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Abstract Mechanical and thermal properties of polyvinyl
alcohol (PVA) are characterized and analyzed using in situ
X-ray photoelectron spectroscopy (XPS) and quantum
chemistry calculations. It is found that the carbon peaks—
commonly used as the reference for spectroscopic analysis—
shift under mechanical and thermal stretching. Results also
indicate that, at different temperatures and among the various
functional groups present in PVA, the carbon in the C–O
group is the most stable. Computational calculations showed
that Hartree–Fock/10-31G (d) reproduces the binding energy
of core carbon electrons with an accuracy of 95 %, which is
enough to characterize bonds, allowing the results of the
spectroscopic analysis to be corroborated.
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Introduction

Mechanical forces have significant effects on the behavior of
materials; they can induce the oxidation of metals [1–8] and
alter the pathways of electrons in an organic molecule [9].
Understanding the mechanisms of mechanoactivated chemical
reactions is the key to obtaining control over and precise pre-
dictions of materials. Besides mechanical activation, thermal
energy also affects the behavior of materials such as polymers
[10]. Polyvinyl alcohol (PVA) is one of the most-studied poly-
mers in the chemical industry, as well as in experimental and
computational research laboratories. PVA has an extensive
range of applications in, for example, adhesives [11], textile
sizing [12], surfactants [13], and membranes for sound absorp-
tion [14]. The chemical structure of PVA consists of a carbon
backbone with hydroxyl groups along the chain (Fig. 1b). PVA
is soluble in water and interacts with other molecules through
hydrogen bonding, crosslinking, and oxidation. Mechanical
properties of polymers, such as their resistance to stress crack-
ing and fluid resistance, can be improved using crosslinking
reactions. Crosslinked polymers are used in medical implants
because of their low cytotoxicity and high biocompatibility
[15]. They can be made through exposure to radiation, such as
an electron beam [16], gamma radiation [17], or X-ray radia-
tion [18].

Akhter et al. reported the first X-ray photoelectron spectro-
scopic (XPS) analysis of PVA. Three degradation routes were
found: crosslinking to form an ether group, oxidation to form a
carbonyl group, and oxidative-induced chain scission to form a
carboxylated group [19]. Beamson et al. reported that the
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initial rate of degradation of PVA varied linearly with X-ray
intensity. The C–O functional groups are broken during PVA
degradation, creating a blend of polymers with functionalities
such as CH2–CO2R1, CH2, C=O, and CO2R2 [20].

The molecular orbital energies of core electrons cor-
respond to the binding energies obtained from XPS.
When a sample surface is irradiated with X-rays, the
core electrons are ejected if enough energy is provided
to ionize their atoms. Thus, the molecular orbital ener-
gies can be obtained experimentally and theoretically. In
the analysis of XPS spectra, the carbon peaks are com-
monly used as references for calibration. However, the
reliability of such references is an issue when the sam-
ples are mechanothermally stretched.

In the work described in the present paper, we investi-
gated the chemistry of PVA that is coated onto a lead sheet
with dispersed tantalum powder (Fig. 1a). When heated in
situ, the PVA expanded with the help of the mechanical
stretching provided by the lead. Both high and low molec-
ular weight PVAwere characterized using XPS. The binding
energies of several carbon species were analyzed using first-
principles quantum chemistry. Among the various function-
al groups present in PVA, the carbon in the C–O group was
found to be the most stable at different temperatures. All of
the binding energies for standard carbon peaks were
reproduced with an accuracy of 95 %.

Experimental section

Materials Lead sheet (McMaster-Carr, Atlanta, GA, USA)
was cold-rolled unidirectionally to achieve a thickness of
0.35 mm and cleaned with acetone before use. Polydisperse
polyvinyl alcohol (PVA) of molecular weight (MW)
10,000 g/mol (PVA-10 k) and 150,000 g/mol (PVA-150 k)
was purchased from Sigma–Aldrich (St. Louis, MO, USA).
Tantalum powder (60–100 mesh, Sigma–Aldrich) was used as
received.

PVA-Ta-Pb sample preparation and XPS measurement Ta
powder was mixed with a solution of PVA containing DI
water at a concentration of 50 wt.%. The mixture was coated
onto the cold-rolled lead sheet using a single-wafer spin
processor (Laureli Technologies Corp., North Wales, PA,
USA) at 600 rpm and later left to dry in air at 23 °C. Samples
were tested at the Advanced Light Source via ambient-
pressure X-ray photoelectron spectroscopy (AP-XPS),
performed using beamline 9.3.2 [21]. The samples were
sputtered with Ar+ (10−5 Torr) at 1.5 keV for 20 min prior to
data acquisition. A sample holder equipped with a ceramic-
coated button heater and a K-type thermocouple was used to
monitor the temperature of the sample in an ultrahigh vacuum
(UHV) chamber. The sample was scanned with 550-eV X-
rays as its temperature was elevated from 310 K to 345 K by
the heater. Using the software package CasaXPS version
2.3.14, the C (1s) peaks were deconvoluted using asymmetric
Gaussian–Lorentzian line shapes with a Shirley background.
The deconvoluted carbon peaks were constrained to have
equal full widths at their half-maxima (i.e., equal FWHMs).
The residual standard deviation (STD) was minimized during
each deconvolution process.

Computational section 5-mer polyvinyl alcohols with the
molecular structures C10H22O5, C10H19O5 and C10H20O6

(Fig. 1b, c, d) were optimized until local minima were
obtained. A second-derivative calculation was performed
for each optimized structure to check that the optimized
geometries corresponded to local minima. The carbon–carbon
bond lengths were then elongated by 5 % (to mimic the bond
stretching produced by changes in temperature) while all other
coordinates were constrained, and the geometries were re-
optimized, leading to a structure called PVA-5. In order to
validate the experimental data obtained from XPS analysis,
we used the DFT B3PW91 hybrid functional, which includes
the Becke-3 exchange functional [22] and the Perdew–Wang
91 correlation functional [23, 24] as well as the Hartree–Fock
(HF) method. All calculations were performed using the

Fig. 1 a Cartoon of a PVA-Ta-
Pb sheet. b Optimized structure
of polyvinyl alcohol (PVA),
C10H22O5. c Optimized
structure of PVA with ketone
groups RC(=O)R, C10H19O5. d
Carboxyl group C–O at the end
of the chain, C10H20O5. C
atoms are shown in brown, O in
red, and H in yellow
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Gaussian 09 program [25]. The basis sets used were STO-nG
(n=3 and 6) [26–28], 6-31G(d) [29, 30], 3-21G(d) [31–35],
and cc-pVDZ [36], which were employed to reproduce the
values for the C(1S) binding energy (BE). A large amount of
data highlighting the importance of DFT and HF methods as
well as the modeling of several experiments have been pub-
lished; see for instance [37–51] and references therein.

Results and discussion

The experimental results showed that the binding energy
(BE) of PVA is dependent on its molecular weight. Figure 2
shows the XPS spectra of PVA-10 k and PVA-150 k. The
BEs of the major carbon peaks are around 285 eV, which
matches the values reported in the literature [19, 52–54]. For
the major peaks in PVA-10 k, there is a 0.2-eV increase in
the BE when the temperature is changed from 310 K to
345 K; the increase is larger (0.9 eV) for PVA-150 k. This
increase in BE may be considered a signature of polymer
degradation through oxidation. Once the chemical bond
(C–O) is formed, the changes in the valence electron
charge yield an increase in BE.

The carbon species in PVA-10 k and PVA-150 k were
determined by the deconvolution process. As shown in
Fig. 3, four functional groups are found at the low temper-
ature for PVA-10 k and PVA-150 k: saturated hydrocarbon
groups (C–H) at 284.6 eV and 283.8 eV, alcohol groups
(C–O) at 285.6 eV and 285.2 eV, carbonyl groups (C=O) at

287.0 and 286.5 eV, and carboxylate groups (O–C=O) at
289.5 eV and 288.8 eV. The presence of O–C=O and C=O
shows that the PVA samples are damaged by the sputtering
process.

Degradation mechanism

Thermal evolution results (Fig. 4) suggest that PVA chem-
ically degrades at 308–345 K. PVA-10 k and PVA-150 k
have different thermal degradation mechanisms (Fig. 5).
When the temperature of PVA-10 k is raised from 310 K
to 345 K (Fig. 4a), the concentration of C–C increases at the
same rate that the concentration of C–O decreases, leaving
the C=O and O–C=O groups practically unchanged. This
behavior may be attributed to the X-ray irradiation of a low
molecular weight polymer. The irradiation breaks C–O
bonds, leading to unbound C that is ready to bind to the
nearest C (polymerization by entanglement), generating hy-
drogen peroxide as the by-product (Fig. 5a). Different be-
havior is observed for PVA-150. When the temperature is
raised from 308 K to 345 K, the concentration of C–C
decreases (depolymerization) at the same rate that the con-
centration of C–O (crosslinked degradation/oxidation) in-
creases (Fig. 4a); however, the concentration of C=O
remains constant. There is also another signature of
oxidation: the concentration of O–C=O species decreases
when the C–O or C=O bond breaks, allowing the formation
of C–O–C. This behavior suggests that a crosslinking

Fig. 2a–b The XPS spectra of PVA-10 k and PVA-150 k as a function of temperature from 310 K to 345 K (PVA-10 k) and from 308 K to 344 K
(PVA-150 k). a PVA-10 k; b PVA-150 k
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reaction may take place once the temperature is raised,
liberating H2O as by-product of the reaction (Fig. 5b). The

resulting carbon species has the same BE and was reported
elsewhere [20].

Fig. 4a–b Functional group compositions (a) of PVA species versus temperature, as well as the corresponding BEs of these groups (b) calibrated
with respect to C–C

Fig. 3a–d Deconvoluted C (1s) spectra of saturated hydrocarbon groups (C–H), alcohol groups (C–O), carbonyl groups (C=O), and carboxylate
groups (O–C=O). a PVA-10 k at 310 K; b PVA-10 k at 345 K; c PVA-150 k at 308 K; d PVA-150 k at 344 K
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Computational results

Our experimental results suggested that the thermal degrada-
tion of PVA depends on its molecular weight. In order to
validate this result and to understand why this should be the
case, we carried out ab initio calculations. In the calculations,
we assumed that the sample surface is irradiated with X-rays
that hit the core electrons of the PVA. We also assumed a
correlation between the shift in the experimental core-
electron BE when the temperature is increased from 310 to
345 K and the change in the molecular orbital energy of the
core electrons when converting from PVA to PVA-5. Figure 6
shows the molecular orbital energies for PVA (blue) and PVA-
5 (orange) and the shapes of the molecular orbitals, which are
localized on the carbon atoms. When the C–C bond lengths of
the PVA are elongated by 5 %, the calculated changes in
energy for the molecular orbitals localized at the C–O and
C–C bonds are on average 0.22 eV and 0.21 eV (B3PW91/6-
31G(d)), respectively. These changes in energy correlated well
with the changes that occur in the core-electron binding energy
when the sample temperature is increased from 310 to 345 K
for PVA-10 k. This suggests that the change in binding energy
of 0.2 eV for PVA-10 k is due to thermal stretching. The
change in the core BE also suggests that there is a change in
the chemical environment of the carbon atoms.

B3PW91 gives more accurate results for chemical proper-
ties that mostly depend on core orbitals—for instance, when
performing geometric optimizations or when calculating

electronic properties of molecular structures [55, 56]—than
other functionals such as B3LYP [57] or other methods such

Fig. 6 Molecular orbital energies for the unstretched (left bars) and
5 % stretched (right bars) C–C bonds of 5-mer polyvinyl alcohol,
calculated using the B3PW91/6-31G (d) level of theory. Orbitals below
the red bar correspond to the 1s core electrons from the carbon atoms
connected to the OH groups, whereas the orbitals above the red line
are those from carbon atoms connected only to hydrogen atoms

Fig. 5a–b Proposed
degradation mechanisms for
low and high molecular weight
PVAs. a Polymerization
reaction for PVA-10 k. b
Crosslinking reaction for PVA-
150 k [10]
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as Hartree–Fock (HF). The core-electron energy trends
obtained with the B3PW91 functional are acceptable, even
though B3PW91 does not calculate the binding energy of the
core electrons very accurately. This problem to deal with core
electrons is perhaps due to either the basis sets or a systematic
problem of the functional. Therefore, we tested STO-3G, STO-
6G, and 6-31G(d) as well as the core-uncontracted n-31G(d)
(n=7, 10, 12, 16) and cc-pVDZ with the B3PW91 functional.
We also used a 10–31(d) uncontracted core where the core
exponents were taken from cc-pVDZ, producing a relatively
large change in core energies. However, in all of the cases,
improving the basis set did not cause any change in the core
energies, as shown in Table 1. Therefore, the HF and MP2
approaches were tested using the basis sets 6-31G(d), STO-3G,
and 10-31G(d). Acceptable results are obtained for the
uncontracted 10-31G basis set using HF.

Table 2 shows how the core energies are affected when the
monomer is stretched by 5 %. As the basis set is expanded
using the B3PW91 functional, the change in energy of the core
orbitals, when stretching the PVA by 5%, approaches to a limit

of 0.23 eV for the unsubstituted carbons and to 0.20 eV for the
substituted ones; however, using the HF procedure with the
largest basis set, these energy differences become 0.13 and
0.19 eV, respectively. We obtained a good match with DFT for
the C–O carbons but not for the CH2 ones. Perhaps further
studies are needed to search for more sophisticated core basis
sets.

Figure 7 displays C10H19O5, C10H20O6, and C10H22O5

(from the bottom to the top) and the shapes of molecular
orbitals (calculated using HF/10-31G (d)) on various func-
tional groups in these species. When the carbonyl group
(C=O) and carboxylated group (O–C=O) are added to the
PVA, the absolute value for the core energy increases
according to the same trend as that observed experimentally
(Fig. 7, lines at the bottom). The stretching of PVA with
O–C=O functional groups does not yield any changes in the
core BE, as shown in Fig. 7 (dashed square).

Fig. 7 Molecular orbital energies for PVA and 5 % stretched PVA,
calculated using B3PW91 and HF with the 10-31G(d) basis set. Mo-
lecular orbital surfaces are plotted with an isovalue of 0.02 au, corre-
sponding to an isodensity of 0.0004 au

Table 1 Core energies (eV) of
the 1s core orbitals of C
connected to H atoms only
(EC–C) and C connected to OH
groups (EC–O) for the
unstretched 5-mer polyvinyl al-
cohol and the 5 % stretched 5-
mer polyvinyl alcohol, obtained
using several methods and basis
sets

Method Basis set EC–C E5% C–C ΔEC–C EC–O E5% C–O ΔEC–O

B3PW91 STO-3G −271.34 −273.40 2.07 −273.44 −271.35 −2.09

B3PW91 STO-6G −275.15 −275.24 0.10 −277.52 −277.37 −0.16

B3PW91 6-31G(d) −276.61 −276.81 0.20 −278.22 −278.45 0.23

B3PW91 7-31G(d) −276.56 −276.75 0.19 −278.17 −278.40 0.23

B3PW91 10-31G(d) −250.80 −253.07 2.27 −253.02 −250.94 −2.08

B3PW91 12-31G(d) −276.56 −278.39 1.83 −278.16 −276.75 −1.41

B3PW91 16-31G(d) −278.17 −278.40 0.23 −276.57 −276.76 0.20

B3PW91 cc-pvDZ −276.65 −276.85 0.20 −278.19 −278.42 0.23

MP2 6-31G(d) −307.03 −305.28

HF 6-31G(d) −306.91 −305.17

HF STO-3G −301.86 −300.32

HF 10-31G(d) −283.84 −283.96 0.12 −281.60 −281.79 0.19

Exp. XPS −284.63 −285.63

Table 2 Variations in the core MO energies (in eV) for the C atoms
attached to H only (ΔEC–C) and those attached to OH (ΔEC–O) in PVA
stretched by 5 %, calculated at several levels of theory

Method Basis set ΔEC–C ΔEC–O

B3PW91 STO-3G 0.07 0.09

B3PW91 STO-6G 0.16 0.14

B3PW91 6-31G(d) 0.23 0.20

B3PW91 7-31G(d) 0.23 0.21

B3PW91 10-31G(d) 0.08 0.14

B3PW91 12-31G(d) 0.23 0.20

B3PW91 16-31G(d) 0.23 0.20

B3PW91 cc-pVDZ 0.23 0.20

HF 10-31G(d) 0.13 0.19
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Table 3 shows the total energies of the unstretched and
stretched PVA and the relationship between the change in
theoretical total energy and the experimental temperature.
There is a proportional factor of ∼2.6 when the following
definition is used:

ΔE � fΔT ;

where ΔE corresponds to the change in the theoretical total
energy and ΔT to the change in the experimental
temperature.

Conclusions

We investigated the effects of mechanothermal forces on the
molecular structure of PVA. Standard carbon peaks in PVA
were characterized using in situ XPS combined with ab
initio calculations. Results showed that under mechanical
stretching and thermal expansion, the standard C (1s) peaks
shift toward higher binding energies. We found that, among
all of the functional groups present in PVA, the core elec-
trons in the carbon in C–O groups are the most stable in the
temperature range 310–345 K. This is also corroborated by
calculations performed at the HF/10–31G(d) level of theory.
All binding energies for standard carbon peaks were
reproduced with an accuracy of 95 %, thus providing accu-
rate references for future studies of the bonding characteris-
tics and strength of polymers. Finally, the fact that HF yields
better results than several of the DFT calculations for the
core electrons could be a reason for the major problems with
accuracy seen when using present functionals.
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