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a b s t r a c t

In the present study, the density functional theory (DFT) was applied to investigate the influence of
borate structure on the thermal stability of phenolic resin modified by boric acid (BPR) and phenyl-
boronic acid (PBPR). The bond dissociation energy (BDE) and electronic structure, which represent the
stability of chemical bonds and reactivity of functional groups respectively, were obtained with the
BPW91, B3LYP, CAM-B3LYP and M06-2X method based on simplified models of BPR and PBPR. The BDE of
BeO bond was higher than CeO and CeC bonds, which may contribute to the thermal stability of the
resins. Moreover, the population analysis indicated that the formed borate structures from boric hy-
droxyls and phenolic hydroxyls could inhibit the active sites, such as phenolic hydroxyls and methylenes
in PR. The inhibiting effect worked well in both BPR and PBPR, especially in the structures with eight-
membered heterocycles formed by the borate and methylene bridges. These results provide useful
clues for understanding the roles of borate structure in improving the thermal stability of PR, which are
of practical importance in the design and optimization of thermal stable resins.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The thermal stability of a polymer is limited by the dissociation
of weak bonds and the reactivity of the main functional groups. In
order to obtain polymer with high thermal stability, chemical bond
with high bond dissociation energy (BDE) and functional group
with low reactivity are usually needed. Because of its high thermal
stability and low-cost, phenolic resin (PR) is widely used for the
preparation of thermal protection materials and ablative materials.
Some researchers [1,2] pointed out that the pyrolysis of PR at the
initial stage contained the homolytic reaction resulting in the for-
mation of free radicals (H$, HO$ and Ph$, etc), as well as the reaction
between these radicals and the functional groups in the unpyr-
olyzed zone. The phenolic hydroxyls and methylenes are the active
sites in PR because of the low BDEs of OeH, CeO and CeH bonds
[3,4]. Therefore, in order to understand the relationship between
the cured structure and thermal stability of PR, we should focus on
the BDE of the weak bonds in the resin and the reactivity of
phenolic hydroxyls, phenol rings and methylenes.

That the introduction of boric acid (BA) or phenylboronic acid
).

09
(PBA) into PR could obviously improve the thermal stability of PR is
largely attributed to the borate structure formed through the re-
action of boric hydroxyls and phenolic hydroxyls. Some researchers
tended to believe that the BDE of BeO bond in borate structure was
higher than CeC bond in methylene bridge, which could postpone
the decomposition of PR [5,6]. Our previous study showed that the
effect of borate structure may not be limited to the bond strength of
BeO bond, the network of BPR and PBPR was significantly changed
in comparisonwith PR [7,8]. However, the experimental evidence is
not sufficient and an analysis based on BDE and electronic structure
of the groups linked to the borate structure would be helpful.

Several quantum chemistry methods, usually based on simpli-
fied models, have already been used in attempts to calculate the
BDE of chemical bond and evaluate the reactivity of functional
group in polymer. For instance, Conner et al. [9,10] investigated the
reactivity of different phenolic compounds (with formaldehyde)
through ab initio approach. The results showed that the reactivity of
phenolic compounds was correlated with the electrostatic charge
at reactive sites in the phenolic ring. Khavryuchenko et al. [11]
simulated the pyrolysis process of phosphoric acid modified PR
with a semi-empirical method of PM6. Their results showed that
the introduction of phosphates dramatically changed the carbon-
ization process of PR. Among the quantum chemistry methods,
density functional theory (DFT) has gained immense popularity
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over the past few decades due to its high computational efficiency
and accuracy [12]. Based on the simplified graphene-like models of
boronmodified C/C composites, Wu et al. [13] studied the influence
of boron substitution on the reactivity of carbon atoms next to the
boron atoms through both DFT and ab initio methods. Their results
indicated that the BDE of CeC bond calculated on the B3LYP/6-
31G(d) level was in excellent agreement with the results on HF/6-
31G(d) level. Besides, the HOMO distribution of boron-containing
models was also identical.

The above studies showed that based on simplified models of
BPR/PBPR and DFT approach, the relationship between borate
structure and thermal stability of resins could be further under-
stood. The pristine PR could be represented as PR-1 (Fig. 1) and the
positions where the phenol ring crosslinked to the other phenol
rings were blocked by methyls. Such model was also adopted by Qi
et al. [14] to simulate the initial stage of the pyrolysis of PR.
With the attempt to compare the thermal stability of CeCeC
bridge (in PR-1) with CeOeBeOeC bridge (in BPR and PBPR), two
sets of models containing borate structure can be adopted: i)
CeOeBeOeC bridged phenol rings (denoted as BPR-1 and PBPR-1);
ii) CeCeC and CeOeBeOeC jointly bridged phenol rings (denoted
as BPR-2 and PBPR-2).

The main goal of this work is to obtain the BDEs of the main
chemical bonds and the reactivity of the main functional groups in
the above models. Meanwhile, we expect to establish an effective
method that could be widely used to study the relationship be-
tween structure and thermal stability of PR. To achieve these ob-
jectives, DFT methods of BPW91, B3LYP, CAM-B3LYP and M06-2X
were applied to calculate BDE and bond order of main chemical
bonds in the above models, as well as the atomic charges, Fukui
function and molecular orbitals. The results of this study will help
us to determine whether borate bridged structures could exhibit
higher bond strength and lower reactivity, and how could the
borate structure affect the thermal stability of the boron-
neighbouring structure.

2. Computational details

All the five models were optimized at the BPW91/6-31G*,
B3LYP/6-31G*, B3LYP-D3/6-31G* [15e18], CAM-B3LYP/def2-TZVP
Fig. 1. Schematic represent of the boric acid and phenylbo
[19,20] and M06-2X-D3/def2-TZVP [21] levels, with a tolerance of
“verytight” for the optimization and SCF jobs. Among the four
hybrid functionals, CAM-B3LYP (19% HF exchange for short range
and 65% for long range) and M06-2X (54% HF exchange) are better
than B3LYP (20% HF exchange) in describing the long range inter-
action, which would benefit BDE calculation. Dispersion correction
method DFT-D3, which is a mix of conventional functionals and an
add-on energy term, was performed by Grimme's DFT-D3 program
package [22]. Owing to its precisely description of the weak inter-
action, DFT-D3 corrected hybrid functionals achieve CCSD(T) ac-
curacy [22], especially for thermochemical calculation [23]. With
good quality and high efficiency, def2-TZVPwould be better than 6-
31G* in BDE calculation and have already been widely adopted to
calculate BDE [24,25]. The vibrational frequencies were calculated
at the same level for characterizing the nature of structures and for
zero-point energy corrections. All calculations were performed
using the Gaussian 09 [26].

Mayer bond order [27], Fukui function [28] and molecular
orbital distribution were obtained on BPW91/6-31G*, B3LYP/6-
31G*, B3LYP-D3/6-311G**, CAM-B3LYP/6-311G** and M06-2X-D3/
6-311G** levels. As the reactivity analysis preferred to be regional,
the introduction of diffusion function may lead to unreliable re-
sults, thus the triple zeta basis set def2-TZVP was not adopted in
this part of calculation. To calculate f0(r) (Fukui function for free
radical attack), the wavefunction of these models with neutral
(Q ¼ 0), cationic (Q þ 1) and anionic (Q � 1) charges were also
obtained.

f 0N ðrÞ ¼
1
2
½rNþ1ðrÞ � rN�1ðrÞ� (1)

f 0k ¼ 1
2
½pkðN þ 1Þ � pkðN � 1Þ� (2)

Where f 0N ðrÞ denotes the Fukui function for free radical attack of a
molecular with N electrons, f 0K ðrÞ denotes the consensed Fukui in-
dice for free radical attack of atom k; rNþ1(r) and rN�1(r) denote
electron density of a molecular with Nþ1 and N-1 electrons,
respectively; pk(Nþ1)andpk(N�1) denote atomic charge of atom k
in molecular with N þ 1 and N � 1 electrons, respectively. These
ronic acid-modified PRs and their simplified models.
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calculations were performed using G09, with the aid of Multiwfn
software [29].

The BDE at both 0 K and 298 K were obtained. The BDE of
chemical bond A-B in molecule AB defined as enthalpy change
when the bond is cleaved (reaction 3) at certain temperature
[30,31].

A� B/A,þ B, (3)

DНTðA� BÞ ¼ HTðA,Þ þ HTðB,Þ � HTðA� BÞ (4)

BDEð0KÞ ¼ DН0KðA� BÞ (5)

BDEð298KÞ ¼ DН298KðA� BÞ (6)

Here, H denotes as the enthalpy of molecules or free radicals at
certain temperature.

The homolytic products of each model were optimized with
unrestricted open-shell method. Based on the molecular energy
and vibrational frequencies obtained from G09, thermodynamic
data (G and H) of the molecules or the free radicals (pyrolytic
products) at 898 K were calculated by KiSTheIP [32] software. The
scale factor used for frequency correction of BPW91/6-31G*, B3LYP/
6-31G*, B3LYP-D3/6-31G*, CAM-B3LYP/def2-TZVP andM06-2X-D3/
def2-TZVP were 0.986, 0.991, 0.991, 0.990 and 0.983, respectively
[33]. Detailed steps to calculate the BDE, thermodynamic data and
electronic structure data can be found in SI (Page 1e2).

3. Results and discussion

3.1. Bond strength

3.1.1. Weak bonds and corresponding analysis method
All chemical bonds in PR and boron-containing PRs could be

ruptured at high temperature, but the stability of these bonds are
different. Based on the handbook of BDEs [34,35], we can predict
that CeC bond in methylene bridge, CeO/OeH bonds in the
phenolic hydroxyl and CeO bond in borate structure are the weak
bonds in the cured PR and boron-containing PRs, which will be
cracked firstly. According to the damage extent caused by the ho-
molytic reaction, the bonds in these models could be classified into
skeleton rupturing bonds (Fig. 2, brown double arrow) and free
radical producing bonds (Fig. 2, light blue single arrow). Such
Fig. 2. Weak bonds in PR-1 and boron-containing PR models ( skeleton rupturing
bonds, free radical producing bonds).
classification would facilitate the analysis of the influence of the
homolytic reactions on the thermal stability of different bonds.

In general, BDE is a credible index to evaluate the strength of
chemical bond, whereas sometimes it is difficult to be calculated for
specific chemical bonds. For example, an optimization job towards
the homolytic products of BeO(8), CeO(8) and CeC(7) in BPR-2 and
PBPR-2 would be difficult to complete, since these bonds tend to
rebuild during the geometry optimization. A precisely calculation
of bond orderwill be helpful to evaluate the strength of these bonds
[27,36]. Among the bond order calculation methods [37e39], the
Mayer bond order was reliable to evaluate the bond strength [40].
Generally, for the same kind of bond in different chemical envi-
ronment, a higher bond order reflects a higher bond strength
[40,41]. Besides, an analysis of the geometry data of the above
models will provide further information of bond strength and
thermal stability [13].

3.1.2. BDE
The BDEs of main bonds in the five models at 298 K obtained

from different methods were listed in Table 1 and compared with
the reference value. The enthalpy of the five models and their ho-
molytic products at 298 K, as well as BDEs at 0 K, can be found in
(SITables 1 and 2). The accuracy of the five computational methods
was evaluatedmainly based on BDEs of bonds in PR-1 and reference
values, as the referenced bonds for PR-1 share the most similar
chemical environment with the bonds in PR-1.

Except for O(8)-H bond on CAM-B3LYP/def2-TZVP level and
CeC(7) bond on M06-2X-D3/def2-TZVP level, the results on both
the CAM-B3LYP/def2-TZVP and M06-2X-D3/def2-TZVP levels
showed good accuracy for the most bonds. Poor results were ob-
tained for CeC(7), CeO(8) and O(8)-H bonds on both the BPW91/6-
31G* and B3LYP/6-31G* levels. The accuracy of BDEs of the CeC(7)
and CeO(8) bonds was significantly enhanced with D3 correction
on the B3LYP/6-31G* level. All the five methods showed good ac-
curacy for BDEs of CeH bonds in the phenol rings. Owing to the
good accuracy of BDEs calculated on CAM-B3LYP/def2-TZVP and
M06-2X-D3/def2-TZVP levels, a comparison towards BDEs of bonds
in different models was made mainly on these two levels.

On the CAM-B3LYP/def2-TZVP level, BDEs of both CeO and BeO
bonds in CeOeBeOeC bridge (BPR-1 and PBPR-1) are higher than
CeC in CeCeC bridges (PR-1), which is in agreement with the
experimental deduction in the literature [5,6]. A further corollary
could be inferred is that the CeOeBeOeC and CeCeC bridges in
BPR-2 or PBPR-2 had equivalent strength compared to those in BPR-
1 or PBPR-1. Unfortunately, optimization towards the homolytic
products of BeO(8), CeO(8) and CeC(7) bonds in both BPR-2 and
PBPR-2 failed, since all of these bonds were rebuilt after the ho-
molytic products were optimized. In Section 3.1.3, bond order and
geometry data were employed to further analyze the strength of
these bonds.

Due to the influence of the neighboring borate structure, the
BDEs of CeH in methylene bridge in BPR-2 and PBPR-2 were higher
than that in PR-1, which indicated that much less H$ radicals will be
produced from the fracture of CeH bond in BPR-2 and PBPR-2. The
BDEs of BeO(10) and O(10)-H in BPR-1 (and BPR-2) were higher
than that of CeO(8) and O(8)-H in PR-1, respectively. Therefore, it
can be speculated that the introduction of borate structure (BPR-1
and BPR-2) hindered the formation of free radicals (H$ and HO$) at
the initial stage of pyrolysis. The rupture of CeO(8), O(10)-H and
C(11)-B bonds would lead to the formation of boron oxide, which
may melt at ca. 450 �C and cover on the surface of unpyrolyzed
regions to isolate the resin from being attacked by the free radicals
[42,43].

It had been proved that PR or boron-containing PRs lost weight
drastically at the range of 798e898 K, hence an analysis of the



Table 1
Calculated BDEs (kJ/mol, 298 K) of chemical bonds in PR-1 and boron-containing PR models and compared with reference value.

Models Bonds BPW91/6-31G* B3LYP/6-31G* B3LYP-D3/6-31G* CAM-B3LYP/def2-TZVP M06-2X-D3/def2-TZVP Ref. value Ref. Bonds

PR-1 CeC(7) 338.38 343.34 372.94 372.62 352.71 378.2 ± 8.4 (T)a PheCH2Ph
CeO(8) 403.16 409.65 460.54 431.39 453.19 465.7 ± 4.2 (T) PheOH
O(8)-H 291.97 309.36 302.81 321.87 319.07 342.3 (E)b PhOeH
C(7)-H 324.34 329.13 333.87 334.19 339.99 353.5 ± 2.1 (T) Ph2CHeH
C(3)-H 452.36 465.74 465.65 451.27 467.51 462.8 ± 14.2 (E) PhOH(C3eH)c

C(5)-H 451.55 464.68 467.70 449.69 467.86 462.8 ± 14.2 (E) PhOH(C3eH)
BPR-1 CeO(8) 396.87 419.04 460.80 482.82 444.37 415.1 ± 5.9 (E) PheOCH3

BeO(8) 403.56 424.81 462.38 471.32 439.04 481 ± 109 (E) (RO)2BeOCH3

BeO(10) 561.51 564.32 608.05 604.77 594.42 553 ± 30 (E) (HO)2BeOH
O(10)-H 410.29 442.53 446.86 491.15 469.89 e e

C(3)-H 455.48 466.87 469.53 458.90 460.23 462.8 ± 14.2 (E) PhOH(C3eH)
C(5)-H 464.65 464.32 468.62 454.55 456.66 462.8 ± 14.2 (E) PhOH(C3eH)

PBPR-1 CeO(8) 349.70 378.80 434.21 458.41 421.12 415.1 ± 5.9 (E) PheOCH3

BeO(8) 392.00 404.04 463.03 478.63 438.53 481 ± 109 (E) (RO)2BeOCH3

CeB(11) 470.32 482.32 512.59 500.35 488.77 510 (E) Cl2BePh
C(3)-H 451.08 464.67 465.58 464.61 464.59 462.8 ± 14.2 (E) PhOH(C3eH)
C(5)-H 452.87 465.58 466.16 466.05 466.45 462.8 ± 14.2 (E) PhOH(C3eH)

BPR-2 BeO(10) 557.38 561.25 603.09 615.20 607.73 553 ± 30 (E) (HO)2BeOH
O(10)-H 388.84 437.05 433.13 491.53 478.51 e e

C(7)-H 346.83 359.17 358.25 370.94 362.57 353.5 ± 2.1 (T) Ph2CHeH
C(3)-H 450.65 464.62 465.81 465.46 466.96 462.8 ± 14.2 (E) PhOH(C3eH)
C(5)-H 452.59 466.13 466.46 465.92 467.79 462.8 ± 14.2 (E) PhOH(C3eH)

PBPR-2 CeB(11) 465.07 479.93 502.13 490.40 480.45 510 (E) Cl2BePh
C(7)-H 360.48 373.76 379.06 393.47 380.83 353.5 ± 2.1 (T) Ph2CHeH
C(3)-H 452.33 464.90 466.58 466.12 466.33 462.8 ± 14.2 (E) PhOH(C3eH)
C(5)-H 450.61 465.87 466.07 465.74 465.58 462.8 ± 14.2 (E) PhOH(C3eH)

a (T) denotes as Theoretical Value.
b (E) denotes as Experimental Value.
c PhOH(C3eH) denotes as C3eH bond in PhOH.
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DH898K and DG898K (SI Tables 3 and 4) of homolytic reaction of main
bonds in thesemodels would be helpful to understand the pyrolysis
behavior in this temperature range. The DH898K and DG898K of BeO
and OeH in boric hydroxyls, as well as CeH in phenol rings were
higher than the other bonds. This suggested more heat was
absorbed when these bonds were ruptured and less free radicals
would be produced. Since the DG898K of these bonds was consid-
erably larger than 0, the homolytic reactions of these bonds were
hard to sustain. That would be benefit to reduce the concentration
of H$ and HO$ and slow down the rate of pyrolysis. However, the
homolytic reactions of CeC(7), CeO(8) and O(8)-H in PR-1, as well
as CeO(8) and BeO(8) in BPR-1 and PBPR-1 continued until all of
them ruptured down, for both the DHT and DGT of these bonds were
relatively lower than the others.

3.1.3. Bond order and geometry
Since the bond order of bonds in these models were obtained

from different electronic structure, the absolute value of bond order
in different models should not be compared directly. A referential
bond with known BDE can be specified for comparison of the bond
strength of the same bond in different models. For example, the
C(7)-H could be considered as the referential bond to compare the
strength of the CeCeC bridge in PR-1, BPR-2 and PBPR-2, for both
the BDE and bond order of C(7)-H bond in the three models were
very close to each other (Fig. 3). Similarly, BeO(10) could be
considered as the referential bond to compare the strength of
BeO(8) and CeO(8) bond in BPR-1 and BPR-2, while BeC could be
considered as the referential bond to compare the strength of
BeO(8) and CeO(8) bond in PBPR-1 and PBPR-2.

On both the M06-2X-D3/6-311G** and B3LYP-D3/6-311G**
levels, the bond order of CeC bond in PR-1 was close to that in
BPR-2 and PBPR-2, which indicated that the strength of CeC in
methylene bridges in the PR-1, BPR-2 and PBPR-2 were equivalent
to each other. Combined with the analysis of BDE of BeO(8) and
CeO(8) in BPR-1 and PBPR-1 (Table 1), it can be said that the
strength of CeOeBeOeC and CeCeC bridge in BPR-2 or PBPR-2
were fairly close, which would markedly improve the thermal
stability of boron-containing PRs. Although quantitative results of
the strength of OeBeOeC and CeCeC bridges were not obtained
from the above analysis, we can verify the assumption that borate
structurewould affect the neighboring structures and consequently
the thermal stability of the resin dramatically. The bond order on
the B3LYP/6-31G* and BPW91/6-31G* levels show the same trend
with the method mentioned above (SI Fig. 2).

The bond length of CeO in both BPR-1 and PBPR-1 were com-
parable to that in PR-1 (SI Table 5), which would be another evi-
dence that the strength of CeOeBeOeC and CeCeC bridge in BPR-
2 or PBPR-2 were fairly close. Calculations of the centroid distance
and angle between the two phenol rings in eachmodel showed that
the distance between two phenol rings in PBPR-1 and PBPR-2 were
closer than that in PR-1, BPR-1 and BPR-2 (Fig. 4, SI Table 6 and SI
Table 7), which was beneficial to the char formation during the
pyrolysis [42].

3.2. Reactivity of functional groups

Besides the BDE of main bonds in the resin, the reactivity of
phenolic hydroxyl, boric hydroxyl, methylene, borate, phenyl-
boronate and phenol ring was another important factor that affect
the thermal stability of the resin. During the pyrolysis of PR resin,
free radical substitution rules supreme after the homolytic reaction
[1,2,14]. In the initial stage of free radical substitution reaction, the
free radical were attracted by the electrostatic potential and the
reactivity of the target functional groups could be evaluated by the
net atomic charges [44]. Among the atomic charge calculation
methods [45,46], the Mulliken charge, which was put forward in
1955 [47e49], was reliable to evaluate the electrostatic potential.
However, when the distance between the radicals and target group
was close enough, the electron cloud began to overlap and the
electron population began to change significantly. Fukui function,
instead of atomic charge would be more precise to present the
reactivity of functional groups during this stage, as proposed by



Fig. 3. Mayer bond orders of chemical bonds in PR-1 and boron-containing PR models (Normal and italic numbers represented as bond orders obtained onM06-2X-D3/6-311G** and
B3LYP-D3/6-311G** levels, respectively).

Fig. 4. The centroids distance and angle between the two phenol rings (Normal and italic numbers represented as data obtained by on M06-2X-D3/def2-TZVP and B3LYP-D3/6-31G*
levels, respectively).
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Paul et al. [28]. Further information of reactivity and thermal sta-
bility of these models could be obtained from HOMO distribution
and energy level.

3.2.1. Mulliken charge
The atomic charges of oxygen atoms in boron-containing

models was slightly negative than that in PR-1 (Fig. 5), which
suggested that the borate structure would attract more radical than
phenolic hydroxyl. In comparison with PR-1, negative charges on C
atoms of methylene in BPR-2 and PBPR-2 were slightly increased,
which may result in the increased reactivity of methylene. How-
ever, the charges on the two O atoms next to the C atom in meth-
yleneweremore negative than the C atom itself, which reduced the
possibility of being attacked by the radicals. A comprehensive
comparison of net charge on O atom based on M06-2X-D3/6-
311G** and B3LYP-D3/6-311G** methods showed that the reac-
tivity of borate structure in boron-containing models was approx-
imately equivalent to that of phenolic hydroxyl in PR-1. Population
analysis based on the B3LYP/6-31G* and BPW91/6-31G* levels
showed the similar results with the above method (SI Fig. 3). It



Fig. 5. Mulliken Charge of atoms in PR-1 and boron-containing models (Normal and
italic numbers represented as Mulliken Charge obtained on M06-2X-D3/6-311G** and
B3LYP-D3/6-311G** levels, respectively).
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should be noted that boron oxide would be formed as a result of the
radical attack of the borate structure, which will not induce further
damage on the resin [42,43]. However, the hydroxyl radicals peeled
from phenolic rings will lead to obvious destruction of the resin
skeleton [14,50].

3.2.2. Fukui function
Fukui function for free radical attack (f0(r)) of the above models

were calculated on both the M06-2X-D3 and B3LYP-D3 methods.
The isosurface (isovalue¼ 0.0028 a.u.) of f0(r) based on M06-2X-D3
(Fig. 6) indicated that phenolic hydroxyl, methylene and phenolic
ring were the possible active cites, which may be attacked by the
free radicals. Moreover, in comparisonwith PR-1, the distribution of
f0(r) in boron-containing models was significantly changed. For
example, the active zone of PBPR-1 and PBPR-2 was partially
transferred to borate structure from phenolic ring, which meant
Fig. 6. Isosurface of Fukui function for radical attack of PR-1 and boron
that the incorporation of phenylboronate structure was beneficial
to improve the thermal stability of PR. The isosurface of f0(r) based
on B3LYP-D3 showed the identical distributionwithM06-2X-D3 (SI
Fig. 4).

Fukui indices (f 0k ðrÞ, condensed Fukui indices for free radical
attack) for each atom in the above molecules were calculated based
on the Hirshfeld charges (SI Table 8). Compared with PR-1, the f 0k ðrÞ
of C(1), C(2), C(4) and O(8) in PBPR-1 and PBPR-2 were significantly
reduced, which was in accordance with the analysis result of f0(r)
isosurface and Mulliken charge. Compared with BPR-1 and BPR-2,
the f 0k ðrÞ of B atom in PBPR-1 and PBPR-2 were increased, which
meant that phenylboronate structure may attract more radicals and
consequently both the phenol ring and methylene bridge will be
protected.

3.2.3. HOMOs
The energy level of HOMOs of the fivemodels based on all levels

(SI Table 9) showed the same trend: BPR-1 < BPR-2 < PBPR-
1 < PBPR-2 < PR-1, which means that the reactivity of all the boron-
containing models are lower than PR-1. This was consistent with
the study conducted byWu et al. [13], since they also approved that
HOMO distribution of benzene-containing structure will be
significantly changed due to the incorporation of boron atom.

A Comparison of HOMO distribution between the five models
(Fig. 7) showed that the phenolic hydroxyl, borate structure and
phenol ring are the active sites, which indicates that CeOeBeOeC
bridge would also suffer from damage inevitably. However, it is
worth to point out that there is HOMO distributed on methylene in
PR-1, whereas no HOMO distributes on methylenes in BPR-2 and
PBPR-2. A conclusion could be inferred from above analysis that the
incorporation of CeOeBeOeC bridge into PRwould be beneficial to
improve the thermal stability of PR skeleton.

4. Conclusion

Based on simplified models of PR, BPR and PBPR, the BDEs of
main bonds and the reactivity of main functional groups were
obtained with BPW91, B3LYP, CAM-B3LYP and M06-2X methods.
-containing models. (Isovalue ¼ 0.0028 a.u., M06-2X-D3/6-311G**).



Fig. 7. HOMOs of PR-1 and boron-containing models (Isovalue ¼ 0.02 a.u., Normal and italic numbers represented as HOMO energy levels obtained on M06-2X-D3/6-311G** and
B3LYP-D3/6-311G** levels, respectively).
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The introduction of borate structure could improve the thermal
stability of PR significantly, which can be attributed to the high BDE
of BeO bond and the changed reactivity of boron-neighboring
structure in the cured resin. The phenolic hydroxyl, methylene,
boric hydroxyl and phenol ring showed higher reactivity than that
of borate and phenylboronates. In the models with eight-
membered ring formed by CeOeBeOeC bridge and CeCeC
bridge, the reactivity of methylenewas significantly reduced, which
was beneficial to the thermal stability of boron-containing PRs. Our
theoretical approach has provided a reasonable explanation of the
experimental results that boric acid and phenylboronic acid could
improve the thermal stability of PR substantially.
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