210     0.16033
             57  C  4 ZZ      0.02544     0.15485
             58  C  4 XY      0.02488     0.05134
             59  C  4 XZ      0.00007     0.05038
             60  C  4 YZ      0.00000     0.00007

             61  O  5  S      1.99759     1.97602
             62  O  5  S      0.91070     0.75045
             63  O  5  X      0.75390     0.65787
             64  O  5  Y      1.11537     1.09048
             65  O  5  Z      1.09167     1.06525
             66  O  5  S      0.91253     0.36829
             67  O  5  X      0.25730     0.39828
             68  O  5  Y      0.66163     0.66880
             69  O  5  Z      0.65427     0.66598
             70  O  5 XX      0.00309     0.20206
             71  O  5 YY      0.00780     0.15358
             72  O  5 ZZ      0.01310     0.15376
             73  O  5 XY      0.01314     0.03590
             74  O  5 XZ      0.00012     0.03485
             75  O  5 YZ      0.00000     0.00012
             76  C  6  S      1.99688     1.97674
             77  C  6  S      0.69601     0.36538
             78  C  6  X      0.63572     0.53266
             79  C  6  Y      0.86316     0.77161
             80  C  6  Z      0.80033     0.71144
             81  C  6  S      0.31373     0.23969
             82  C  6  X      0.08638     0.27466
             83  C  6  Y      0.29663     0.41233
             84  C  6  Z      0.30793     0.42176
             85  C  6 XX      0.02760     0.23084
             86  C  6 YY      0.03321     0.15709
             87  C  6 ZZ      0.02425     0.14313
             88  C  6 XY      0.02435     0.04895
             89  C  6 XZ      0.00052     0.04891
             90  C  6 YZ      0.00000     0.00052
             91  C  7  S      1.99653     1.97620
             92  C  7  S      0.66416     0.33401
             93  C  7  X      0.68190     0.57677
             94  C  7  Y      0.84404     0.75137
             95  C  7  Z      0.77931     0.68921
             96  C  7  S      0.24941     0.22927
             97  C  7  X      0.08211     0.28521
             98  C  7  Y      0.26903     0.38444
             99  C  7  Z      0.30856     0.40085

            100  C  7 XX      0.02870     0.24237
           101  C  7 YY      0.03831     0.13386
            102  C  7 ZZ      0.02034     0.13667
            103  C  7 XY      0.02352     0.04067
            104  C  7 XZ      0.00015     0.04849
            105  C  7 YZ      0.00000     0.00015
            106  O  8  S      1.99729     1.97659
            107  O  8  S      0.88835     0.70032
            108  O  8  X      0.85634     0.79253
            109  O  8  Y      1.00058     0.94813
            110  O  8  Z      1.14753     1.12598
            111  O  8  S      0.92312     0.42346
            112  O  8  X      0.47428     0.52012
            113  O  8  Y      0.55600     0.62478
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          114  O  8  Z      0.75183     0.76292
            115  O  8 XX      0.00446     0.18387
            116  O  8 YY      0.01011     0.18412
            117  O  8 ZZ      0.00908     0.15139
            118  O  8 XY      0.00613     0.02624
            119  O  8 XZ      0.00182     0.01668
            120  O  8 YZ      0.00000     0.00181           
             121  H  9  S      0.51836     0.47305
            122  H  9  S      0.29475     0.33763
            123  H 10  S      0.52375     0.48259
            124  H 10  S      0.31818     0.35133
            125  H 11  S      0.54878     0.52175
            126  H 11  S      0.26009     0.29934
            127  H 12  S      0.56025     0.53552
            128  H 12  S      0.25960     0.28134
            129  H 13  S      0.58509     0.54725
            130  H 13  S      0.22585     0.25063
            131  H 14  S      0.57558     0.53614
            132  H 14  S      0.22708     0.24588
            133  H 15  S      0.55410     0.52126
            134  H 15  S      0.29074     0.28690
            135  H 16  S      0.59259     0.55404
            136  H 16  S      0.29307     0.27064
            137  H 17  S      0.56977     0.53740
            138  H 17  S      0.34027     0.30790
            139  H 18  S      0.56667     0.53563
            140  H 18  S      0.32308     0.29489
            141  H 19  S      0.59241     0.55900
            142  H 19  S      0.26311     0.25437
            143  H 20  S      0.60168     0.56867
            144  H 20  S      0.29611     0.26615
            145  H 21  S      0.57972     0.55656
            146  H 21  S      0.33064     0.30529
            147  H 22  S      0.50999     0.45895
            148  H 22  S      0.09400     0.19534

Figure 15: Populations in each AO-Mulliken-Löwdin.

Table 16 showed balanced p-orbital occupation characteris-
tic of tetrahedral carbon bonding. Then for the oxygen electronic 
structure we observed that the oxygen atoms displayed much larg-
er p-orbital populations. For oxygen 5 (Figure 15), we had:

The high p-orbital populations in Table 17, indicated localized 
lone-pair electron density, as well as strong electronegativity, and 
nonbonding electron accumulation on oxygen. That meant that the 
oxygen p orbitals dominated the electronic structure of the surfac-
tant headgroup. The same behavior appeared for oxygen 8 (Figure 
15), for which we had:

Table 16:

AO Mulliken Löwdin

X 0.73383 0.62365

Y 0.81781 0.73541

Z 0.75481 0.67552

Table 17:

AO Mulliken Löwdin

Y 1.11537 1.09048

Z 1.09167 1.06525

In Table 18 we had a large Z population which suggested direc-
tional localization of lone-pair density. That was important because 
oxygen lone pairs strongly influenced the polarity of the surfactant 
molecule, the hydrogen bonding, its intermolecular interactions, 

and also the surfactant’s behavior in solution. Then in the output in 
Figure 15 were also included polarization functions: XX, YY, ZZ, XY, 
XZ, YZ. Those d-type polarization functions showed how the elec-
tron density was distorted during bonding. For oxygen 8 we had:

Table 18:

AO Mulliken Löwdin

X 0.85634 0.79253

Y 1.00058 0.94813

Z 1.14753 1.12598

From Table 19, we could deduce that the Löwdin analysis pre-
dicted significantly larger polarization contributions than Mulliken. 
That indicated an anisotropic electron distribution, orbital polar-
ization, and enhanced flexibility of oxygen electron density. Those 
effects could be chemically meaningful in intermolecular interac-
tions and adsorption phenomena.

Table 19:

AO Mulliken Löwdin

XX 0.00446 0.18387

YY 0.01011 0.18412

ZZ 0.00908 0.15139

In Figure 16 the output gave the net atomic charges. For oxygen 
5 and oxygen 8 (Figure 16) we had:
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TOTAL MULLIKEN AND LOWDIN ATOMIC POPULATIONS
 ATOM         MULL.POP.    CHARGE          LOW.POP.     CHARGE
    1 C             6.411005   -0.411005         6.477005   -0.477005
    2 C             6.296097   -0.296097         6.362365   -0.362365
    3 C             6.372064   -0.372064         6.436552   -0.436552
    4 C             6.113661   -0.113661         6.162759   -0.162759
    5 O             8.392200   -0.392200         8.221682   -0.221682
    6 C             6.106698   -0.106698         6.335709   -0.335709
    7 C             5.986052    0.013948         6.229532   -0.229532
    8 O             8.626907   -0.626907         8.438926   -0.438926
    9 H             0.813106    0.186894         0.810687    0.189313
   10 H             0.841927    0.158073         0.833927    0.166073
   11 H             0.808874    0.191126         0.821097    0.178903
   12 H             0.819856    0.180144         0.816860    0.183140
   13 H             0.810937    0.189063         0.797879    0.202121
   14 H             0.802661    0.197339         0.782021    0.217979
   15 H             0.844841    0.155159         0.808158    0.191842
   16 H             0.885661    0.114339         0.824684    0.175316
   17 H             0.910040    0.089960         0.845302    0.154698
   18 H             0.889758    0.110242         0.830520    0.169480
   19 H             0.855519    0.144481         0.813373    0.186627
   20 H             0.897798    0.102202         0.834821    0.165179
   21 H             0.910354    0.089646         0.861847    0.138153
   22 H             0.603984    0.396016         0.654295    0.345705

Figure 16: Total Mulliken and Löwdin atomic populations.

In Table 20 both methods confirmed that oxygen atoms were 
negatively charged, but the Löwdin method predicted less extreme 
charges. From the output in Figure 16, for carbons, C1 and C7 we 
had:

Table 20:

Atom Mulliken Charge Löwdin Charge

O5 -0.3922 -0.221682

O8 -0.626907 -0.438926

In Table 21 we observed that the Mulliken method produced 
artificial charge fluctuations because of overlap sensitivity. The 
Löwdin method smoothed those effects and provided chemically 
realistic values. From the output in Figure 16, for hydrogen atoms 
we had:

Table 21:

Atom Mulliken Löwdin

C1 -0.411005 -0.477005

C7 +0.013948 -0.229532

Table 22:

Atom Mulliken Löwdin

H21 +0.089646 +0.138153

H22 +0.396016 +0.345705

In Table 22 we observed that the hydrogen atoms remained 
positively charged, showing electron withdrawal toward oxygen 
atoms. Thus, the Mulliken and Löwdin population analyses con-
sistently demonstrated substantial electron localization on oxygen 
atoms, particularly within the p orbitals associated with lone-pair 
electronic density. The oxygen centers exhibited significantly neg-
ative atomic charges, confirming their role as the primary elec-
tron-rich regions of the molecule. The carbon atoms displayed 
balanced s and p orbital populations characteristic of sp3 hybrid-

ization, while polarization functions revealed anisotropic electron 
distribution and orbital flexibility. Comparison between Mulliken 
and Löwdin schemes showed that Löwdin orthogonalization pro-
duced smoother and chemically more reliable charge distributions 
by reducing basis-set overlap artifacts. The strong oxygen-centered 
electron density and polarized bonding framework were consistent 
with the expected intermolecular interaction capability and amphi-
philic behavior of the nonionic surfactant system. 

Mulliken spherical harmonic populations

The Mulliken Spherical Harmonic Population analysis (Figure 
17) of the nonionic surfactant molecule provided important infor-
mation about the electronic distribution, hybridization behavior 
and bonding characteristics of the system. The data in Figure 17 
separated the electron population into contributions from spheri-
cal harmonic atomic orbitals (s,p,d, etc.), allowing a detailed inter-
pretation of the molecular electronic structure. In this study, the 
surfactant molecule contained carbon, oxygen and hydrogen atoms, 
corresponding to an alcohol ethoxylated nonionic surfactant struc-
ture. The analysis showed that the carbon atoms possessed nearly 
balanced s and p electron populations. Atom 1 (C) exhibited 3.21 
electrons in s orbitals and 3.15 electrons in p orbitals, giving a to-
tal population of 6.41 electrons. Similarly, atom 2 contained 2.94 
s electrons and 3.28 p electrons, while atom 3 contained 3.08 s 
electrons and 3.20 p electrons. Those values indicated sp3-like hy-
bridization of the carbon framework, which was characteristic of 
saturated hydrocarbon chains present in nonionic surfactants. The 
small but nonzero d-orbital populations observed for carbon atoms 
(0.05-0.13 electrons) suggested minor polarization effects within 
the molecular electron density. Although d-orbitals did not signifi-
cantly participate in bonding for light atoms such as carbon, their 
small contributions arose from basis set polarization functions 
used in the DFT calculations [36]. That improved the flexibility of 
the wavefunction and allowed more accurate representation of 
electron delocalization and molecular polarization effects. The ox-
ygen atoms exhibited the largest electron populations in the mole-
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cule. Oxygen atom 5 possessed 3.82 electrons in s orbitals and 4.53 
electrons in p orbitals, for a total of 8.39 electrons, while oxygen 
atom 8 contained 3.81 s electrons and 4.79 p electrons, with a to-
tal population of 8.63 electrons. The strong dominance of p-orbital 
electron density on oxygen reflected the presence of lone-pair elec-
trons localized mainly in oxygen 2p orbitals. That was an important 
characteristic of ether and alcohol functional groups in the nonion-
ic surfactant. The larger p-population on oxygen compared with 
carbon indicated enhanced electronegativity and electron-with-
drawing capability of the oxygen centers. In the surfactant mole-
cule, these oxygen atoms formed the hydrophilic region responsi-
ble for intermolecular interactions such as hydrogen bonding and 
dipole-dipole interactions with water molecules. Consequently, the 
Mulliken spherical harmonic populations supported the amphiphil-
ic behavior of the surfactant, where the oxygen-rich head groups 
contributed hydrophilicity while the hydrocarbon chain contrib-
uted hydrophobicity. Hydrogen atoms displayed populations close 
to 0.80-0.91 electrons, entirely in s orbitals, with negligible p or d 
contributions. That behavior was expected because hydrogen con-
tained only a 1s valence orbital. The slightly reduced electron pop-
ulations relative to the ideal value of 1.0 electron indicated partial 
electron transfer toward the more electronegative oxygen atoms 
and the polarized carbon frame work. The data also revealed dif-

ferences between carbon atoms located near oxygen atoms and 
those further along the hydrocarbon chain. Carbon atoms adjacent 
to oxygen exhibited slightly altered s/p ratios and somewhat larg-
er d-polarization contributions, indicating electronic perturbation 
induced by the electronegative oxygen centers. Such effects were 
typical in the ethoxylated surfactants where electron density redis-
tribution occurred along the C-O-C linkage. The Mulliken Spherical 
Harmonic Population analysis demonstrated that the carbon atoms 
exhibited predominantly sp3 hybridized bonding behavior, and that 
the oxygen atoms possessed strong p-orbital electron density as-
sociated with lone-pair electrons. Also, the oxygen centers formed 
electronically rich hydrophilic regions, and the hydrogen atoms 
remained almost purely s-orbital in character. The small d- orbital 
contributions indicated polarization effects captured by the basis 
set. Finally, the electronic distribution confirmed the amphiphilic 
nature of the nonionic surfactant molecule in this study. Those find-
ings were important for understanding the physicochemical prop-
erties of the surfactant, including solubility, intermolecular inter-
actions, adsorption behavior and potential excited-state electronic 
transitions. The strong oxygen p-orbital populations may have also 
influenced the UV absorption characteristics, the charge-transfer 
interactions, and the stabilization of excited electronic states within 
the surfactant system.

MULLIKEN SPHERICAL HARMONIC POPULATIONS
    ATOM         S          P          D       F         G         H        I      TOTAL
    1 C             3.21    3.15    0.05   0.00   0.00   0.00   0.00    6.41
    2 C             2.94    3.28    0.07   0.00   0.00   0.00   0.00    6.30
    3 C             3.08    3.20    0.09   0.00   0.00   0.00   0.00    6.37
    4 C             3.01    2.97    0.13   0.00   0.00   0.00   0.00    6.11
    5 O             3.82    4.53    0.04   0.00   0.00   0.00   0.00    8.39
    6 C             3.01    2.99    0.11   0.00   0.00   0.00   0.00    6.11
    7 C             2.91    2.96    0.11   0.00   0.00   0.00   0.00    5.99
    8 O             3.81    4.79    0.03   0.00   0.00   0.00   0.00    8.63
    9 H             0.81    0.00    0.00   0.00   0.00   0.00   0.00    0.81
   10 H             0.84    0.00    0.00   0.00   0.00   0.00   0.00    0.84
   11 H             0.81    0.00    0.00   0.00   0.00   0.00   0.00    0.81
   12 H             0.82    0.00    0.00   0.00   0.00   0.00   0.00    0.82
   13 H             0.81    0.00    0.00   0.00   0.00   0.00   0.00    0.81
   14 H             0.80    0.00    0.00   0.00   0.00   0.00   0.00    0.80
   15 H             0.84    0.00    0.00   0.00   0.00   0.00   0.00    0.84
   16 H             0.89    0.00    0.00   0.00   0.00   0.00   0.00    0.89
   17 H             0.91    0.00    0.00   0.00   0.00   0.00   0.00    0.91
   18 H             0.89    0.00    0.00   0.00   0.00   0.00   0.00    0.89
   19 H             0.86    0.00    0.00   0.00   0.00   0.00   0.00    0.86
   20 H             0.90    0.00    0.00   0.00   0.00   0.00   0.00    0.90
   21 H             0.91    0.00    0.00   0.00   0.00   0.00   0.00    0.91
   22 H             0.60    0.00    0.00   0.00   0.00   0.00   0.00    0.60

Figure 17: Mulliken Spherical Harmonic Populations.

Conclusion
In the present work, an integrated spectroscopic, optical, colo-

rimetric and computational investigation of the commercial liquid 
detergent Servin Quality Ultra was performed in order to establish 
correlations between its molecular composition, optical response 
and physicochemical behavior. The combined experimental and 
theoretical analyses demonstrated that the detergent behaved as 
a complex amphiphilic colloidal system dominated by nonionic 
ethoxylated surfactants with minor inorganic and chromophoric 
additives. Unlike detergents formulated with anionic surfactants 
such as linear alkylbenzene sulfonates, or sodium lauryl sulfate, 
which exhibited characteristic sulfate or sulfonate infrared absorp-
tion bands and whose solution behavior depended strongly on ion-
ic strength and pH, the investigated formulation displayed optical 

and spectroscopic characteristics typical of nonionic alcohol ethox-
ylates. The observed pH stability over the investigated concentra-
tion range was consistent with the absence of ionizable surfactant 
head groups, while the optical response was governed primar-
ily by micellar light scattering and localized molecular electronic 
transitions. The pH measurements showed remarkable stability 
(pH=6.9) across all investigated concentrations such as 1%w/w 
and 10%w/w, indicating chemical stability of the formulation and 
the absence of concentration-depended acid-base variations. Such 
near-neutral behavior supported the suitability of the detergent for 
general-purpose domestic applications while maintaining colloidal 
stability. FT-IR spectroscopy revealed that the detergent compo-
sition was dominated by saturated aliphatic and ethoxylated sur-
factant structures. The characteristic absorption bands at approxi-
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mately 2921cm-1 and 2844cm-1 confirmed the presence of long alkyl 
hydrocarbon chains, while the intense bands in the 1148-1037cm-1 
region demonstrated the predominance of ether and polyethoxyl-
ated functionalities. Additional weak carbonyl and aromatic related 
bands suggested the presence of preservatives, fragrance molecules 
and minor oxygen containing additives. The low-wavenumber re-
gion further indicated contributions from phosphonate and silicate 
inorganic builder species. Diffuse reflectance spectroscopy demon-
strated that the detergent exhibited an absorption in the ultraviolet 
region and weak absorption in the visible region, consistent with 
the absence of highly conjugated chromophoric systems. The grad-
ual increase in reflectance within the visible region confirmed that 
the optical behavior was primarily governed by localized molecu-
lar electronic transitions and diffuse scattering from micellar ag-
gregates. The smooth spectral profile and the absence of sharp ab-
sorption edges demonstrated that the detergent did not behave as 
a semiconductor material with a defined electronic band structure. 
Kubelka-Munk transformation and Tauc analysis suggested an ap-
parent optical transition energy of approximately 3.1eV. However, 
the absence of a well-defined linear absorption edge confirmed that 
the observed transitions corresponded to localized molecular HO-
MO-LUMO excitations. The optical response was therefore associat-
ed with weak n→σ*, n→π*, and limited π→π* electronic transitions 
originating from oxygen-containing molecular orbitals and minor 
chromophoric additives. Colorimetric measurements showed rela-
tively low brightness and moderate transparency. The CIE Lab* val-
ues indicated a weak reddish-blue coloration attributed primarily 
to fragrance additives and trace chromophores rather than to the 
surfactant matrix itself. The relative low opacity and high transpar-
ency further supported the presence of micellar structures with 
dimensions smaller than visible wavelengths, thereby minimizing 
strong scattering effects. The computational chemistry section pro-
vided molecular level interpretation of the experimental observa-
tions. Density Functional Theory calculations performed on a rep-
resentative alcohol ethoxylate fragment confirmed the structure 
stability and amphiphilic nature of the surfactant system [37]. Ge-
ometry optimization yielded bond lengths for saturated hydrocar-
bons and ether-containing molecules. Mulliken and Löwdin popu-
lation analyses revealed pronounced charge localization on oxygen 
atoms and positive charge accumulation on hydrogen atoms, con-
firming the hydrophilic character of oxygen-containing groups. 
Atomic orbital population analysis demonstrated dominant sp3 
hybridization along the carbon backbone together with enhanced 
oxygen p-orbital contributions associated with lone-pair electron 
density. The Time-Dependent DFT interpretation further support-
ed the experimental optical findings by indicating that the principal 
electronic transitions originated from localized oxygen lone-pair 
orbitals toward antibonding molecular orbitals. These transitions 
occurred predominantly in the UV region, explaining the weak visi-
ble absorption and the insulating optical behavior of the detergent 
system. The calculations demonstrated that the detergent’s optical 
properties were controlled primarily by localized molecular exci-
tations rather than by extended electronic delocalization.

Finally, this study provided a comprehensive characterization of 
a commercial liquid detergent using complementary spectroscopic 
and optical techniques. The integrated approach highlighted the 
importance of combining spectroscopic and optical methods for 
the characterization of complex formulations. The methodology 
developed in this work may be extended to the characterization of 
other complex colloidal detergent consumer products, surfactant 
formulations, and amphiphilic materials..
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