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ABSTRACT: Hydroxyl (OH) radicals, as common radicals in
aqueous environments, play an important role in inducing the
degradation reactions of polymers. However, understanding the
fundamental mechanisms of radical-induced degradation of
polymers at the atomic level remains a formidable challenge. In
this study, we employ density functional theory to investigate the
geometric and electronic structural properties of polyacrylamide
(PAM) in (−CH2CHCONH2−)n (n = 2−6) complexes. Addi-
tionally, we explore the degradation mechanism of the n = 4
complex induced by the OH radical. The results indicate that there
are three sites for the initial reaction (R1 and R2 are at the ends
and R3 is in the middle). The OH radical removes a H atom from
the PAM main chain and simultaneously triggers a single-electron-transfer process on the same chain. This process significantly
reduces the dissociation energy barrier of the C−C bond in the PAM chain, from ∼90 to ∼20 kcal/mol. Specifically, when the
induced reaction occurs at the end of the chain, a series of broken bonds will appear only along the main chain. While it happens in
the middle, the broken bonds will exist simultaneously along both the main and side chains. Our results reveal the importance of OH
radicals in polymer dissociation, particularly in PAM, and emphasize the degradation mechanism of SET.

■ INTRODUCTION
Radicals play an important role in many chemical reactions
because of their unpaired single electron, which makes them
highly reactive, thus easily attacking the substrate, destroying
their stable electronic structure of the substrate by snatching
electrons, and making them easily reaction activated.1−4 The
interaction of radicals with polymers is considered to be one
way of polymer degradation, which will induce the production
of unpaired single electrons in the polymer, and then the
electron transfer causes the polymer degradation.5,6 Therefore,
the role of radicals in the polymer reaction cannot be ignored,
especially in a solution environment. For highly polymerized
organic molecules such as polyethylene (PE),7 polyvinyl
chloride (PVC),8 polyacrylamide (PAM),9 poly-a-methylstyr-
ene (PAMS), etc., radicals may be even more important
because their chain structure provides the possibility of
continuous electron transfer for the reaction in thermody-
namics and chemistry. In addition, specific polymers will
exhibit their own degradation properties. It has been reported
that in some polymers, the unsaturated end of the chain will
significantly reduce the degradation energy barrier of the
polymer, and the way that the monomer unit is connected can
also influence the difficulty of degradation.10 This reflects the
complexity of the polymer degradation mechanism.

PAM is widely used in petroleum exploitation,11 water
treatment,12 mineral processing,13 paper making,14 and so
on.15 Its application value determines the importance of
clarifying and grasping its nature. Up to now, although a lot of
experiments have recognized its degradation properties and put
forward many hypotheses on its mechanism, there are
relatively few theoretical studies on radical-induced degrada-
tion, hence the theoretical explanation of its reaction
mechanism on radical-induced electron-transfer degradation
is still unclear. For example, the process of degradation of PAM
occurs in two steps and finally releases ammonia.16 It has also
been found that light is a factor that causes the PAM
degradation to break the C−C bond,17,18 and the photo-
catalytic degradation of hydrolyzed PAM can be achieved by
aligned zinc oxide nanorods (ZnO NRs).19 In addition, the
maximum chemical oxygen demand and the removal rate of
PAM wastewater by Fenton oxidation and anaerobic organisms
approach can reach 94.61 and 91.06%, respectively.20
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However, how the radicals induce the electron transfer along
the PAM chain and lead to degradation and to what extent
they affect the difficulty of degradation in terms of energy and
electronic structure are not yet clear. PAM is a linear
polymerization structure, has a similar degradation mechanism
as that of general hydrocarbon polymers,21−23 but with
different side-chain groups, which makes the reaction of
PAM also specific.24−26 Therefore, it is necessary to carry out
research to reveal the theoretical reaction mechanism on the
radical-induced electron-transfer degradation of PAM.
Based on the above existing problems, we systematically

studied the interaction between the common OH radical and
different reactive sites of PAM by using first-principles density
functional theory (DFT) with empirical dispersion correction.
In order to test the relationship between the length of the
chain and the property, we considered the polymers composed
of 2−6 monomer units (−CH2CHCONH2−)n=2−6, and a
typical tetramer (n = 4) was selected as the typical polymer
because its electronic structural properties (HOMO−LUMO
gap) (HOMO = highest occupied molecular orbital; LUMO =
lowest unoccupied molecular orbital) is very similar to those of
longer polymers (n = 5,6). In this paper, the degradation
reaction was explored from the aspects of potential energy
surface (PES), interaction energy, spin polarization, charge
transfer, and chemical bond breaking. It is found that the
single-electron transfer (SET) process is the key point of
degradation mechanism induced by attacking of radicals on

PAM. We hope to understand the internal mechanism of the
degradation of PAM under the action of radicals and provide
help for the purification of oily sewage, preparation/
preservation of coagulants, etc.

■ COMPUTATIONAL METHODS
The exploration of the degradation mechanism of PAM was
done by first-principles DFT. PAMs with degrees of polymer-
ization ranging from 2 to 6 were modeled with both ends of
initial PAMs saturated with hydrogen atoms, so that all
electrons were paired. To choose an appropriate method, five
commonly used methods (PBE,27 B3LYP,28 M06-2X,29

TPSSh,30 and LC-wPBE31) were used to optimize the
geometrical structures. In different levels of DFT methods,
hybrid functionals such as B3LYP can provide the result of
relatively accurate geometric and electronic structures, which
can be compared to ab initio second-order perturbation
methods at the computational level.32−34 Particularly, with the
gradual development of dispersion correction methods, it
compensates for the possible shortcomings of different DFT
methods in handling intermolecular interactions. Currently,
dispersion-corrected DFT has been proven to have sufficient
reliability in degradation or many chemical reactions and can
even achieve high-precision agreement with experiments.35−37

In this work, the hybrid generalized gradient approximation
functional with empirical dispersion correction B3LYP-D338,39

was used, which makes it widely accepted as the proper

Figure 1. Optimal geometries and the electronic structure of the PAM degrees of aggregation (n = 2−6). The top half shows the structure and
three potential reactive sites (purple: R1, green: R2, yellow bubbles: R3) of the tetramer saturated by H atoms. The C−C bonds in the main chain
are marked by a1−a7 and those on the side chain as b1−b4. The upper right schematic diagram shows the orientation when the OH radical attacks
the H atom at the corresponding reactive sites on the PAM. The related interatomic distances are marked by c1−c3. The lower part indicates the
energy states of the polymers with the degrees of aggregation (n = 2−6). The blue stubs are the energy for HOMO and LUMO and the red ones
are the energy gap.
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functional to study the interaction between polymer
molecules.40 A triple-ζ 6-311G(d,p) basis set41,42 was
employed to describe the system wave function. For all of
the calculations, solvation model based on density (SMD)
methods were used with water as the solvent.43 The vibration
frequency of the optimized stable structure was calculated at
the same level to obtain thermochemical corrections as well as
to ensure that all structures correspond to local minima. The
transition state (TS) theory method can search the local
transition state according to the structure initially guessed by
experience in the Berny algorithm, and the TS can be

determined by the vibrational frequency, and only one virtual
frequency exists. Then, the calculation of intrinsic reaction
coordinates (IRCs)44,45 was employed to trace the reaction
path on the PES. All the calculations were performed in the
Gaussian09 revision D.01 package.46

■ RESULTS AND DISCUSSION
The size effect of the PAM polymer decreases with the increase
of polymerization degree, which can be reflected in its
electronic structure properties. By comparing the energy-level
positions of HOMO and LUMO (i.e., the HOMO−LUMO

Figure 2. Schematic diagrams of the R1, R2, and R3 reactions. The reactive sites are circled in red. The first letter of the name stands for the step,
and its apostrophe mark in the upper right corner represents the reaction of side-chain breaking to distinguish it from the reaction of main chain
breaking. TS and Int represent transition and intermediate states, respectively.
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gap), we determined that the tetramer (n = 4) with four
acrylamide monomer structural units (−CH2CHCONH2−)
can simulate the electronic structural properties of the PAM
polymer. Figure 1 shows the optimal geometries and electronic
structure results of PAMs with degrees of polymerization
ranging from 2 to 6. Although LUMO and HOMO energies
vary irregularly with increasing degree of polymerization, the
HOMO−LUMO gap decreases along with increasing degree
of polymerization. When the degree exceeds n = 4, the
HOMO−LUMO gap tends to be flat, and the gap value
stabilizes around 7.05 eV. This indicates that the PAM with the
degree of polymerization (n = 4) can be adopted to represent
the properties of PAMs with a higher degree of polymerization.
Therefore, we will focus on the study of the tetramer (n = 4)
structures.
In addition, different DFT methods such as PBE, M06-2X,

TPSSh, and LC-wPBE were also used to repeat the above
calculations, obtaining the same optimal structures and the
similar variation of the gap value along with the degree of
polymerization, which verified the reliability of the method we
used above (see Part 1 of the Supporting Information). To
assist in experiments, providing specific vibrational information
resulting from size effects, we calculated the infrared spectra for
n = 2 to 6. The results indicate that the infrared spectra of
PAMs with varying values of n exhibit a high degree of
similarity. The distribution patterns of characteristic peaks
remain largely consistent across the entire range of n (see Part
2 of the Supporting Information). This observation suggests
that the impact of the PAM size on the distribution of
characteristic peaks within the IR spectrum is negligible and
not discernible. However, based on further calculations and the
obtained dipole moment data for PAMs (n = 2 to 6), we
observed that when n = 4 (μ = 16.20 D), the dipole moment
suddenly increases significantly compared to n = 2 (μ = 2.47
D) and n = 3 (μ = 7.62 D), even surpassing n = 5 (μ = 15.49
D). This finding strongly implies that PAM (n = 4) may be the
most stable among these polymer segments, potentially playing
a crucial role as a monomer in the polymer precipitation
process (see Part 3 of the Supporting Information). This result
provides us with deeper insights, suggesting that PAM (n = 4)
might be a promising choice for selectively precipitating
polymers of specific sizes.

Based on the structural features of PAM and the calculation
results of transition states and reaction paths, we found that the
OH radical readily attacks the H atoms in the end of the PAM
chain or in the methylene groups, which can generate water
molecules and make the unpaired single-electron appear at the
C atoms in the end or middle of the PAM chain. In fact, we
also considered the direct attack of OH radicals on the C−C
main chain and the H atoms in −NH2 and found that the
probabilities of these events are both very low. For details,
please refer to the Supporting InformationParts 4 and 5.
From the perspective of the reactive sites of the hydroxyl

attacking PAM (Figure 1), it can be summarized as three
different reactions, namely, R1, R2, and R3. A schematic
diagram of the reactions (R1, R2, and R3) is shown in Figure
2. R1 and R2 represent the OH radical attack at the methylene
and methyl groups in the PAM chain, respectively. R3
represents the hydroxyl group attack at the methylene groups
in the middle C atom of the PAM chain. After the H atom of
PAM is robbed by an OH radical in any of these three
reactions, the unpaired single electron is thus localized in a C
atom of the PAM chain, which appears as an increase in the
electron spin density at this atom. In this case, the single bond
between a single-electron C atom and its adjacent C atom
tends to form a double bond through the rearrangement of
electrons, accompanied by a bond breaking, occurring on the
single bond between the adjacent C atom and the subsequent
C atom. Thus, the single electron is transferred along the
chain, accompanied by continuous bond breaking along the
PAM chain. The specific mechanism of the SET can also be
manifested as a spin-transfer reaction. The depolymerization
mechanisms of the three reactions are discussed in detail
below.
R1 represents a series of degradation reactions caused by

dehydrogenation of the left-end methylene −CH2− group by
OH radicals, as shown in Figures 2 and 3. The first step is to
induce a reaction where the OH radical is attached to the H
atom of the −CH2− group. The electronegative O atom in the
OH radical can easily drag the H atom from PAM and
combine with it to generate a water molecule. Therefore, the
spin density of the unpaired single electron in the OH radical is
transferred to the C(1) atom (number 1 carbon atom in Figure
1) that has lost an H atom (see Figure 3a, s1_Int). In the

Figure 3. Optimized geometries and transfer processes of spin polarization density in the R1 (a) and R2 (b) reaction paths along the PES. The
energies of the corresponding structures without and with zero-point energy (ZPE) are shown by black and red lines, respectively. The green and
yellow bubbles represent upward and downward spins, respectively (isovalue = 0.01). The analysis results and conclusions will not be affected with
or without ZPE correction which has been discussed below, so the results without ZPE correction are mainly discussed in this paper.
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meantime, because of the SET processes, the hybridization and
bonding types of the C(1) atom will also change accordingly.
Specifically, the chemical bond B(a1) between C(1) and C(2)

changes from a single bond to a double bond (1.07 → 1.92,
Table 1), and the chemical bond B(a2) between C(2) and C(3)
breaks (0.98 → 0.00, Table 1), accompanied by the dropping
of an acrylamide monomer (see Figure 3a, s1_Int−s2_Int).
After this step, the single electron on the C(1) atom will be
transferred to the C(3) atom, which continues to reproduce the
previous SET processes. This allows the single electron to be
transferred along the main chain and the monomers to drop off
one by one. The whole degradation process can be divided into
four steps (since the computational model we choose is a
tetramer). After being attacked by the hydroxyl group, the
PAM degraded the monomers in sequence through a three-
step bond-breaking reaction and finally generated four
monomer molecules.
In the analysis of PES, the energy barriers are calculated, and

the electronic energy of the system is corrected with a zero-
point energy (ZPE) by calculating the vibration frequency.
Whether ZPE correction is considered has no effect on the
conclusion. Therefore, we will focus on the discussion based
on the energy without ZPE correction. Among the four steps
of the degradation reaction (Figure 3a), the first step has the
lowest energy barrier (4.38 kcal/mol) to overcome compared
with the other three-step reaction (∼20 kcal/mol). Although
the first step is relatively easy to induce, it plays a key role in
the initiation of the degradation reaction of PAM. To give a
clear comparison, we also forcibly break the chemical bond
B(a2) between C(2) and C(3) on the PAM tetramer without

single-electron transfer, and an energy barrier of about 90 kcal/
mol is found to be overcome. (It requires 93.55 kcal/mol to
stretch the B(a2) from 1.54 Å in the equilibrium state to 3.54
Å.) Induced by the SET processes, this reaction only needs to
overcome the energy barrier of about 20 kcal/mol (reducing to
around 25% of the original level). The remaining three steps
have the same bond degradation mechanism and so have the
almost same energy barriers to be overcome (about 20 kcal/
mol). Considering the correction by zero-point vibration
energy, the energy barrier of each step is decreased by 1 ∼ −2
kcal/mol, which does not affect the overall energy change law
qualitatively. Therefore, it can be concluded that radical attack
can serve as a catalytic means of PAM degradation.
The SET processes at the end of the chain can also proceed

via the R2 reaction path, as shown in Figures 2 and 3b. The
calculation results indicate that the H atom of the methyl
group can be taken away by the OH radical. Therefore, the
methyl carbon loses an H atom and becomes an unsaturated
carbon, forming a single-electron-suspended bond on the
methyl carbon. The energy barrier of the first step is 2.86 kcal/
mol, which is lower than that in the R1 reaction path (4.38
kcal/mol). Despite the ZPE corrections having been done,
there is no qualitative change between them (1.08 kcal/mol in
R2 vs 1.86 kcal/mol in R1). This result reflects that the
hydroxyl group is more likely to attack the right-end methyl
group than the left methylene group during the degradation
initiation process. In contrast to the direction of R1
degradation, R2’s degradation comes from the other side of
the chain. The C−C bonds B(a7), B(a5), and B(a3) changed from
a single bond to a double bond, while the C−C bonds B(a6),

Table 1. Summary of the Wiberg Bond Orders of Chemical Bonds Involved in the R1 Reaction Pathway

Table 2. Summary of the Wiberg Bond Orders of Chemical Bonds in the R1 Reaction Pathway
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B(a4), and B(a2) are successively broken, as shown in Table 2.
The sequential C−C bond cleavage in the R2 reaction path is
also accompanied by a single-electron transfer, which can be
seen from the spin-density transfer in Figure 3b. Finally, the
entire PAM chain is degraded into monomers in a four-step
process.
In addition to the two degradation reaction paths mentioned

above (R1 and R2) that start from the ends of the PAM chain,
the degradation can also begin in the middle of the chain to
both sides (R3). In this case, the −CH2− (located in carbon
atoms with numbers 2, 4, and 6 shown in Figure 1) can be

attacked by the OH radical, and the related carbon atom loses
an H atom and produces a single electron on itself. Taking the
C(2) atom as a starting point, a single electron appears on C(2)
after attacked by the OH radical (s1_Int in Figure 4). The
chemical bond B(a2) between C(2) and C(3) on the main chain is
easily activated by a single electron, which is directly related to
the stability of the side chain and the main chain around the
C(3) atom. Once the bond breaking occurs on the side chain,
the exfoliated amide group will take away the single electron,
and the remaining fragment will return to a saturated state
where the spin density is transferred on the side chain in the

Figure 4. Optimized geometries and transfer processes of spin polarization density along the PES in the R3 reaction paths. The green and yellow
bubbles represent different spin orientations (isovalue = 0.01).

Table 3. Summary of the Wiberg Bond Orders of Chemical Bonds in the R3 Reaction Pathwaya

aThe left part of the table lists the bond orders of PAM degradation alone the main chain, and the right parts are the first (s1′) and second (s2′)
branching reactions parallel to the s1 and s2 reactions.
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branch reaction paths (s1_end′, Figure 4). In this case, all
electrons on the main chain are paired without a single
electron, and the PAM changes into the inactive state.
However, when the C−C bond breakage occurs on the main
chain, the single electron is transferred to the remaining
fragment of the PAM chain, which facilitates the next
degradation. Consequently, cracking of PAM can be achieved
(Table 3).
In reaction R3, the H atom is more easily taken away by the

OH radical in the first step (energy barrier is 2.57 kcal/mol)
than those in R1 (4.38 kcal/mol) and R2 (2.86 kcal/mol)
reactions. Since the R3 reaction starts from the middle point of
the PAM chain, the degradation process proceeds in two
directions. Because the reactions from the middle point to the
left end and to the right end are equivalent, it can be inferred
that the degradation process can also be carried out from the
middle point along the chain toward the left end of the chain.
The SET processes along the main chain in reaction R3 are
similar to those of reactions R1 and R2, so it also needs to
overcome the energy barrier of around 20 kcal/mol for bond
breaking. According to the statistics of energy barrier heights,
the energy required for side-chain detachment is the same as
that for the main chain, which means that both the monomer
and side-chain detachment from the PAM chain are both
major degradation steps.
In terms of the number of reactive sites to start the reaction,

although the number of reactive sites in R3 is more than those
of R1 and R2, the R1 and R2 reactions have their own
advantages in their electron transport. In other words, neither
reaction is affected by the breaking of the side chain and taken
away by the single electron, avoiding inactivation of the chain
and the suspension of the degradation reaction, which means
that only one hydroxyl group is needed to initiate the whole
degradation process. Although there are many initial reactive
sites for reaction R3, the subsequent degradation of the
remaining PAM chain stops once the side chains are detached.
Therefore, reaction R3 requires many hydroxyl groups to
restart the paused degradation reaction at any time.

■ CONCLUSIONS
In summary, the first-principles density functional theory is
used to reveal a series of hydroxyl-radical-induced degradations
of PAM caused by single electron-transfer. We found that the
H atom of the PAM chain is easily (less than 5 kcal/mol) taken
away by the hydroxyl radical via SET processes. The existence
of the single electron activates the C−C bond, thus catalyzing
C−C bond breaking and PAM degradation. Specifically, the
appearance of a single electron lowers the dissociation energy
barrier of the C−C bond to about 25% of its original value
(from ∼90 to ∼20 kcal/mol). Moreover, the degradation of
PAM begins at different reactive sites of PAM and proceeds
along three degradation paths under the action of the hydroxyl
radical. These paths will degrade the PAM into acrylamide
monomers through the main chain breakage, and one of them
can also degrade amide group fragments through progressive
breakage of the PAM side chain during the SET processes. The
above degradation paths can occur simultaneously in PAM
aqueous solution, thus resulting in the acceleration of
degradation of PAM. It is worth noting that while the single
electron transfers along the chain induced by hydroxyl radicals
are key to catalyzing the degradation of PAM, other potential
external factors, such as variations in solvent, mixtures, pH
levels, etc., concurrently influence the intricate degradation

process of PAM. It is hoped that these findings will be helpful
to further understand the nature of PAM and promote the
realization of higher application value of PAM.
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