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ABSTRACT!

A method is needed to predict which compounds, from the many alternative

phenolic compounds, might be best for making polymeric phenolic systems. Kinetic data
for the reaction of a series of phenolic compounds with formaldehyde using a base
catalysis are available in the literature. Semiempirical calculations, using RHF/PM3,
and ab initio calculations, using RHF/6-31G, RHF/6-31+G, and B3LYP/6-311+G(2d,p),
were performed on the series of phenolic compounds to determine their relative reac-
tivities. Atomic charges were determined for the phenolate anions. For each compound,
I summed the absolute value of the calculated, negative charges residing on carbon
atoms of the phenolic ring at which the HOMO was located and at which no substituent
was present to cause steric interference with the reaction. The sum of the charges for
each compound was then regressed against the log of the relative reaction rate for that
compound. The sum of charges from PM3-based calculations gave poor correlation with
reactivity. The sums of charges calculated by the CHelpG and Merz-Kollman/Singh
methods at the ab initio levels of theory give excellent correlations with reactivity of the
phenolics toward formaldehyde. Based on the calculated charges, estimates of the
relative reactivity at each of the reactive sites on each of the phenolic compounds were
determined. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78: 355-363, 2000
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INTRODUCTION

Adhesives constitute an important component in
the manufacture of a wide array of composite
products produced by the forest products industry
and used by the consumer. Approximately 57% of
all phenolics are used for the production of wood
adhesives and binders." From time to time during
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recent decades, various political and economic
factors have caused the price of phenol to in-
crease, which caused a concomitant marked in-
crease in the price of wood adhesives. This situa-
tion has led to recognition of the importance of
research on alternate sources of starting materi-
als for the production of adhesives.?

In general, materials are chosen for study as
alternative sources of feedstocks for the produc-
tion of adhesives because they are structurally
similar to materials already employed for this
purpose. For example, tannins® and lignins® have
been studied as replacements for phenol in phe-
nol-formaldehyde adhesives because they con-
tain phenolic moieties within their chemical
structures. However, chemical reactivity is de-
pendent in very subtle ways on the chemical
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Figure 1 Reaction of phenol with formaldehyde.

structure of a given component. To select the best
starting materials from an array of alternatives,
one must produce adhesive formulations using all
the alternatives in various proportions and then
conduct experiments to assess the efficacy of each
of those formulations as a wood adhesive. The
efficiency of this trial-and-error approach would
be greatly increased if one could predict a priori
those materials that would constitute the most
appropriate replacements for the various compo-
nents of an adhesive system; for example, the
phenolic component of a phenolic adhesive. Thus,
instead of having to test all possible materials,
one would be able to eliminate a number of less
likely candidate materials at the outset.

The reactions of phenolic compounds with
formaldehyde to form polymeric systems can be
either acid- or base-catalyzed. Resins made using
an acid catalyst and a phenol-to-formaldehyde
ratio greater than 1 are referred to as novolaks.
Novolaks require the addition of another reactive
component to effect cure. Resins made using a
basic catalyst and a phenol-to-formaldehyde ratio
less than 1 are referred to as resoles. Resoles
contain reactive hydroxymethyl end-groups that
can further react to form the cured state. Almost
all phenolic adhesive systems used to bond wood
are base-catalyzed resole resins.

In resole resins, polymer formation occurs in
two steps: (1) an addition reaction in which form-
aldehyde reacts with the phenolic compound to
form hydroxymethyl derivatives, and (2) a con-
densation reaction in which the hydroxymethyl
derivatives react to form oligimers and eventually
crosslinked polymers. To determine a method to
predict the reactivity of phenolic compounds, this
study investigated the formation of hydroxy-
methyl derivatives under basic conditions on re-
acting formaldehyde with phenolic compounds
using computational chemistry methods. The re-
sults of those computational chemistry calcula-
tions are compared with experimental data re-
ported in the literature.

RESULTS AND DISCUSSION

There is a large amount of literature on the gen-
eral reactivity of aromatic compounds, especially
correlation of reactivity with Hammett activity
coefficients® localization energy,’® and frontier
molecular orbitals.” Many experimental kinetic
studies have been conducted on the reactivity of
phenolic compounds (especially phenol) with
formaldehyde, ®% but few systematic studies
have been conducted that compare the reactivity
of different phenolic compounds with formalde-
hyde, especially under the same reaction condi-
tions.

A particularly extensive study was conducted
by Sprung,® who reported data for the reactivities
of a variety of phenolics under the same set of
reaction conditions. The reactions were carried
out under anhydrous conditions rather than un-
der the aqueous reaction conditions typically em-
ployed for the preparation of phenolic adhesives.
Sprung did note, however, that the kinetic
courses of the reactions were similar to those
found in aqueous solution. Thus, the available
data cannot be directly correlated in terms of
reactions that are representative of those used in
the preparation of adhesives for bonding wood.
However, the data are useful for both qualitative
assessments and for testing the use of computa-
tional methods to predict the reactivity of pheno-
lics.

The reaction of phenolics (e.g., phenol) with
formaldehyde (Fig. 1) corresponds to an electro-
philic aromatic substitution.?! In basic media, the
phenol reacts to form the phenolate anion in
which the negative charge is stabilized by reso-
nance delocalization with the ortho- and para-
positions. Reaction at the ortho- and para-posi-
tions can then occur with the partial positive
charge on the carbon of formaldehyde.

Total electron density calculations at carbons
of the phenol ring?**® using CNDO/2** and
MNDO? have been used to explain the fact that
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Table | Relative Reaction Rates of
Formaldehyde with Various Phenols at 90°C
Under Anhydrous Conditions®

Relative

Compound Abbreviation Rate
3,5Xylenol 35MP 7.75
m-Cresol 3MP 2.88
2,3,5-Trimethylphenol 235MP 1.49
Phenol — 1.00
3,4-Xylenol 34MP 0.83
2,5-Xylenol 25MP 0.71
p-Cresol 4MP 0.35
Saligenin — 0.34
0-Cresol 2MP 0.26
2,6-Xylenol 26MP 0.16

formaldehyde reacts with phenol at the ortho- and
para-positions but not at the meta-positions.
However, calculations with MNDO suggested
that reaction at the reactive centers was best
explained by the electron density in the HOMO of
the reactant molecules.?® Recently, charges calcu-
lated by ab initio methods were used to explain
the copper-catalyzed oxidative phenol coupling
reaction.”® While calculated atomic charges have
been used to explain differences in reactivity at
specific sites on a given phenolic compound (i.e.,
phenol), such calculations have not been used to
explain the differences in reactivity between phe-
nolic compounds.

Table 1 lists those phenolic compounds for
which Sprung obtained kinetic data on reactivity
with formaldehyde. The relative reaction rates of
the phenolic compounds with formaldehyde cover
a wide range. This wide range in reactivity illus-
trates the subtle effect that chemical structure
has on reactivity. Because of their wide range of
kinetic rate constants and the large number of
compounds studied under the same reaction con-
ditions, Sprung’'s data were ideal for comparing
with computational data. At the conditions em-
ployed for the reactions, only mono-addition reac-
tions were thought to have occurred to any signif-
icant extent.” Sprung obtained first-order, appar-
ent kinetic rate constants by following the
disappearance of formaldehyde. Thus, the rates
are overall rates that account for reaction of form-
aldehyde at all possible reactive sites on the phe-
nolic ring.

For purposes of determining reactivity by com-
putational means, three criteria were considered
necessary for reaction to take place: Reaction of

formaldehyde with a given phenolic compound
would occur only at a phenolic ring position hav-
ing (1) a substantial negative charge, (2) a signif-
icant component of the HOMO, and (3) no sub-
stituent other than hydrogen. These criteria are,
in effect, a reflection of the Klopman and Salem
equation’ for estimating chemical reactivity.

Semiempirical Calculations

Initial calculations were conducted on the pheno-
late anions at the restricted Hartree—Fock level of
theory using PM3. These calculations afforded
information on the molecular orbitals and the
charge at each of the atomic nuclei. For each of
the compounds, the HOMOs were analogous to
that shown for phenol in Figure 2 in which prom-
inent portions of the orbital are located at posi-
tions ortho and para to the phenol oxygen but not
at positions meta to the phenol oxygen. The cal-
culated charges at those atomic sites of the phe-
nolic ring on which the HOMO was located and on
which no substituent (other than hydrogen) was
present were summed to give the quantity Sq
(Table II). The charges at those sites with sub-
stituents were eliminated from Sq as an incom-
plete means of accounting for steric interactions
that would interfere with the approach of the
formaldehyde molecule. A plot of the absolute
value of Sq calculated for each phenolic com-
pound versus the relative reaction rate for that
phenolic compound did not indicate a linear rela-
tionship. A semilog plot of the absolute value of
Sq versus the relative reaction rate (Fig. 3) did
indicate a general correlation. However, it is clear
from Figure 3 that Sq as calculated using the
PM3 formalism is not a good parameter upon
which to correlate the reactivity of phenolic com-
pounds with formaldehyde. The sum of the elec-
tron density in P, of the HOMO at these sites also
was not a good basis for correlation of the reac-
tivity of the phenolics.

c

Figure 2 HOMO of the phenolate anion calculated at
(@) RHF/PM3, (b) RHF/6-31+G, and (c) B3LYP/6-
311+G(2d,p). Calculations were conducted with (a) Hy-
perChem® and (b,c) Gaussian 98.%
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Table |11

Calculation of Sq from Charges

Calculated at RHF/PMS for the Various

Phenolic Compounds

Charges at Each Reactive

Center
Compound?® C2 C4 C6 sq®
26MP 033 | -035| -033  -0.35
2MP ~034 | -035| |-036| -0.71
Saligenin —0.36 —0.35 -0.35 -0.70
4MP ~034 |-036| -0.72
25MP ~0.34 ~0.34| -0.69
34MP —0.36| -033 |-036| -0.72
Phenol -036| | -036| |-036| -—1.08
235MP -033 |-034| |-034| —0.68
3MP —035| |-035| | -036| -1.06
35MP -036| |-034| |-035| —1.05

 See Table | for definition of abbreviations for the com-
pounds.

P Sq represents the sum of the charges on the unsubsti-
tuted reactive centers (outlined) at C2, C4, and C6 of the
phenolic nucleus.

Ab Initio Calculations

Ab initio calculations were then made on each of
the phenolic compounds listed in Table | using
Hartree-Fock and density functional theory
methods and a variety of methods to determine
atomic charges. Sq was calculated from the
atomic charges afforded by these methods in a
manner similar to that described above. Table 111
presents an overview of the correlation of these
results with the experimental kinetic data. It can
be seen from the results in Table Ill that the
absolute value of Sqg calculated from charges de-
termined by the CHelpG and Merz-Kollman/
Singh (MKS) methods give excellent correlation
with the log of the experimental relative-rate con-
stants. Figure 4 illustrates the excellent correla-
tion obtained between Sq calculated at RHF/6-
31+G and the kinetic data of Sprung.

Because of the additional orbitals on all heavy
atoms, the HOMOs calculated at B3LYP/6-
311+G(2d,p) were not as cleanly centered on the
ortho and para carbon atoms of the phenolic rings
as were the HOMOs calculated with the other
model chemistries (Fig. 2). For purposes of calcu-
lating Sq at B3LYP/6-311+G(2d,p), only those
charges at the same atoms used in the calcula-

tions at the other model chemistries were used.
However, from the data presented in Table I,
this method clearly also gives excellent correla-
tion between Sq and the experimental reaction
rates.

Reactivity at Individual Reaction Sites

Although the ab initio methods discussed above
give an excellent correlation between Sg and
Sprung’s Kinetic data, this correlation was unsat-
isfactory in one regard: While this method al-
lowed correlation of the kinetic data with the sum
of the charges at the respective reactive sites, it
did not allow the reactivity at individual, reactive
phenolic ring positions to be compared.

A crude estimate of the reactivity at individual
reaction sites for each phenolic compound studied
by Sprung can be obtained by dividing the rela-
tive kinetic rate constant for that phenolic com-
pound by the number of reactive sites in that
compound. This affords an average relative rate
constant for each compound. A semilog plot of the
average relative rate constants versus the aver-
age atomic charge (i.e., Sq divided by the number
of reactive sites) gives a linear relationship (Fig.
5), confirming the fact that the rate of reaction
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Figure 3 Semilog plot of the absolute value of Sq
versus relative reaction rate for reaction of the phenols
with formaldehyde. Charges were calculated at RHF/
PM3 using HyperChem.? The line represents the first-
order regression of the data using SigmaPlot.?®
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Table 111 Correlation of Sq with the Experimental Kinetic Data of Sprung®
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Correlation Coefficient (R?)

Atomic Charge Method RHF/PM3 RHF/6-31G RHF/6-31+G B3LYP/6-311+G(2d,p)
Mulliken 0.60 0.77 0.30 0.49
HOMO P, electron
density 0.62 — — —
NBO — 0.66 0.66 0.64
CHelp — 0.77 0.80 0.80
CHelpG — 0.94 0.96 0.98
MKS — 0.97 0.98 0.95

& Sq was determined with various computational methods using several methods of calculating atomic charges as indicated. The
correlation coefficients were determined from a first-order regression of Sq against the log of the relative kinetic rate constants for

reaction between formaldehyde and the phenolic compounds studied by Sprung® using SigmaPlot.”®

(k;) at an individual site (i) on a given phenolic
compound appears to be correlated with the cal-
culated atomic charge (g;) at that site. Thus,

ki -~ 10((];)

The correlation between average relative Ki-
netic rate constants and average charge for a
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Figure 4 Semilog plot of the absolute value of Sq
versus relative reaction rate for reaction of the phenols
with formaldehyde. CHelpG-based charges were calcu-
lated at RHF/6-31+G using Gaussian 98.% The line
represents the first-order regression of the experimen-
tal data versus Sq using SigmaPlot.”®

given phenolic compound is not as good (Table 1V)
as that for the correlation previously discussed.
Again, the CHelpG and MKS methods of calculat-
ing atomic charge appear to give stronger corre-
lations.

To further explore the relationship between k;
and an individual contribution tied to the charge
at a given reactive site, it was assumed that

ki =q + ].O(bxquC)
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Figure 5 Semilog plot of the absolute value of the
average atomic charge versus average relative reaction
rate for reaction of the phenols with formaldehyde.
CHelpG-based atomic charges were calculated at RHF/
6-31+G using Gaussian 98.2 The line represents the
first-order regression of the data using SigmaPlot.”®
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Table IV Correlation of Average Charge at the Reactive Sites with the Average Kinetic Rate

Constants for Those Reactive Sites”

Correlation Coefficient (R?)

Atomic Charge Method RHF/6-31g RHF/6-31+G B3LYP/6-311+G(2d,p)
CHelp 0.23 0.29 0.31
CHelpG 0.85 0.87 0.86
MKS 0.79 0.80 0.72

# Charge was determined with various computational methods as indicated. The correlation coefficients were determined from
a first-order regression of average charge against the log of the average relative kinetic rate constants for reaction between
formaldehyde and the phenolic compounds studied by Sprung? using SigmaPlot.”®

where a, b, and c are constants associated with
all reactive centers on all phenolic compounds. It
then follows that Sprung’s apparent rate constant
(K apparent) for the reaction of a given phenolic com-
pound with formaldehyde can be formulated as

kapparent - 2 ki = 2 [a + 1O(bXQI+C)]

K apparent 1S Known experimentally from Sprung’s
data, and q; at each reactive site is available from
the chemical computations. Therefore, a, b, and ¢
can be determined by regressing the right side of
the equation against the experimental data using
nonlinear methods (Table V). This method allows
the experimental rate constants to be separated
into contributions that can be attributed to each
reactive center in proportion to the atomic charge
at that reactive center (Table VI).

Figure 6 illustrates the relative magnitudes of
the reactivity at each of the reactive centers for all
the compounds studied by Sprung based upon
CHelpG charges calculated at RHF/6-31+G.
However, the predictions of positional reactivity
(Table VI) depend upon the computational meth-
ods that were used for the calculation. Thus, for

example, use of CHelpG-based charges led to the
prediction that the reactivity of 35MP is due to
reactions at C2, C4, and C6, whereas, use of MKS-
based charges led to the prediction that the reac-
tivity of 35MP is due predominately to reaction at
C4. Also, there are differences depending on
whether Hartree-Frock or density functional the-
ory methods were used to compute the charges.
Unfortunately, Sprung’s experimental data do
not include information on the reactivity of form-
aldehyde at individual phenolic sites. In the ab-
sence of experimental data on the reactivity of
formaldehyde at the individual positions of the
phenolic compounds, it is not possible to deter-
mine which computational method might provide
the best predictions of positional reactivity. Ex-
periments are underway to obtain the data
needed for comparison.

COMPUTATIONAL METHODS

Structure optimizations as well as energies and
charges for each of the compounds were calcu-
lated with the same level of theory and basis set.

Table V Constants Obtained by Nonlinear Regression of the Experimental Relative Rates
Determined by Sprung and the Positional Charges That Were Calculated by the Methods Indicated®

Atomic Charge

Computational Method Method a b c
RHF/6-31G CHelpG 0.21 + 0.07 -19.5 + 33 -13.1 + 23
MKS 043 + 0.11 -108.5 + 56.4 -91.0 + 47.6
RHF/6-31+G CHelpG 0.21 + 0.09 -16.4 = 3.0 -11.4 + 23
MKS 0.42 + 0.12 -31.6 + 11.1 -29.5 + 10.9
B3LYP/6-311+G(2d,p) CHelpG 0.30 + 0.15 -16.3 = 5.6 -9.1 + 35
MKS 0.43 + 0.12 -27.6 + 11.3 -23.3 £ 10.2

® The values of the constants are shown * standard error.
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Table VI Calculated Relative Rates (CRR) for the Reaction of Various Phenolic Compounds

with Formaldehyde®

Relative Rate at Each Reactive Center®

Compound”® CRR c4a C6
CHelpG charges

26MP 0.21/0.22/0.31 0.00/0.00/0.00 0.21/0.22/0.31 0.00/0.00/0.00

2MP 0.46/0.47/0.64 0.00/0.00/0.00 0.21/0.22/0.31 0.25/0.25/0.33

Saligenin 0.49/0.49/0.63 0.00/0.00/0.00 0.22/0.23/0.31 0.26/0.26/0.32

4MP 0.47/0.47/0.64 0.23/0.24/0.32 0.00/0.00/0.00 0.23/0.24/0.32
25MP 1.00/0.99/1.23 0.00/0.00/0.00 0.24/0.24/0.36 0.77/0.74/0.87
34MP 0.84/0.90/0.88 0.59/0.64/0.55 0.00/0.00/0.00 0.25/0.26/0.33
Phenol 0.75/0.77/1.00 0.27/0.28/0.34 0.22/0.22/0.32 0.27/0.28/0.34
235MP 1.74/1.87/2.11 0.00/0.00/0.00 0.81/1.04/1.37 0.93/0.84/0.74
3MP 2.37/2.24/1.47 1.73/1.56/0.67 0.31/0.34/0.43 0.33/0.34/0.36
35MP 7.80/7.79/7.67 2.59/2.09/1.37 2.63/3.61/4.93 2.59/2.09/1.37

MKS charges

26MP 0.43/0.42/0.43 0.00/0.00/0.00 0.43/0.42/0.43 0.00/0.00/0.00
2MP 0.86/0.83/0.85 0.00/0.00/0.00 0.43/0.42/0.43 0.43/0.42/0.43
Saligenin 0.86/0.83/0.85 0.00/0.00/0.00 0.43/0.42/0.43 0.43/0.42/0.43
4MP 0.86/0.83/0.85 0.43/0.42/0.43 0.00/0.00/0.00 0.43/0.42/0.43
25MP 0.86/0.85/0.88 0.00/0.00/0.00 0.43/0.42/0.43 0.43/0.43/0.46
34MP 0.86/0.84/0.85 0.43/0.42/0.43 0.00/0.00/0.00 0.43/0.42/0.43
Phenol 1.29/1.25/1.28 0.43/0.42/0.43 0.43/0.42/10.43 0.43/0.42/0.43
235MP 1.51/1.69/1.55 0.00/0.00/0.00 0.47/0.92/0.99 1.04/0.76/0.55
3MP 1.29/1.30/1.29 0.43/0.47/0.44 0.43/0.42/0.43 0.43/0.42/0.43
35MP 7.75/7.74/7.75 0.46/0.49/0.44 6.42/6.59/6.84 0.87/0.66/0.47

? The calculated relative rates were partitioned into relative rates for reactions at each reactive center on the phenolic compound

using the methods discussed in the text.

®"See Table | for definition of abbreviations for the compounds and for listing of experimental relative rates.
° The first value was obtained with RHF/6-31G; the second, with RHF/6-31+G; and the third, with B3LYF/6-311+G(2d,p).

Semiempirical calculations were conducted on a
Gateway 2000 PC at RHF/PM3%* using Hy-
perChem. All ab initio calculations were per-
formed on an IBM Model 720 RISC/6000 Work-
station with GAMESS® and on a 400-MHz Pen-
tium 11 based PC with Gaussian 98.° The
optimized structures obtained from HyperChem
were used as the starting structures for calcula-
tions at RHF/6-31G using GAMESS. The
GAMESS-optimized structures were used for op-
timizing structures and calculating Mulliken-,
NBO-,** CHelp-,** CHelpG-,** and Merz-Koll-
man/Singh®**° -based charges at RHF/6-31G,
RHF/G-31+G, and B3LYP/6-311+G(2d,p) using
Gaussian 98.

CONCLUSIONS

The results presented above indicate that ab ini-
tio computational chemistry methods coupled

with newer methods to calculate atomic charges
can be used to explain the relative reactivities of
phenolic compounds with formaldehyde. How-
ever, these results are only qualitative. The ex-
perimental kinetic data with which the computa-
tional chemistry calculations were compared
were determined before the advent of such ana-
lytical techniques as NMR and HPLC. These
techniques would be able to determine whether or
not reactions in addition to those needed for the
formation of monohydroxymethyl derivatives of
the phenolic compounds were responsible for the
consumption of formaldehyde. However, these are
the only available data that cover a wide range of
phenolic compounds reacted with formaldehyde
at the same conditions. Also, only gross steric
hindrances to reaction (i.e., the presence of a sub-
stituent on a potential reactive site) were consid-
ered. More subtle steric hindrances from neigh-
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Figure 6 Relative reactivities with formaldehyde at
the reactive centers of the phenolic compounds studied
by Sprung® based upon CHelpG-based charges calcu-
lated at RHF/6-31+G. The relative reactivity of the
para-position of phenol is taken as 1 (See Table | for
abbreviations of compound names).

boring groups probably are also important. The
experimental data were obtained for reactions in
nonaqueous conditions and may not be directly
applicable to agueous conditions. Experiments to
address these and other potential concerns are
being undertaken. In addition, calculations using
other data available in the extant literature are
being conducted.

I thank Dr. Steve Verrill of the Forest Products Labo-
ratory for his assistance in conducting statistical anal-
yses and nonlinear regressions on the data.
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