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Abstract: The mechanisms for the base-catalyzed condensation reactions in phenol-formaldehyde
resin synthesis were investigated by using the density functional theory method. The structures of
the intermediates and transition states, as well as the potential energy barriers of the involved
reactions, were obtained. The hypothesis of quinine methide (QM) formation was theoretically
confirmed. Two mechanisms were identified for QM formation, namely Elcb (elimination
unimolecular conjugate base) and water-aided intra-molecular water elimination. The latter is
energetically more favorable and is proposed for the first time in this work. Based on the QM
mechanism, the condensation should be a unimolecular reaction because the following
condensation between an ionized species (dissociated phenol or hydroxymethylphenol) with QM
is much faster. The previously proposed Sx2 condensation mechanism was found to be not
competitive over the QM mechanism due to a much higher energy barrier. The condensation
reaction between neutral phenol or hydroxymethylphenol and QM was also found to be possible.
The energy barrier of this reaction is close to or higher than that of QM formation. Therefore, the
overall condensation reaction may appear to be bimolecular if such a reaction is incorporated. The
theoretical calculations in this work rationalized the discrepant results reported in previous
kinetics studies well.
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1. Introduction

The thermosetting phenol-formaldehyde (PF) resin is one of the most common adhesives in the
wood industry. Although PF resin has been studied for over a century and acceptable products can
be obtained, some challenges, such as a high curing temperature and low curing speed [1-3], have
not been addressed. To understand the chemistry of PF, the influences of the reaction conditions,
including the catalysts, formaldehyde to phenol molar ratio (F/P), temperature, reactant-adding
procedure etc., on the changes of the molecular composites of the resin have been investigated and
discussed [3-9], but the experimental results have not been well rationalized due to the complexity
of the PF chemistry and difficulties in having insight into the involved reactions, especially the
microscopic mechanisms. Therefore, the theory of PF resin synthesis has been developed slowly
during the past decades.

The kinetics and mechanisms of the individual reactions in the PF system are apparently the
key issues and also the foundation for understanding the chemistry of PF. However, by surveying
the literature from the middle of the last century to recent years, discrepant results for the kinetics
and mechanisms of the base-catalyzed condensation reactions between hydroxymethylphenols
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(HMPs) have been reported [9-19]. In some earlier studies, the condensations of HMPs were
reported to be first-order [9-11], pseudo-first-order or second-order [12,13]. These reports implied
or clearly pointed out that the condensations occurred in an Sx2 (bimolecular nucleophilic
substitution)-type mechanism. Namely, the reactions occurred between undissociated and
dissociated (ionized) HMPs, dissociated and dissociated HMPs, and wundissociated and
undissociated HMPs. Later in 1983, Jones observed the self-condensation of
trihydroxymethylphenol (THMP) to be first-order and proposed a quinone methide (QM)
intermediate hypothesis to explain the kinetics [14]. In 2001, Higuchi et al. confirmed that the
self-condensation of 2-hydroxymethylphenol (2-HMP) is kinetically of genuine first-order and the
QM hypothesis seems to hold in such a reaction [15]. However, in their continuous studies on
4-hydroxymethylphenol (4-HMP) [16], 24-dihydroxymethylphenol (2,4-DHMP) [17] and
2,4,6-trihydroxymethylphenol (2,4,6-THMP) [18], the condensations appeared to be of fractional
order, ranging from 1.1~2.0. Further, the reaction order varied with the change of the NaOH/HMP
molar ratio and with the change of the HMP concentration. Based on these results, Higuchi et al.
implied that, beside the unimolecular mechanism which is represented by the QM hypothesis,
bimolecular reactions such as Sx2 may also contribute to the reaction [16-18]. A very recent
study [19] also suggested that both the QM and Sx2 mechanisms work in the condensations.
Obviously, the very fundamental issue in PF resin chemistry has not been addressed.

The discrepant conclusions drawn from the kinetics experiments are mainly due to the
complex nature of the PF reaction system. On the other hand, the reactive intermediates are
generally short lived and they cannot be directly observed or monitored by experimental methods.
Fortunately, theoretical calculations on the computer based on developed quantum chemistry
theory allow us to investigate each individual reaction and can provide us with a clear picture of
how the reactants evolve to intermediates and finally to products.

In this study, detailed theoretical calculations were performed on the model base-catalyzed
reaction between phenol and hydroxymethylphenol to clarify the key issues that have not been
addressed. First, how is the quinine methide intermediate formed? How is it reactive in
condensation reactions? Second, is the Sx2 mechanism that was proposed previously also possible?
If yes, which one is more favorable? Finally, are there any other new mechanisms?

The reaction pattern and mechanisms identified for phenol in this study may be extended to
other phenolic compounds, such as resorsinol and tannin [20], because they have a similar phenolic
functional group, although the reactivity and molecular weight of these compounds are different
from phenol.

2. Theoretical Calculations

All the structures of the stationary points on the reaction potential energy surfaces (PES),
including reactants, intermediates, transition states and products, were fully optimized by using the
density functional theory [21,22] (DFT) method B3LYP [23-25] with the standard basis set
6-31++G** [26-29]. The harmonic vibrational frequencies were calculated to characterize the nature
of the stationary point as a local minimum or first-order saddle point (transition state) on the PES.
The zero-point vibrational energies (ZPVE) were used to correct the relative energies. Each
transition state (TS) was identified as it has a unique imaginary frequency. Intrinsic reaction
coordinate (IRC) analysis was also performed to confirm the connectivity between a TS and a local
minimum. For all the calculations, the self-consistent reaction field (SCRF) method was employed
with the polarizable continuum model (PCM) [30-32] by defining water as the solvent to simulate
the implicit solvent effects (Water: ¢ = 78.3553). All the calculations were carried out with the
GAUSSIAN 03 program package [33].

The relative energies in the potential energy profiles shown in this paper were obtained by the
following formulas:

AE(TS) = [(E(TS) + ZPVE(TS)] - [E(R) + ZPVE(R)]



Polymers 2017, 9, 45 3of11

AE(P) = [(E(P) + ZPVE(P)] - [E(R) + ZPVE(R)]

Here, E(TS) is the total electron energy of a TS, while E(R) represents the total electron energy
of a local minimum which is on the reactant direction (left side) of a TS. Thus, AE(TS) represents the
energy barrier of a TS relative to the left local minimum on the PES. Similarly, E(P) is the total
energy of electrons of a local minimum which is on the product direction (right side) of a TS, and
AE(P) corresponds to the relative energy of a right local minimum with respect to a left local
minimum. Note that the left local minimum can be initial reactants or reactant-like intermediates,
and the right local minimum can be reaction products or product-like intermediates. It depends on
what target reaction is being investigated.

3. Results and Discussion

Figure 1 shows the possible mechanisms for the formation of the ortho-quinone methide
(0-QM) intermediate. Figure 2 shows the possible mechanisms for the condensation reactions. The
first pathway leading to 0-QM is A — 0-B — 0-C — 0-QM. Another pathway is A — 0-B — 0-D —
0-C — 0-QM. Both the pathways must pass the intermediate 0-C. Via the Elcb loss of OH-, the 0-QM
can be formed and this is the rate-determining step. Such a mechanism is proposed in some
literature [15-19]. However, we considered another mechanism where intra-molecular water
elimination from the intermediate 0-D also leads to 0-QM. The para-quinone methide (p-QM) can
also be formed via similar mechanisms. Note that a water-elimination mechanism was also
proposed by Higuchi et al. [15]. However, the initial species was thought to be a neutral HMP. We
performed calculations on this mechanism, but it was not identified.
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Figure 1. The mechanisms for quinine methide formation.
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Figure 2. Possible mechanisms for condensation reactions (IM stands for intermediate).
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In this work, the rate-determining step of Elcb and water elimination was calculated and the
obtained structures are shown in Figure 3. The calculated potential energy profiles are given in
Figure 4. The 0-C1 and 0-C2 are two structures of intermediate C, and the former is 9.5 kJ/mol more
stable than the latter because a hydrogen bond (1.782 A) can be formed between the
o-hydroxymethyl group and the carbonyl oxygen. Via the transition state 0-TS-Elcb, the OH- can be
eliminated and produce 0-QM. The potential energy barrier of this step was calculated be 120.1
kJ/mol. For the formation of p-QM, this barrier was lowered to 99.7 k]J/mol. Note that 0-QM and
p-QM are isomers and our calculations suggest that the latter is more stable by 24.4 kJ/mol.
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Figure 3. The calculated structures of the intermediates and transition states for the Elcb mechanism
(selected bond lengths in A, oxygen in red, carbon in grey and hydrogen in white).
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Figure 4. Potential energy profiles for the Elcb formation of ortho- and para-quinone methide.

However, the formation of QM will not definitely experience intermediate 0-C or p-C if the
initial reactants are phenol and formaldehyde. An alternative mechanism that works via water
elimination from o0-D or p-D is also possible. The calculated results for this mechanism are shown in
Figures 5 and 6. From the ortho-position intermediate 0-D in which an intra-molecular bond is also
formed, a water molecule can be eliminated via the four-member transition state TS-E, directly
leading to 0-QM. The energy barrier of this reaction was calculated to be 145.8 kJ/mol. Obviously,
such a high barrier is not consistent with the kinetics measurement. However, in aqueous solution,
the water molecule may play the role of catalyst. Therefore, we put a water molecule in the
theoretical model to simulate the catalytic effect. The 0-D1-H20 is the obtained intermediate
complex formed through the intermolecular hydrogen bonding interaction between 0-D1 and H20.
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Based on this complex, the six-member water-mediated proton transfer transition state o-TS-WPT
was identified. The vibration mode of the imaginary frequency clearly showed the proton transfer
from the carbon to the water oxygen, and from the water to the hydroxyl oxygen. It is much like the
expected transition state. However, IRC calculation demonstrated that once a proton shifted to the
hydroxyl oxygen, another proton on the hydroxyl group simultaneously moved to the carbonyl
oxygen due to the strong intra-molecular hydrogen bonding effect, leading to o-HMP-H20 which
can be viewed as a complex of o-HMP and H:0. Therefore, the 0-TS-WPT does not correspond to
the water elimination and formation of 0-QM, but corresponds to the simultaneous transfer of three
protons and the formation of o-HMP. Despite that, in contrast to TS-E, the water transfer energy
barrier was significantly lowered to 77.7 k]/mol.
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Figure 5. The calculated structures of the intermediates and transition states for the ortho- and
para-quinone methide formation via water-aided elimination mechanism (selected bond lengths
in A, oxygen in red, carbon in grey and hydrogen in white).

Obviously, the proton transfer from the hydroxyl group to the carbonyl group is due to the
strong intra-molecular hydrogen bonding effect. If this effect is destroyed, water elimination may
occur. By rotating the hydroxyl group and canceling the hydrogen bonding effect, the complex
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0-D2-H:0, which is 12.6 kJ/mol less stable than 0-D1-H20, was identified. After this complex, the
water-aided elimination transition state o-TS-WAE was located. The IRC calculation showed that
the proton on the carbon transferred to the hydroxyl group with the mediation of water, tending to
eliminate two water molecules. Thus, 0-QM-2H2O was the resulting intermediate. Further
calculations confirmed that two water molecules can be eliminated via the dissociation transition
state 0-TS-disso, resulting in the formation of 0-QM. As shown in Figure 6, the transition state
0-TS-WAE represents the rate-determining step, and the energy barrier relative to 0-D1-H20 was
predicted to be 84.0 kJ/mol, which is significantly lower than the barrier of TS-E, clearly indicating
the catalytic effect of water. Compared with the Elcb mechanism, this mechanism is also much
more favorable. However, due to the intra-molecular hydrogen bonding effect, a large portion of
the complex formed between 0-D1 and H2O may exist mainly in the form of 0-D1-H20, instead of
0-D2-H:0. As revealed above, the former evolved to o-HMP, not 0-QM. Therefore, the inhibitory
effect of hydrogen bonding on the formation of 0-QM works here. The para-position QM (p-QM) is
not kinetically more favorable than 0-QM, although its formation is not influenced by the hydrogen
bonding effect. As shown in Figures 5 and 6, the p-TS-WAE was the identified transition state for
the para-position water-aided elimination mechanism. The energy barrier represented by this
transition state was 87.8 kJ/mol, slightly higher than that of 0-TS-WAE. However, the addition
between phenol and formaldehyde at the para-position is generally faster than the addition at the
ortho-position. Therefore, the p-QM may have a higher concentration in the solution and the
following condensation occurs mainly between the free ortho-postion of the aromatic ring and
p-QM, leading to the o-p condensation structure. This can rationalize the experimentally observed
result that the 0-p condensation structure was predominant.

In the kinetics study of Higuchi et al. [15,16], the starting reactant was 2-hydroxymethylphenol
(2-HMP) or 4-hydroxymethylphenol (4-HMP) and they estimated the activation energy barriers for
the formation of 0-QM and p-QM as 103 + 5 and 78 + 5 kJ/mol. This seems to agree with our
calculations for the Elcb mechanism in which the 0-QM is energetically less favorable. However,
0-QM or p-QM may not be directly produced via the Elcb mechanism, because the o-C or p-C
intermediate, which can be viewed as dissociated HMP, can evolve to intermediate 0-D or p-D. As
discussed above, 0-TS-WAE and p-TS-WAE have a close potential energy barrier of 84.0 and
87.0 kJ/mol, respectively, but due to the intra-molecular hydrogen bonding effect, a portion of
0-D-H20 will evolve to o-HMP instead of 0-QM. As a result, a lower reaction rate and higher
activation energy will be measured. This is in agreement with the conjecture of Higuchi et al. that
the hydrogen bonding in 2-HMP has an inhibitory effect on 0-QM formation.

It was assumed in the literature that the condensation reaction of a phenolate ion (PL) or
dissociated HMP with QM was much faster than the formation of QM [14-19]. To confirm this, we
also performed calculations on the reaction (1) in Figure 2. As shown in Figure 7, an addition-like
transition state, 0-p-TS-add, was located. In fact, this is the typical Michael addition. The potential
energy profile in Figure 8 shows this step has a small barrier of 26.6 kJ/mol, indicating this reaction
is indeed much faster than QM formation. Proton migrations after the intermediate o-p-IM1, leading
to o-p-methylenediphenol (0-p-MDP), were also assumed to be fast reactions. Therefore, further
theoretical calculations were not carried out.
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The Sn2 mechanism shown in Figure 2 as reaction (2) was also suggested by some early
reports [9-13]. However, in the study of Higuchi et al. on the self-condensation of 2-HMP (o-HMP) [15],
the authors concluded that the reaction is of genuine first-order and any bimolecular mechanism
should be ruled out. To clarify the competitive relationship of the QM and Sx2 mechanisms, we
performed calculations on the Sn2 reaction. In Figure 7, the Sn2 transition state o0-p-TS-Sx2
demonstrates that the collision between the o-HMP and the para-position of dissociated phenol
(phenolate ion) can lead to the removal of OH-, forming the intermediate o-p-IM2. The energy
barrier of this reaction was predicted to be 172.1 kJ/mol, which is about 70 and 90 kJ/mol higher
than that of the two QM mechanisms, respectively. Obviously, such a mechanism is not competitive
over the QM mechanism. This results rationalized the kinetics results of Higuchi et al. on the
self-condensation of 2-HMP. However, in their study on the self-condensation of 4-HMP (p-HMP) [16],
the reaction order was found to be 1.3 and they thought a bimolecular reaction may be involved.
Subsequently, the Sn2 mechanism was proposed again. To confirm whether 4-HMP is more reactive
than 2-HMP in the Sx2 reaction, the para-para reaction was also calculated and the transition state is
shown in Figure 7 as p-p-TS-SN2. The barrier of it was calculated to be 172.1 kJ/mol. Therefore, the
Sn2 mechanism for 4-HMP is also not competitive over the QM mechanism. To rationalize their
results, they thought the bimolecular reactions between two dissociated 4-HMPs or between two
undissociated 4-HMPs, which are shown in Figure 2 as reaction (3) and (4), may be possible.
However, they also doubted the rationality of the Sx2 reaction mechanism in these two types of
reactions, and finally they concluded that some unknown mechanisms may be at work. We also
performed calculations on reaction (3) and (4), but they were not identified.

To further confirm the role of the Sx2 mechanism, we have did a simple experiment on a model
reaction where the phenol was reacted with benzyl alcohol under the conditions of pH = 10, 90 °C.
The 3C NMR determination was performed for analyzing the reaction products. Benzyl alcohol (BA)
is structurally similar to HMP in the aspect of the aromatic hydroxymethyl group but the QM
intermediate cannot be formed from it. The Sx2 mechanism works if the condensed structure can be
formed. However, the 3C NMR spectrum did not indicate any condensation structure or other
products within 180 min. This is why we did not show the experimental results here. To
theoretically compare the reactivity of BA with HMP, we calculated the Sx2 reaction between BA
and the phenolate ion. The structure of the transition state and the reaction potential energy profile
are also given in Figures 7 and 8, respectively. The energy barrier for this reaction was calculated to
be 182.1 kJ/mol, close to that of the reaction between the HMP and phenolate ion. This result suggests
that the Sn2 reaction is very unlikely to occur. Note that the nulceophile in this study is always an
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unsubstituted phenolate ion, not dissociated (ionized) HMP. Theoretically, dissociated HMP should
be a weaker nucleophile due to the electron-withdrawing effect of the hydroxymethyl group.
Therefore, the Sx2 reaction between dissociated HMP and undissociated HMP is more impossible.

How to explain the experimentally observed bimolecular feature? We considered another possible
mechanism. That is the reaction between QM and a neutral phenol or HMP. In such a reaction, the
neutral phenol or HMP is a weaker nucleophile than the dissociated species. Moreover, the phenol is a
weak acid, and even with the presence of a base such as NaOH, a portion of the phenol or HMP is still in
neutral form. Higuchi et al. found that the bimolecular reaction rate varied with the change of the
NaOH/4-HMP molar ratio [16]. Especially when the molar ratio was higher than 0.5, the reaction rate
began to decrease. This implies that some kind of reaction that involves the neutral species may occur.
Based on this context, we proposed a new mechanism where the QM intermediate reacts with the
neutral phenol. The results are given in Figures 9 and 10. The energy barrier for the reaction between
0-QM and the p-position of the neutral phenol was 70.6 kJ/mol, which is still lower than the barrier of
0-TS-WAE. The rate-determining step was still the formation of 0-QM. The energy barrier for the
reaction between p-QM and the ortho-position of neutral phenol was calculated to be 86.1 kJ/mol, which
is closer to the barrier of 87.8 kJ/mol for p-QM formation. When we alternated the neutral phenol to
4-HMP, this barrier was calculated to be 87.6 kJ/mol (not shown in Figure 10 due to the similarity),
suggesting the substituent effect on this reaction is very weak. It is possible that the theoretical
calculation underestimated the barrier of this reaction to some extent due to the difficulties in simulating
the real solution for the theoretical solvent model. If this reaction becomes the rate-determining step, the
overall reaction will appear as a bimolecular feature. To say the least, even the barrier of the addition
step is really slightly lower, they are very close indeed. Therefore, it is not safe to experimentally judge
that the reaction is unimolecular.
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Figure 9. The structures of intermediates and transition states for the condensations between ortho-,
para-quinone methide and the neutral phenol (selected bond lengths in A, oxygen in red, carbon in
grey and hydrogen in white).
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4. Conclusions

The mechanisms of the base-catalyzed condensation reactions in phenol-formaldehyde resin
synthesis were investigated by using the density functional theory method and the main
conclusions have been drawn as follows:

(1) The quinine methide (QM) hypothesis was confirmed by theoretical calculations. Besides
the Elcb mechanism, a water-catalyzed intra-molecular elimination mechanism was identified. This
new mechanism is energetically more favorable.

(2) The condensation between the phenolate ion and QM is much faster than QM formation,
agreeing with the experimentally observed unimolecular feature of the overall reaction.

(3) The previously proposed Sx2 mechanism for the condensation reaction was ruled out due
to the much higher energy barrier compared to the QM mechanism.

(4) The condensation of a neutral phenol or hydroxymethylphenol with QM is also possible.
The calculated barrier of such a reaction is very close to that of QM formation. Incorporation of
neutral species in condensations may make the reaction kinetically bear bimolecular features.

Acknowledgments: This work is supported by the Programs of the National Natural Science Foundation of
China (NSFC) (31360159 and 51273163).

Author Contributions: Ming Cao, Jiankun Liang contributed to part of the theoretical calculations and the
editing of the paper. Taohong Li contributed mainly to the main part of the theoretical calculations and the
writing of the paper. Xiaoguang Xie and Guanben Du contributed to the design of the theoretical calculations
and the analysis of the calculated results, as well as the editing of the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Park, B.D.; Riedl, B. 3C-NMR study on cure-accelerated phenol-formaldehyde resins with carbonates.
J. App. Polym. Sci. 2000, 77, 1284-1293.

2. Conner, A H.; Lorenz, L.F.; Hirth, K.C. Accelerated cure of phenol-formaldehyde resins: Studies with
model compounds. J. App. Polym. Sci. 2002, 86, 3256-3263.

3.  Dunky, M. Adhesives based on formaldehyde condensation resins. Macromol. Symp. 2004, 17, 417-429.

4. Grenier-Loustalot, M.F.; Larroque, S.; Gande, D.; Grenier P.; Bedel, D. Phenolic resins: 2. Influence of
catalyst type on reaction mechanisms and kinetics. Polymer 1996, 37, 1363-1369.

5. Manfredi, L.B.; Osa, O.; Fernandez, N.G.; Vazquez, A. Structure—properties relationship for resols with
different formaldehyde/phenol molar ratio. Polymer 1999, 40, 3867-3875.

6.  Astarloa-Aierbe, G.; Echeverria, ] M.; Vazquez, A.; Mondragon, I. Influence of the amount of catalyst and
initial pH on the phenolic resol resin formation. Polymer 2000, 41, 3311-3315.

7.  Astarloa-Aierbe, G.; Echeverria, J.M.; Riccardi, C.C.; Mondragon, I. Influence of temperature on the
formation of phenolic resol resin catalyzed by amine. Polymer 2002, 43, 2239-2243.

8. Monni, J.; Alvila, L.; Pakkanen, T.T. Structural and Physical Changes in Phenol-Formaldehyde Resol
Resin, as a Function of the Degree of Condensation of the Resol Solution. Ind. Eng. Chem. Res. 2007, 46,
6916-6924.

9. Freeman, ].H,; Lewis, CW. Alkaline-catalyzed reaction of formaldehyde and the methylols of phenol. J.
Am. Chem. Soc. 1954, 76, 2080-2087.

10. Yeddanapalli, L.M; Francis, D.J. Kinetics and mechanism of the alkali-ctatalysed condensations of o- and
p-methylol phenols by themselves and with phenol. Macromol. Chem. 1962, 55, 74-86.

11. Francis, D.J.; Yeddanapalli, L.M. Kinetics and mechanism of the alkali-catalysed condensations of di- and
tri-methylol phenols by themselves and with phenol. Macromol. Chem. 1969, 125, 119-125.

12.  Freeman, J.H. Kinetics of the formation of hydroxylphenol-methanes from trimethylolphenol in alkali.
Am. Chem. Soc. Div. Org. Coat. Plast. Chem. 1967, 27, 84-89.

13. Sekhar, N.; Kuchrska, H.; Vasishth, R.C. Kinetics of the self-condensation of trimethylolohenol in alkaline
medium. Am. Chem. Soc. Div. Polym. Chem. Polym. Prepr. 1971, 12, 585-592.

14. Jones R. The condensation of trimethylolphenol. J. Polym. Sci. Polym. Chem. Educ. 1983, 21, 1801-1817.



Polymers 2017, 9, 45 11 of 11

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Higuchi, M.; Urakawa, T.; Morita, M. Condensation reactions of phenolic resins. 1. Kinetics and
mechanisms of the base-catalyzed self-condensation of 2-hydroxymethylphenol. Polymer 2001, 42,
4563-4567.

Higuchi, M.; Yoshimatsu, T.; Urakawa, T.; Morita, M. Kinetics and mechanisms of the condensation
reactions of phenolic resins II. Based-catalyzed self-condensation of 4-hydroxylmethylphenol. Polym. .
2001, 33, 799-806.

Kamo, N.; Higuchi, M.; Yoshimatsu, T.; Ohara, Y.; Morita, M. Condensation reactions of Phenolic resins
III: Self-condensation of 2,4-dihydroxymethylphenol and 2,4,6-trihydroxymethylphenol (1). J. Wood Sci.
2002, 48, 491-496.

Kamo, N.; Higuchi, M.; Yoshimatsu, T.; Ohara, Y.; Morita, M. Condensation reactions of Phenolic resins
III: Self-condensation of 2,4-dihydroxymethylphenol and 2,4,6-trihydroxymethylphenol (2). J. Wood Sci.
2004, 50, 68-76.

Strzemiecka, B.; Voelkel, A.; Zieba-Palus, J.; Lachowicz, T. Assesment of the chemical changes during
storage of phenol-formaldehyde resin pyrolysis gas chromatography mass spectrometry, inverse gas
chromatography and Fourier transform infrared methods. |. Chromatogr. A 2014, 1359, 255-261.

Pizzi, A.; Pasch, H., Celzard, A. Szczurek, A. Oligomer distribution at the gel point of
tannin-resorcinol-formaldehyde cold-set wood adhesives. ]. Adhes. Sci. Technol. 2012, 26, 79-88.
Hohenberg, P.; Kohn, W. Inhomogeneous electron gas. Phys. Rev. 1964, 136, B864-B871.

Kohn, W.; Sham, L.J. Self-consistent equations including exchange and correlation effects. Phys. Rev. 1965,
140, A1133-A1138.

Lee, C; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a
functional of the electron density. Phys. Rev. B 1988, 37, 785-789.

Miehlich, B.; Savin, A, Stoll, H.; Preuss, H. Results obtained with the correlation-energy density
functionals of Becke and Lee, Yang and Parr. Chem. Phys. Lett. 1989, 157, 200-206.

Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98,
5648-5652.

Ditchfield, R.; Hehre, W.J.; Pople, J.A. Self-consistent molecular orbital methods. 9. Extended
Gaussian-type basis for molecular-orbital studies of organic molecules. J. Chem. Phys. 1971, 54, 724.

Hehre, W.J.; Ditchfield, R.; Pople, J.A. Self-consistent molecular orbital methods. 12. Further extensions of
Gaussian-type basis sets for use in molecular-orbital studies of organic-molecules. J. Chem. Phys. 1972, 56,
2257-2261.

Clark, T.; Chandrasekhar, J.; Spitznagel, G.W.; Schleyer, PV. Efficient diffuse function-augmented
basis-sets for anion calculations. 3. The 3-21+G basis set for 1st-row elements, Li-F. . Comput. Chem. 1983,
4,294-301.

Frisch, M.J.; Pople, J.A.; Binkley, ].S. Self-consistent molecular orbital methods. 25. Supplementary
functions for Gaussian Basis Sets. |. Chem. Phys. 1984, 80, 3265-3269.

Miertus, S.; Tomasi, ]. Approximate evaluations of the electrostatic free energy and internal energy
changes in solution processes. . Chem. Phys. 1982, 65, 239-245.

Miertus, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a solute with a continuum. A direct
utilization of AB initio molecular potentials for the prevision of solvent effects. J. Chem. Phys. 1981, 55,
117-129.

Cossi, M.; Barone, V.; Mennucci, B. Ab initio study of ionic solutions by a polarizable continuum
dielectric model. Chem. Phys. Lett. 1998, 286, 253-260.

Gaussian 03, revision B.01; software for quantum chemistry calculation; Gaussian, Inc.: Pittsburgh, PA,
USA, 2003.

@ © 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



