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A B S T R A C T   

It is widely recognized that exposure to X-rays during XPS analysis can decompose different materials, resulting 
in mass loss and changes in chemical composition. These effects are evident in the near-edge X-ray absorption 
structure spectra of dicarboxylic acid powders, posing a fundamental limit to sensitivity for surface chemical 
analysis. Understanding the chemistry and kinetics of radiation decomposition is necessary for the accuracy and 
validation of XPS analysis on dicarboxylic acids. Here we evaluate the impact of X-ray exposure on characterizing 
chemical changes in three different dicarboxylic acids with varying aliphatic carbon chain lengths. From this 
investigation we propose straightforward correlations relating the tendency for radiation-induced decomposition 
based on the chemical structure of the acids. We employed two types of spectra, those acquired with minimal 
interaction (snapshot) and high-resolution spectra obtained over an extended period, to show that normal 
analysis conditions are likely to degrade these type of materials.   

1. Introduction 

X-ray photoelectron spectroscopy (XPS) is performed by irradiating a 
material with an X-ray beam while measuring the kinetic energy and the 
number of electrons emerging from the top 0 to 12 nm of the material 
[1–4]. The primary radiation source for X-ray photoelectron spectros
copy is soft X-rays, usually AlKα [1–6]. Due to the versatility of different 
materials that can be analyzed and the relatively simple configuration of 
the analysis preparation, many studies neglect the stability of analyzed 
species (organic and inorganic) under X-ray radiation, which poses a risk 
to the accuracy of XPS analysis when decomposition caused during the 
analysis is significant and presents results referring to the decomposition 
products rather than the chemical state of the actual material [1–8]. 

Linear saturated dicarboxylic acids have carboxyl functional groups 
(–COOH) at the extremities of their aliphatic chains and can be repre
sented by the general molecular formula HOOC–(CH2)n-COOH. These 

acids are widely used as precursors in the production of copolymers, 
catalysts, corrosion resistance coatings and additives for electrodeposi
tion of protective coatings [9,10]. The understanding of the extent of the 
decomposition generated by X-rays and the kinetics correlated to this 
decomposition allows the adoption of experimental work procedures 
close to a tolerable decomposition limit. Often, the XPS analysis pro
cedures for carboxylic acids, dicarboxylic acids, and their salts (car
boxylates and dicarboxylates) are performed without evidence of 
concern for the effects of the X-rays and without reporting decomposi
tion in the obtained data [11–17]. Moreover, the concern with radiation 
decomposition during XPS analysis increases with the need for higher 
spatial resolution with more focused X-rays beams. Comprehensive 
work has been done to try to address and understand degradation of 
polymers during XPS analysis and defects caused by prolonged irradia
tion [18–23]. 

We previously published a series of reference spectra for dicarboxylic 
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acids where two systematic degradation products were observed for the 
carbon peak (DP1 286.8 eV and DP2 290.5 eV) and one peak for oxygen 
(DP2* 534.1 eV) [9,10]. The decomposition of carboxylic groups by 
radiation can take various forms, such as loss of crystallinity, loss of 
mass, or chemical modification. The present study is focused on the XPS 
induced chemical modifications manifested in spectral changes. The 
results enable better understanding of the decomposition of dicarboxylic 
acids under X-ray radiation during XPS analyses, and also highlight good 
practices for the acquisition of accurate XPS spectra from samples of X- 
ray sensitive powders. A series of dicarboxylic acids have been exam
ined: propanedioic acid (malonic acid), butanedioic acid (succinic acid), 
and pentanedioic acid (glutaric acid). The induced chemical changes of 
these dicarboxylic acids were examined by comparing the XPS spectra 
acquired with minimal X-ray interaction (“snapshots”) and different 
exposure levels (through the continuous acquisition of high-resolution C 
1 s and O 1 s spectra). 

2. Methodology 

2.1. Sample preparation 

Dicarboxylic acid powders: malonic acid (C3O4H4), succinic acid 
(C4O4H6), and glutaric acid (C5O4H8), with 99 % purity were obtained 
from Sigma®. A small amount of powder was placed in the XPS sample 
port, manually pressed, and analyzed. For each of the dicarboxylic acids 
studied, five samples were prepared and used in specific experimental 
conditions. Three analysis points in a straight line corresponding to the 
diameter of the sample holder (left, center and right point) were used in 
all analyses. For each of these three points, a “snapshot” spectrum for C 
1 s (285 eV) was acquired to ensure homogeneity and reproducibility. 
Concentration deviations greater than 1 % between these points resulted 
in sample discard. 

2.2. XPS analyses 

All XPS measurements were performed with a Theta Probe system 
from Thermo Fisher Scientific, UK. For control and data acquisition as 
well for the data evaluation, the Avantage software package provided by 
the system manufacturer was used. The high-resolution XPS spectra 
were acquired with the following parameters: monochromatic AlKα X- 
ray gun radiation source (1486.7 eV), 16 kV voltage, 6.3 mA emission 
current, 400 µm spot size, 50 eV pass energy, 0.2 eV energy channels, 
and pressure of the analysis chamber in the 10− 9 mbar range. Charge 
neutralization on the sample surface was obtained via a standard dual 
flood gun, which provides electrons of low energy (typically − 2 eV). 
During application of the flood gun, the chamber pressure was in the 
lower half of the 10− 7 mbar range. Total time for a single spectrum was 
101 s. 

The XPS snapshot spectra were used as reference for “undegraded” 
signal and acquisition parameters were the same for carbon and oxygen 
mentioned above. The time to acquire a single spectrum was limited to 1 
s. For data analysis, the background was eliminated by applying Shirley 
background subtraction and the peak-areas normalized using Scofield 
sensitivity factors to obtain the elemental composition of the surface. 

To avoid cross-contamination between different samples, only one 
sample was mounted on a 1 cm2 sample holder. In order to guarantee 
that the different technical repeats and areas were compatible, a quick 
check with a 1 s snapshot of the C 1 s peak was performed in a neigh
boring area before each measurement. Each of the dicarboxylic acids, 
now divided into five samples, were used for the acquisition of: (a) 
survey spectra; (b) C 1 s snapshot; (c) O 1 s snapshot; (d) C 1 s high- 
resolution spectra, and (e) O 1 s high-resolution spectra. The X-ray 
incidence times in the XPS analyzes listed were respectively, survey 
spectrum (3 scans) corresponding to 510 s, C 1 s and O 1 s snapshot (1 
scan) corresponding to 1 s each, C 1 s high-resolution spectra and O 1 s 
high-resolution spectra (varying from 20 to 1600 scans or 101 s to 8080 

s). The results presented are the average of two values obtained from 
two different locations of the analyte and with a deviation of less than 1 
%. Charge shift compensation with C-C set to 284.8 eV was necessary for 
this study since absolute binding energy values were of concern for data 
evaluation. The values used in the charge compensation will be pre
sented individually, referring to each spectrum (snapshot and high- 
resolution spectrum). 

The chemical structures of the dicarboxylic acids with the elements 
identified are shown in Fig. 1. The carbons of the dicarboxylic acid 
chains are designated as A, B and C corresponding respectively to the β 
carbon, carboxylic groups, and aliphatic carbon. The oxygen in the 
carbonyl group and the hydroxyl group oxygen were designated as c and 
d respectively. 

For some molecules, the peak positions are reported for a peak fit to 
the spectrum, which includes a separate peak for the backbone carbon 
that is directly bonded to the carboxyl carbon. This carbon has been 
assigned to a different binding energy BE than other hydrocarbon spe
cies because of the next-nearest-neighbor effect induced by the carboxyl 
oxygens (-0.7 eV BE shift). The inclusion of a separate peak for this ’beta- 
shifted’ induced carbon environment has been justified previously for 
several types of polymers and molecules [23–32]. It is difficult to 
differentiate between the C-C/C-H carbons and the ’beta-shifted’ carbon 
and attempts to do so can introduce significant errors in analysis. 
Therefore, the results in this work report the sum of these carbons at 
position 285 eV. 

3. Results and discussion 

3.1. Identification of degradation products 

Based on the molecular structure of the acids studied we can predict 
the expected binding energies of the various carbon species and the 
associated oxygen species. These include the aliphatic carbon bonds (C- 
C/C-H at 285.0), the beta-shifted carbon (HOOC-C* at 285.0 eV), the 
carboxylate carbon (289.0 eV), as well as the O1s binding energies from 
the carboxyl group, (C = O at 532.0 eV and OH at 533.2 eV). An ideal 
spectrum should have only these peaks at their correct proportions as 
shown in the theoretical spectra represented in Fig. 2. 

From the chemical structures and the expected binding energy states 
of carbon for the dicarboxylic acids, the relative ratios of C-C/C-H +
Carbon β to COOH for malonic acid (1/2), succinic acid (2/2), and 
glutaric acid (3/2) can be predicted. When differentiating the two 
different oxygen states, independent of the analyzed acid dicarboxylic, 
the expected quantities are equal (1/1). Table 1 shows the relative 
concentrations of carbon and oxygen in atomic percentages. 

Fig. 1. Chemical structures of dicarboxylic acids (malonic, succinic and glu
taric) with carbons and oxygens (A - carbon β, B - functional carbon (carboxylic 
group), C - aliphatic carbon, c - oxygen from carbonyl, and d - oxygen from 
hydroxyl group) [8,9]. 
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Fig. 3a–c and Fig. 4a–c present snapshot spectra for carbon and ox
ygen for the malonic, succinic, and glutaric acids. The XPS snapshot 
spectra for carbon and oxygen showed that the peak fitting was done 
with minimum deviation and with only two fitted peaks for both ele
ments. The information obtained on the carbon and oxygen fittings for 
the dicarboxylic acids is presented in Table 2. The results show that the 
snapshot spectra do not present a large deviation from the theoretical 
values. However, snapshot spectra are not commonly used as a quanti
tative method. These results clearly illustrate the importance of 
obtaining snapshot spectra for a comparative base in case any degra
dation is being induced by X-rays irradiation. It is important to note that 
for all samples the carbon content is higher than the theoretical values 
for malonic (3.0 %), succinic (3.8 %) and glutaric acids (4.3 %). The 
carbon content increase in powder samples is often attributed to atmo
spheric CO2 contamination via adsorption [33–37]. 

Fig. 3d–f and Fig. 4d-f show the carbon and oxygen spectra with 
fitted peaks for the malonic, succinic, and glutaric acids acquired after 
101 s (20 scans). The standard way of analysis is to acquire survey 
spectrum followed by high-resolution spectrum at the same point of a 
detected species. When multiple high-resolution spectra are acquired at 
the same point, the degradation will accumulate and be more signifi
cant. Based on this, a survey spectra acquisition time (505 s) was added 

to the acquisition time of 20 scans for carbon (101 s), equaling 606 s of 
irradiation at a single point. Fig. 3g–I and Fig. 4g-i show the carbon and 
oxygen spectra after 606 s of irradiation. 

The results show that 101 s of X-ray incidence is enough to change 
the spectra in relation to snapshot spectra with two new fitted peaks for 
carbon (DP1 286.8 eV and DP2 290.5 eV) and one component for Oxygen 
(DP2* 534.1 eV). This indicates that XPS data of dicarboxylic acids can 
be misleading with results presenting a stage of degradation rather than 
their real (original) chemical states. The degradation is noted after 
approximately one fifth of the time required to acquire a Survey spec
trum (510 s), which is usually taken as the first analysis. 

The fact that the central C atom in each case has a higher concen
tration of oxygen in its environment suggests that the DP1 peak may be 
C-O (typically located at 286.5 eV) [23–32]. The DP2* peak, on the 
other hand, has a higher binding energy than C-OH, suggesting oxygen 
in an environment where there is less electron donation to the O than in 
C-O. Therefore, the origin of DP2* is correlated with the appearance of 
the DP1 and DP2 peaks. This DP2* peak is indicative of oxygen singly 
bound to carbon in the C-OH bond, as well as chemisorbed oxygen (1 s 
→ π*) and/or water (chemisorbed H2O/C-OH)) [23–32]. The second 
CO2 species present on both surfaces is physiosorbed CO2 exhibiting an 
O 1 s BE of 534.5 eV. This species is attributed to trapped CO2 molecules. 
The adsorption of CO2 induces the coalescence of the chains and thus 
traps the CO2. Surface carbonates and physiosorbed CO2 are typically 
found in XPS at BEs between 289 and 293 eV [33–37]. Thus, according 
to the BE position of this peak, it is assigned to CO2 species resulting 
from decarboxylation because of α-C-COOH bond scission. The infor
mation obtained from the carbon and oxygen fitting peaks to dicar
boxylic acids is summarized in Table 2. 

Significantly, prolonged time of irradiation led to a major change in 
the concentrations of the COOH groups. For all dicarboxylic acids 

Fig. 2. Theoretical XPS Peaks of malonic, succinic, and glutaric carboxylic diacids: (a) carbon (C 1 s), A - carbon β + C-C/C-H, and B - COOH, and (b) oxygen (O 1 s), 
c - HO-C, and d - O = C [8]. 

Table 1 
Expected ratios between the elements in atomic concentration for malonic, 
succinic, and glutaric acids.  

Acid C/total O/total COOH/Ctotal C-C/COOH 

Malonic 3/7 (42.85) 4/7 (57.15) 2/3 (66.66) 1/2 
Succinic 4/8 (50.00) 4/8 (50.00) 2/4 (50.00) 2/2 
Glutaric 5/9 (55.55) 4/9 (44.45) 2/5 (40.00) 3/2  
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studied, the decarboxylation causes a decrease in the relative carbon 
values correspondent to the ratio between carboxylic group and the total 
number of carbons (COOH/Ctotal). For malonic acid degraded into acid 
ethanoic, this value goes from 2/3 to 1/2, to succinic acid degraded into 
propanoic acid, 2/4 to 1/3, and for glutaric acid degraded into butanoic 
acid, 2/5 to 1/4. 

The proximity of these values to the theoretical values for the etha
noic, propanoic and butanoic monoacids show the advanced stage of 
degradation caused by the XPS analysis time. During irradiation, two 
effects are expected and are responsible for chemical changes, interac
tion of radiation with the organic acid and the thermal effect resulting 
from this interaction. In this work, only the portion referring to the 

thermal effect as an agent for changing chemical states is considered. In 
general, studies on thermal analyses of dicarboxylic acids report the 
decomposition to form monocarboxylic acid by decarboxylation, 
describing different numbers of steps and products for the formation of a 
lower monocarboxylic acid chain. The thermal decomposition of 
dicarboxylic acids is described by the formation of a monoacid with one 
carbon less than the initial dicarboxylic acid, formed by the loss of a 
carboxylic functional group or by the formation and release of CO2 
[13–17], which is shown in the equations (1), 2 and 3 in simplified form 
[16,17].   

Fig. 3. XPS C1s snapshot(a-c) and high-resolution spectra with fitted peaks for the malonic, succinic, and glutaric acids acquired after 101 s (d-f) and 606 s (g-i).  
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Fig. 4. XPS O1s snapshot(a-c) and high-resolution spectra with fitted peaks for the malonic, succinic, and glutaric acids acquired after 101 s (d-f) and 606 s (g-i).  
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The reported values of the melting point for malonic, succinic and 
glutaric acids vary according to different authors and according to 
different environments used, but there is a consensus that the melting 
point is the reference point for the decomposition of these acids. The 
temperature values reported for forming the respective carboxylic acid 
from the thermal decomposition of dicarboxylic acids in inert atmo
sphere (Ar) were: 138 ◦C for malonic, 188 ◦C for succinic, and 100 ◦C for 
glutaric. Even though there is not a clear consensus on these tempera
tures, they will be used as a reference for a decomposition point [38,39]. 

3.2. Longer acquisition times to enable insights on degradation 
mechanisms 

The acids studied here were chosen for having even numbered car
bonic compounds (succinic acid) and odd chains (malonic and glutaric 
acids). It is assumed that the different temperature values for the for
mation of carboxylic acids from the thermal decomposition of even and 
odd carbon chain dicarboxylic acids are derived from interactions of the 
terminal groups with intermolecular hydrogen bonds. These interactions 
are more intense in even-chain dicarboxylic acids than for odd-chain 
dicarboxylic acids [38–41]. 

In part, the difference in the thermal decompositions of dicarboxylic 
acids is also associated with different crystalline structures, where 
malonic acid belongs to the triclinic system, and succinic and glutaric 
acids belong to the monoclinic system. The simplified form of decar
boxylation shown in the previous equations is so named because py
rolysis work on these acids as well as thermal decomposition work show 
a more complex mechanism, often with the formation of anhydrates 

decomposed at higher temperatures than the current temperatures re
ported for the decarboxylation in a single step [40–42]. 

Cruz-Castañeda et al. report in their radiolysis experiment the ther
mal decomposition of malonic acid solutions, results showing the rela
tive stability of malonic acid at temperatures of approximately 
90–––100 0C. At elevated temperatures, synthesis of potential biologi
cally relevant molecules can occur, for example formation of acetic acid. 
Mechanisms for the formation of larger molecules by dimerization/ 
condensation type reactions are also related [37]. According to these 
mechanisms, the temperatures for the formation of carboxylic acids are 
much higher than the temperatures reported for single-step degradation, 
so further measurements were carried out for longer periods of time to 
enable insights on the type of mechanism associated with the degrada
tion of the carboxylic acids during X-ray irradiation. The XPS spectra for 
carbon and oxygen were obtained for up to 8080 s. Results are shown in 
Fig. 5. 

The results show an increase in the relative concentration of carbon 
for all acids. A decrease in the same ratio of the values of the atomic 
concentration of oxygen is observed. This behavior is due to the decar
boxylation of dicarboxylic acids, in which the loss of a carboxylic group 
represents a loss of one carbon and two oxygens. For malonic acid the 
atomic concentration of carbon and oxygen is equal (50 % each) at 1010 
s of X-Ray incidence (equation (1), showing that this analysis time is 
enough for its decomposition forming ethanoic acid. 

The succinic and glutaric acids had their equivalent decompositions 
at 1363 s and 2525 s, respectively. with atomic concentrations of carbon 
corresponding to propanoic and butanoic acids (Equations (2) and (3). A 
more accurate view of the events during XPS analysis over an extended 

Table 2 
Peak designation, binding energy, FWHM, atomic concentration, and deviation obtained from high- resolution spectra peak fitting of carbon, and oxygen peaks.  
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time can be observed when analyzing individual components of the C1s 
spectra at 285 eV (CC/C-H), 286.7 eV (DP1-CO), 289 eV (–COOH) e 
290.1 eV (DP2-CO2 adsorbed) (Fig. 5c–f). 

The DP1-CO peak increases according to glutaric < malonic < suc
cinic which suggests that decarboxylation is the final stage of decom
position. Similarly, the progressive decomposition is evidenced by the 
change in concentration of aliphatic carbon and the decrease in the 
relative carbons of the carboxylic group. For the succinic acid results, 
the oscillating values can be associated with the formation of chemical 
transition states (Fig. 5d, f). 

The ratio between the concentrations of COOH and C-C (COOH / C- 

C) is an efficient parameter to define the X-ray incidence time by XPS 
analysis at which the degradations fully occurred, forming the decar
boxylated products. This is because, theoretically, malonic acid forms 
ethanoic acid after undergoing decarboxylation with a COOH/C-H ratio 
= 1. After decarboxylation, succinic acid will form propanoic acid with a 
COOH/C-H ratio = 1/2 and finally the glutaric acid losing a carboxylic 
group and decomposing into butanoic acid with a COOH/C-H ratio = 1/ 
3 (See Table 1). These ratios as a function of analysis time for succinic 
and glutaric malonic acids are shown in Fig. 6a. 

The results show that for malonic acid, the ratio between the 
aliphatic carbon and carboxylate group is 1, corresponding to the 

Fig. 5. The atomic concentration of total carbon (a) and total oxygen (b) for malonic, succinic, and glutaric acids as a function of XPS analysis time. Fitted carbon 
spectra peaks at (a) 285 eV (C-C/C-H), (b) 286.7 eV (DP1-CO), (c) 289 eV (–COOH) and (d) 290.1 eV (DP2-CO2 adsorbed) as a function of XPS analysis time. 
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formation of ethanoic acid after approximately 1630 s. Succinic acid has 
a COOH/C-H ratio equal to 1/2 corresponding to propanoic acid after 
approximately 2926 s. and glutaric acid, the COOH/C-H ratio is evident 
after 6163 s. It is worth remembering that the expected temperatures for 
the decarboxylation of these dicarboxylic acids are approximately 
138 ◦C (malonic acid), 188 ◦C (succinic acid) and 100 ◦C (glutaric acid). 
These times show a dependency with the aliphatic chain length (and 
stability) of each acid (Fig. 6b). 

4. Conclusion 

We demonstrated that minimal interaction time between X-rays and 
dicarboxylic acid powders corresponding to typical XPS survey spectra 
acquisition is enough to cause degradation, resulting in spectra reflect
ing the degradation products as opposed to the initial molecules being 
studied. The most accurate analysis for dicarboxylic acids by XPS is the 
snapshot acquisition, a result obtained by the minimum possible inter
action between sample and X-ray. The main hypothesis for our obser
vations is that the interaction of X-rays with samples during analysis 
causes generation of heat that is responsible for the degradation of the 
analyte. Several effects were observed: a decrease in the intensity of 
specific spectral characteristics attributed to the loss of functional 
groups, and the observation of new spectral characteristics attributed to 
the formation of a new chemical structure. Analysis at different times of 
X-rays exposure allowed the determination of a critical time which 
should be useful for XPS practitioners to define adequate limits for 
analytical experiments. In future work we aim to generalize the 
approach and establish critical X-rays doses (or critical induced tem
peratures) that can be applied to any material with known thermal 
properties. Generally, XPS is not carried out for long periods (up to 8000 
s) as adopted in this work, but this method has been useful to verify 
decomposition and validate the hypothesis of thermal degradation. 
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