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 Abstract  

The dissociative ionization processes of heptane molecule with nine isomers have been 

investigated and presented experimentally in detail by courtesy of femtosecond laser mass 

spectrometry technique with a fundamental wavelength of 800 nm and 90 fs pulse duration in 

this study.  It has been aimed to show that the classification of heptane isomers using factor 

analysis as statistical method reducing the dimension of obtained data.  The main mass ratio 

of heptane isomers is known as m/z 100 which is obtained.  The dissociation process on the 

parent molecule was dominant at the laser intensity about 1.42 x 1014 W/cm2 used for all 

isomers.  The ions obtained by the breakdown of the main ion peak were primarily determined 

as factors which were clearly distinguished from each other according to factor 1 and factor 2 

axes by applying factor analysis. 
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1. Introduction  

Alkanes are saturated hydrocarbons with sp3 hybrid 

orbitals with some general properties reactive and low 

biological activity.  In addition, the carbon atoms in the 

alkane group are covalently bonded to each other.  

Isomers of heptane molecule are known as the aliphatic 

alkanes (CnH2n+2) molecules which are called saturated 

hydrocarbons [1].  Alkanes are formed by bonding 

hydrogen atoms and carbon atoms to a single carbon-

carbon bond.   At the same time, another common 

feature of the molecules in this group is that they are 

colorless and odorless [2, 3].  The structure forms of 

heptane isomers (C7H16) alkane group molecules are in 

chain structure [4] which are formed by different 

binding of the methyl (CH3) group to carbon atoms 

included in the class of organic molecules [5, 6].  

Heptane isomers are all important organic molecules in 

which their solubilities are well due to low 

reactivity just as water.  The understanding of the 

character of the heptane molecule will contribute to 

technology by expanding its areas of use.  

Mass spectroscopy (MS) technique and statistical 

approaches are well known methods to understand 

structures of chemical, biological or other types 

materials.  MS technique has been used in the process 

from the mid-19th century to the present.  After the 

discovery of laser in 1960s, laser ionization mass 

spectrometry is one of the most widely used techniques 

in research studies [7].  The most widely used energy 

source in mass spectrometry in recent years seems to 

be lasers.  Mass spectrometry is also used to determine 

the molecular characteristics of chemical or biological 

samples with different laser types.  Molecular analysis 

of high purity metals, alloys, semiconductors, 

insulators, biological and medical materials, geological 

samples, nuclear and radioactive materials can be 

carried out accurately by MS [8-11]. 

Studies on the determination of thermodynamic, 

structural and dynamic properties of heptane isomers 

are presented in literature, but information on the 

studies on molecular ionization / fragmentation / 

dissociation processes are limited [5, 6].  In this work, 

it has been elaborated on dissociative ionization of 

heptane isomers, and some of their physical and 

chemical properties of heptane isomers have also been 

discussed using their mass spectra.  Factor analysis 

(FA) has been applied to focus the distinguish its 

isomers [12-18].  Femtosecond laser mass 

spectrometry (FLMS) makes possible to detect and 

analysis molecules which have been developed by 

group members as an important analytical tool in MS 
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technique [8]. Studies on the ionization, dissociation 

and fragmentation processes of different types of 

molecules are included by using time of flight mass 

spectrometry in literature [8-11, 19]. 

FA has been used commonly in social sciences and in 

psychology initially, but currently, the method is 

widely used to distinguish chemicals as well as all 

areas of science.  FA has been defined and situated as 

a multi-variation analysis method in literature and 

applied to the obtained spectra and the results 

compared to those obtained from some other statistical 

approaches [20-23].  

Interpretation of mass spectra take quite a long time 

and also these data are massive and large dimensional.   

The main purpose of the application of the FA 

statistical technique is to achieve the most important 

information from the data obtained.  In general mass 

spectra are monitored using imaging technique, using 

statistical approaches give more information such as 

monitoring, discrimination and also investigation.  The 

most important goal in distinguishing isomers, which 

are very similar to each other, is to reach a more 

advanced position in distinguishing cancer and healthy 

tissues [22, 23]. 

In this study, FA statistical approach has been used to 

analyse isomers of heptane organic molecule.  The 

factors mentioned characteristic peaks in the mass 

spectrum recorded with a computer program and FA 

statistical approach has been applied to the results to be 

analysed.   The main objective of this study is on to 

distinguish and classification of nine heptane isomers 

of heptane molecule by gathering the most important 

information from the spectral data using factor 

analysis.  In this way, reducing the dimensions of data 

makes the explanation of spectra is much simpler.  The 

discrimination of the nine-isomer of heptane molecule 

obtained in this study by factor analysis paves the way 

for the differentiation of multiple cancerous and 

healthy tissues [21-22]. 

 

2. Materials and Methods 

2.1 Femtosecond laser properties 

The femtosecond (fs) laser system connected to a 

home-made linear time of flight mass spectrometer 

system was used to analyse the liquid form of nine 

heptane isomers to distinguish them by using FA 

method.  

The experimental apparatus used in this study depicted 

in Figure 1 consists of a femtosecond laser system, a 

vacuum chamber and a data acquisition system.  The 

fe laser system consists of three main parts which are 

an oscillator, and amplifier and a optical parametric 

amplifier (OPA) systems.  The oscillator (Ti: Light, 

Quantronix, NY, USA) delivers 90 fs laser pulses at 

800 nm wavelength with an 85 MHz repetition rate.  

The amplifier (Integra-C-3.5, Quantronix, NY, USA) 

is pumped by Ti-Light oscillator and generates 

amplified laser pulses at 800 nm wavelength and 90 fs 

laser pulses at a 1-3 kHz repetition rates.  The laser 

amplifier system produces maximum 3.5 W power per 

pulse and its output is controlled by using a circular 

neutral density filter and the energy of the laser beam 

was measured by using a neutral density filter.  

Experimental details used in this study have been 

described in detail in previous studies [9, 20-23] 

 

Figure 1. Schematic representation of heptane isomers a) n-

heptane, b) 2-methylhexane, c) 3-methylhexane, d) 2,2-

dimethylpentane, e) 3,3-dimethylpentane, f) 2,3-

dimethylpentane, g) 2,2,3-Trimethylbutane, h) 2,4-

dimethylpentane, i) 3-ethylpentane, j) experimental systems 

consist of a femtosecond laser system, vacuum chamber and 

data acquisition systems. 
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2.2 Linear time of flight mass spectrometer 

properties 

The Linear time of Flight (L-TOF) mass spectrometer 

system was built in local industrial zone in Konya, in 

the design of Wiley and Mclaren [24].  The background 

pressure in the vacuum chamber can be pumped down 

to several times 10-8 mbar, but during the experiment, 

sample pressure was kept very stable about 1.6x10-6 

mbar [21-23, 25]. 

The mass spectra signal was taken by a MCP detector 

directly to an oscilloscope and recorded in a four 

channel fast digital oscilloscope (LeCroy, 

WaveRunner 64Xi, 600 MHz) connected with a server 

computer.  All recorded mass spectra were taken 

averaging over 1000 laser shots and recorded as mass 

spectra in oscilloscope.  The spectra of the heptane 

isomers have been recorded using laser intensities from 

7.12 x 1012 W/cm2 to 1.42 x 1014 W/cm2.  The fs laser 

beam was sent to the laser ionization area in the mass 

spectrometer where it was focused down to several 

micrometers (µm) spot area using a lens with a focal 

length of 25 cm. The purities of used heptane isomers 

are ≥ 99% in this study. 

3. Results and Discussion 

FA has been known as one of the dimension reduction 

methodological approach.  Linear combination of used 

factors is given as: 

Fi = Wi1X1 + Wi2X2 + Wi3X3 + . . . + WikXk  

Fi = ith Factors 

Wi = ith Score correlation 

k = the number of variables 

ith set factor score coefficient explains the maximum 

value of the total variance of the factor [23].  Generally, 

the formula for factor analysis is given by Equation 1 

𝑆 = 𝑉 𝑓𝑅 𝑓𝑉 𝑓 + (𝐷𝑠 − 𝐻)    

    (1) 

where S is the correlation matrix of existing variables.    

V f is orthogonal and therefore Rf is defined as an 

identity matrix.  After then, the equation 1 is simply 

rewritten to be 

𝑆 = 𝑉 𝑓𝑉 𝑓 + (𝐷𝑠 − 𝐻)     

                (2) 

where Ds is a diagonal matrix with diagonal elements 

S, and H is another diagonal matrix.  The diagonal 

elements of Ds - H are monovalent in equation 2.  The 

factor analysis calculations were carried out by Matlab 

program considering equation 1 and equation 2 

procedure for determined f factors [23, 27, 28]. 

The m/z 27, 29, 39, 40, 41, 42, 43, 44, 53, 55, 56, 57, 

58, 69, 70, 71, 85 and 100 values were used as factors 

in this study.  Main peaks in mass spectra of heptane 

molecule according to the information for the organic 

compounds mass/charge (m/z) ratios were obtained by 

only one electron ionization in NIST database [29].  

Algorithm of factor analysis applied in this work is 

given as in figure 2. 

 
Figure 2. Implemented process of factor analysis to 

heptane isomers is given. 

According to Figure 2, the first of all, the analysis of 

heptane isomers using FLMS method was recorded by 

performing experiment using different laser powers 

with the wavelength of 800 nm.  The experimental 

process was completed by using the parameters given 

in the experimental part by storing 10 consecutively 

data savings by courtesy of a four channels digital 

storage oscilloscope from each spectrum, keeping all 

parameters constant at the same laser power.  Since all 

recorded spectra were obtained from the oscilloscope 

depending on the flight time where all flight times were 

converted to mass units according due to the formula 

m = at2 + b.  One of the important conditions in the 

experimental process is determination of optimum 

laser parameters such as laser pulse power, focal point 

and laser incidence angle.  At the same time, it is very 

important to keep the vacuum conditions stable during 

the experiment.  Keeping all of the determined laser 

parameters unchanged during the experiment will 

minimize the experimental error.  In the next step, after 

ensuring the data is recorded carefully, the largest peak 

in the spectra recorded in m/z was normalized and 

normalization was applied to all spectra.  All these 

processes were carried out using a MATLAB code 

produced by our group.  The resulting data were plotted 

and shown in Figure 5. 
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3.1 Femtosecond laser ionization of heptane 

isomers  

It is well known that in molecules having chain 

structure, the breakdown of the bond structures occurs 

either easily or faster than other types of molecules.  

Detection of parent ion peak at C7H16
+ (m/z 100) 

without any dissociation taken place is very difficult 

since the structure of molecules are in chain structures 

and lifetime in the excited state are very short.  

Generally, ion peaks with masses smaller than the 

parent ion are predominant in mass spectra pattern for 

such ionization processes.  In this case, the 

interpretation of mass spectra makes it difficult to 

explain for molecules fragmented within a laser pulse 

duration.  Alternative theoretical studies are needed for 

this to be interpreted clearly.  

The spectra of the heptane isomers have been recorded 

using laser intensities of 7.12 x 1012 W/cm2 and 1.42 x 

1014 W/cm2 and mass spectra are given in Figure 3.  

When the obtained peak intensities are investigated, it 

can be seen from Figure 3 that all isomers have similar 

peak intensities for small m/z range in mass spectra, 

such as C1Hn
+, C2Hn

+, C3Hn
+.  

In Figure 3, noteworthy peak intensities are H+, C+, 

CH+, CH2
+ CH3

+, C2Hn
+ ions in the C1Hn

+ ion group, 

C2
+, C2H+, C2H2

+, C2H3
+, C2H4

+, C2H5
+ ions in C2Hn

+ 

ion group, C3
+, C3H+, C3H2

+, C3H3
+ C3H4

+, C3H5
+, 

C3H6
+, C3H7

+C3Hn
+ ion group and C4H8

+ and C4H9
+ions 

in C4Hn
+ ion group are seen clearly from recorded 

spectra which were obtained by applying 1.42 x 1014 

W/cm2 laser intensity.  

 
Figure 3. n-heptane, 2-metilhexane, 2,2-dimethylpentane, 2,3-dimethylpentane, 2,4-dimethylpentane, 3-methylhexane, 3-

ethylpentane, 3,3-dimethylpentane, 2,2,3-Trimethylbutane were obtained minimum 75 mW laser power and also maximum 

1.5 W laser power. 

 

The parent ion peak C7H16
+ (m/z 100) was magnified 

about a hundred times to show in spectra in Figure 4.  

All recorded fragment ion peaks at m/z 27, 29, 39, 40, 

41, 42, 43, 44, 53, 55, 56, 57, 58, 69, 70, 71 values and 

also main peak at m/z 100 amu were obtained in 

spectra shown in Figure 4.  The parent ion peak was 

appeared since the spectrum is magnified. The 

multiply charged ions like Cn
+ (n=2, 3, 6) are clearly 

recorded in the spectra for all heptane isomers with the 

intensity range from 7.12 x 1012 W/cm2 to 1.42 x 1014 

W/cm2. 

 



Gündoğdu et al. / Cumhuriyet Sci. J., 42(1) (2021) 170-176 

 

174 
 

 

Figure 4. n-heptane was recorded 1.5 W laser power and the parent ion m/z 100 was appeared after the magnification is 

increased. 

The interpretation of data from mass spectrometry 

takes quite long time and also these data is massive and 

in very large dimensions.  The main purpose of the 

application of FA statistical technique is to achieve the 

most important information from the data obtained.  

3.2 Factor analysis for Heptane isomers 

It is important that the discrimination of the factor 

components by using FA method which is known as a 

powerful analysis procedure to distinguish isomers as 

we have discussed in a number of previous work and 

give it in literature [20-23].  In laser-based mass 

spectrometry technique, fragment ions are produced 

where dissociative ionization process are investigated 

intensively in mass spectra.  The dissociation may 

become more significant when the interpretation of the 

data obtained is only meaningful, that is, given the 

peak intensities specifically appeared in each 

spectrum.  The data obtained in many fields of science, 

including interdisciplinary fields in the direction of 

technological developments can reach to very large 

and high dimensions.  The data obtained in mass 

spectrometric studies can be given as an example [21, 

23]. 

In the process of discrimination of nine isomers using 

FA, it was shown that the peaks, that are distinct from 

the spectra, are distinguished from each other by FA. 

MS data has been recorded as a function of laser power 

and factors have been determined from the recorded 

spectra. 

 

Figure 5. The Factor Analyse result of normalized data from 

the mass spectra of 9 heptane molecular isomers is given as 

a result of analysis of isomers that are clearly differentiated 

each other factor 1 and factor 2 axes 

The data used in FA were generated in two dimensions 

by plotting code in MATLAB program [20, 21].  One 

of the points in the data of each isomer given in figure 

5 was obtained as a result of 10 repetitions of 

successive recording of spectrum by averaging over 

1000 laser shots and this repetition process was 

obtained using 1.5 W laser power and 800 nm laser 

wavelength at infrared region.  Heptane molecular 

isomers can be distinguished from each other in factor 

1 and factor 2 axes.  Data recording and FA application 

process were performed by running the program codes 

written in MATLAB programming language by our 

group [20-23].  With the TCP/IP protocol, the data 
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were recorded via oscilloscope in accordance with the 

parameters were determined during the experiment and 

they were made ready for the next step, FA. 

In figure 5, the mass spectra of nine heptane molecular 

isomers which were normalized as a result of analysis 

of isomers that were clearly differentiated from each 

other in factor 1 and factor 2 axes that are symbolized 

in two dimensions on axes.  The process of 

discrimination is interpreted by looking at these axes. 

4. Conclusion 

The ionization/fragmentation process of heptane 

isomers have been demonstrated by using FLMS 

technique [8].  As a result of interaction between 

ultrafast laser beam and molecule, since the lifetime of 

molecules in the excited states are so shorts, heptane 

molecular isomers dissociate very fast and therefore it 

is very difficult to obtain a dominant parent ion in the 

mass spectra of each isomer.  Under these 

circumstances, even using smaller mass fragment ion 

peaks, the structure and dissociative ionisation, 

fragmentation dynamics of molecular isomers have 

been clearly revealed, and important contributions may 

be made to literature due to this important data.  Fs 

laser system using 800 nm wavelength, 1 kHz 

repetition rate, 90fs pulse duration and depending on 

the varying laser power, ionization and dissociation & 

fragmentation dynamics for nine isomers of heptane 

molecule using FLMS technique was clearly analysed 

and data have been interpreted clearly due to the used 

statistical analysis.    

The m/z ratios of heptane molecular (C7H16) isomers 

have the same, all 100, molar mass.  While it is possible 

for some molecular isomers to be distinguished while 

they have isomers of molecules in the same mass but 

in different binding forms, it is sometimes difficult to 

distinguish these in visual spectra.  When statistical 

methods are applied to the spectra obtained for this 

purpose, the distinguishing these isomers becomes 

much more meaningful.  From this point, it is shown 

that each isomer can be clearly distinguished from each 

other by applying FA method. The most important goal 

in distinguishing isomers, which are very similar to 

each other, is to reach a more advanced position in 

distinguishing cancer and healthy tissues. 

Therefore, it can be given as a final conclusion that the 

life time of the molecules in the excited state are very 

short in comparison with laser pulse duration (90 fs) 

[8, 9, 19, 29], and within a 90fs laser pulse duration, 

the access of molecular parent ion is very difficult, and 

no or very small ion peak at m/z 100 were obtained as 

seen from Figure 4. 
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