
Phenol–Formaldehyde Resol Resins Studied by 13C-NMR
Spectroscopy, Gel Permeation Chromatography, and
Differential Scanning Calorimetry

TIMO HOLOPAINEN,1 * LEILA ALVILA,1 JOUNI RAINIO,2 TUULA T. PAKKANEN1

1 University of Joensuu, Department of Chemistry, P.O. Box 111, FIN-80101 Joensuu, Finland

2 Dynoresin Oy, FIN-82430 Puhos, Finland

Received 14 October 1996; accepted 12 May 1997

ABSTRACT: A series of phenol–formaldehyde resins was produced in the presence of
NaOH catalyst. Detailed structural and quantitative information was provided by 13C-
NMR spectroscopy. The main interests were the relative quantities of bridge structures,
methylol groups, and free phenol. Functionality and linearity of resins were also stud-
ied. The effects of the condensation F/P molar ratio on the structure and properties of
the resins was studied by gel permeation chromatography (GPC) and differential scan-
ning calorimetry (DSC) in addition to 13C-NMR. q 1997 John Wiley & Sons, Inc. J Appl
Polym Sci 66: 1183–1193, 1997

Key words: quantitative 13C-NMR spectroscopy; phenol–formaldehyde resin; con-
densation reaction

INTRODUCTION spectroscopy is an useful and informative method
to analyze detailed structures of phenol–formal-
dehyde resins.2–21 Especially, quantitative NMRResol resins are obtained in the reaction of formal-
analysis gives valuable information in addition todehyde and phenol under alkaline conditions.
other analytical methods, for example, gel perme-Highly crosslinked, versatile, and stabile resins
ation chromatography (GPC),2–6,22–25 differentialhave a wide range of applications in wood working
scanning calorimetry (DSC),3,4,26–30 and IR spec-industry, impregnation, thermal insulation, and
troscopy.2,7–9,31molding. A low molecular weight phenolic resol

In this study a series of phenol–formaldehyderesin is used to impregnate paper for laminates to
resins was condensed and analyzed by 13C-NMR,reduce their water absorption. A high molecular
GPC, and DSC. The effects of an F/P (formalde-weight resol resin needed for plywood glues must
hyde/phenol) molar ratio on the structure and thewet well, but not penetrate too deeply into porous
properties of resins were also studied. The largestructure of wood.1
chemical shift range of 13C, the high resolution ofThe development of resins demands informa-
the spectra, and the possibility to record the sig-tion of the effects of the condensation conditions
nals of all nonequivalent carbon atoms allowedon the resin structure and properties. 13C-NMR
the identification of many different functional
groups by NMR spectroscopy. GPC was used for

Correspondence to : T. T. Pakkanen. separation of large molecules and determination
* Present address: Dynoresin Oy, FIN-82430 Puhos, Fin- of molecular weight distribution. DSC gave infor-land.

mation of reactivity of resins by revealing physicalJournal of Applied Polymer Science, Vol. 66, 1183–1193 (1997)
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/061183-11 or chemical energy changes in DSC curves.
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1184 HOLOPAINEN ET AL.

Table I The Condensation Conditions of the DMSO-d6, 99 atom% deuterated dimethylsulf-
Resins oxide (purchased from Aldrich), was used as a

solvent, an agent to obtain a deuterium lock and
F/P Condensation Condensation an internal chemical shift standard. The 13C sig-

Resin Molar Alkalinity Viscosity nals of resins were referenced to the central reso-
Number Ratio (wt %) (mPa s) nance line of DMSO with d value of 39.5 ppm.10

The solvents containing aromatic groups could1 1.90 1.25 500
not be used because of a possible overlap in the2 1.95 1.25 500
aromatic region and possible reactions with sam-3 2.00 1.20 500
ples. Deuterated water, acetone, and other or-4 2.15 1.25 500

5 2.20 1.20 500 ganic solvents did not dissolve all the resins com-
6 2.30 1.22 500 pletely. However, acetone-d6 (purchased from
7 2.00 1.85 200 Merck) and methanol-d4 (Riedel-de Haën AG)

were tested with one resin, and their central sig-
Condensation temperature: 807C. nals were set to 30.2 ppm and 49.5 ppm, respec-

tively.

EXPERIMENTAL
Quantitative Analysis of Resol Resins

Resin Preparation All signals in spectrum were integrated, either
individually or as a group. The integral value ofThe raw materials, phenol (purchased from J. T.

Baker) and formaldehyde (produced by Dynore- the phenoxy carbon region was set to 1.00 and all
integration results were compared to this settingsin Oy from methanol) , were of high purity grade

and analyzed further by NMR spectroscopy. and are presented per phenolic unit (p.p.u.) . The
signals of the phenoxy carbon region were alsoFormaldehyde was used as a formalin solution,

which contained 45% formaldehyde, water, and integrated separately. Different signals were
identified with the help of model compounds andsome methanol.

A series of six low-molecular resins (1–6, Table literature. Only the simplest products can be iden-
tified definitely. The higher condensation prod-I) was condensed in two stages and a high-molecu-

lar resin (7, Table I) in one stage with NaOH ucts can be integrated as a group.
In the analysis of the resin spectrum the F/Pcatalyst (produced by Bayer). The resins were

prepared in a 6 dm3 glass reactor equipped with molar ratio was obtained by integrating all ali-
phatic carbon signals versus the phenoxy carbona stirrer, a condenser, and external cooling and

internal heating units. The molar ratio of formal- region with the proportioned integral value 1.00.
F/P molar ratio was determined by integrationdehyde to phenol varied between 1.90 and 2.30.

The condensation viscosity was 200 or 500 mPa s using two different methods. First, each of the
aliphatic signals was integrated separately (Inte-and the condensation temperature was 807C. The

resins were stored frozen at 0187C until analysis. gration 1, Table VI), and secondly all together
(Integration 2, Table VI). The latter method
seems to eliminate the integration errors, be more

NMR Experiments reliable, and the results agree better with the ones
calculated from the amounts of starting materi-The resins and model compounds were character-

ized by NMR spectroscopy. Quantitative 13C-NMR als.
The proportion of free phenol from all phenolspectra were recorded with a Bruker AMX-400

spectrometer, observing 13C at 100.623 MHz and carbons was determined by integrating first the
group of all phenoxy carbons and methanol, andusing an inverse gated 1H proton decoupling tech-

nique. Typical spectra of resins were run with a secondly the single free phenol signal and metha-
nol. Thus, the methanol was used as an internal907 pulse of 11.5 ms, a 120 s pulse delay, 600 scans,

and a 20-h acquisition time. For the analysis of standard. The sharp and separate carbon signals
of the phenoxy region of low molecular weight res-model compounds (phenol, 4- and 2-methylol phe-

nol, 4- and 2- hydroxydiphenylmethane, obtained ins can be integrated accurately. The determina-
tion is more difficult for broad signals of high mo-from Aldrich Chemical Company) the acquisition

time was 4 h and a number of scans 120. lecular weight resins.
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1186 HOLOPAINEN ET AL.

Table III The Quantitative 13C Determination detected by means of a Waters 481 UV detector
of Methylene Bridges of the Sample Resin in operating at 254 nm.
Different Solvents

Solvent DSC Experiments
Methylene

DSC measurements were made using a Perkin–Bridges Acetone DMSO Methanol
Elmer DSC 7 instrument and thermal analysis

o-p* 0.35 0.34 0.31 software. Liquid resin samples of 18.600 mg were
p-p* 0.20 0.22 0.20 sealed in Perkin–Elmer stainless steel pressure
o-p/p-p* ratio 1.75 1.55 1.55 capsules. Samples were heated from 25 to 2507C

at a rate of 257C/min.a The integral values are related to the value of 1.00 of the
phenoxy carbon.

RESULTS AND DISCUSSION
GPC Experiments

13C-NMR Spectroscopy of Phenol–FormaldehydeThe GPC procedure was performed using a chro-
Resinsmatography system equipped with a Waters 510

pump, a Rheodyne injector and three styragel col- Model Compounds
umns (1000, 500, and 100 Å, 30 1 0.7 cm) in se-
ries. The columns were calibrated with three poly- The NMR spectra of model compounds, phenol, 4-

methylolphenol and 2-methylolphenol were com-styrene standards (Mw Å 1250, 5000, 34500), one
dinonylphtalate standard (Mw Å 418), and one 1- parable to the NMR data represented in the liter-

ature.9,14–16 Also, the spectra of 4-hydroxydiphe-phenylhexane standard (Mw Å 162). Resin sam-
ples were diluted to 20 mg/mL into tetrahydrofu- nylmethane and 2-hydroxydiphenylmethane were

analyzed (Table II) . The information obtainedran, which was also used as an eluent at a flow
rate of 1.0 mL/min. Separated compounds were from model compounds was utilized in the inter-

Figure 1 13C-NMR spectrum of the low molecular weight resol resin.
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PHENOL–FORMALDEHYDE RESOL RESINS 1187

Table IV 13C Chemical Shifts of a Low Molecular Weight
Phenol–Formaldehyde Resin

Chemical Shift (ppm) Assignment of the Carbons

34.27–36.00 ortho–para methylene bridges
40.83–41.00 para–para methylene bridges
38.87–40.12 DMSO-d6 solvent
49.80 methanol
54.70, 89.90 hemiacetal of formalin
59.00–62.00 ortho methylol
63.00–65.00 para methylol
65.00–70.00, 86.00–88.60 phenolic hemiformals
82.00–91.00 oxymethylene of formaldehyde oligomers
114.70–115.10 free ortho
119.20–119.50 free para
124.66–133.50 meta, substituted ortho, substituted para
150.40–157.50 phenoxy region
154.8–156.1 phenoxy, alkylated in ortho position
156.5–156.8 phenoxy, alkylated in para position

pretation of the spectra of resins and used in chemical shift values than the ones reacted to
para positions. Free ortho and para carbons, thechecking the quantitativity of the method.

The chemical shifts of phenoxy carbons important signals in 13C-NMR spectroscopy of res-
ins, occur at 115 ppm and 119 ppm, respectively.(C1{OH) are between 153 and 158 ppm. The C1

signals of phenolic rings, in which the reaction Substitution with a methyl group ({CH2OH)
causes a downfield shift of the ortho and parahas taken place at ortho positions, have lower

Figure 2 13C-NMR spectrum of the high molecular weight resol resin.
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1188 HOLOPAINEN ET AL.

carbon resonances to 127 ppm and 132 ppm, re-
spectively. Methylol groups themselves give sig-
nals between 58 and 63 ppm and methylene
bridge groups ({CH2{) between 35 and 41 ppm.

The Effect of Solvent

The solvent can affect the 13C resonances of func-
tional groups. To find out the importance of the
solvent, 13C-NMR spectra of the sample resin were
recorded in DMSO-d6, methanol-d4, and acetone-
d6. The important signals of free ortho and para
aromatic carbons at 115 ppm and 119 ppm, re-
spectively, are more clearly visible in DMSO and
acetone solvents than in methanol. The solvent
has also effect on the chemical shifts of various
carbons.

Only in the DMSO solvent the presence of oxy-
methylene (82–91 ppm), hemiacetals of formal-
dehyde (54.7 ppm, 89.9 ppm) and phenol hemifor-
mals (65–70 ppm, 86–88.6 ppm) can be detected
completely. On the other hand, the 13C signal of
acetone solvent at 30 ppm does not overlap with
the signals of ortho–para or para–para methyl-
ene bridges, but does overlap with the resonances
of possible ortho–ortho bridge structures. The p–
p * signal has to be integrated extremely carefully
when situating next to the DMSO signal. The
quantitative 13C determination of methylene brid-
ges of the sample resin in different solvents is
seen in Table III.

The Low Molecular Weight Resol Resin

Figure 1 is a typical 13C-NMR spectrum of a low
molecular weight resol resin (resin 1, Table I) .
The signals are assigned in Table IV by means of
model compounds and the literature.2–21

Differences in the chemical structure of the
phenol ring next to a methylene bridge cause
broadening to the observed signals at 34–41 ppm.
Every methylene bridge, which has a different
chemical environment, has a different chemical
shift. The possibilities of different structures next
to ortho-para methylene bridges are larger than
those of para-para methylene bridges. Because of
this, the signal corresponding to o–p * bridges
seems to be broader than the signal due to p–
p * bridges. Possible methylene bridges in ortho–
ortho positions could be observed at 30 ppm.

The phenoxy carbon region from 150 to 158
ppm is important from an analytical standpoint.
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PHENOL–FORMALDEHYDE RESOL RESINS 1189

Table VI NMR Results of Analyzed Resins, Part 2

F/P Molar Ratio Higher
Resin Free Phenol o-p/p-p* Condensation

Number in Synthesis Integration 1a Integration 2b (%)c Methanold Ratio Products (%)c

1 1.90 1.87 1.87 4.22 0.119 1.84 45.6
2 1.95 2.00 1.94 3.29 0.413 1.69 44.1
3 2.00 2.02 2.04 2.56 0.439 1.62 47.8
4 2.15 2.34 2.18 1.37 0.233 1.69 54.3
5 2.20 2.26 2.23 2.09 0.287 2.13 54.5
6 2.30 2.48 2.34 1.22 0.186 1.24 54.8
7 2.00 1.94 2.13 0.367 2.44 50.4

a Separate integration of each aliphatic signals.
b Group integration of aliphatic signals.
c Percent from total phenolic units.
d The integral values are related to the value of 1.00 of the phenoxy carbon.

types of end groups and the concentration of synthesized in the molar ratios from 1.90 to 2.30.
Condensation viscosity was 500 mPa s, tempera-branched centers can be determined by means of

these signals. The chemical shifts of ortho alkyl- ture 807C, and the alkalinity 1.20–1.25 wt %.
NMR data of the studied resins is collected in Ta-ated end phenolic groups are between 154.8 and

156.1 ppm, which is clearly separated from the bles V and VI. The large quantitative NMR data
make possible a versatile analysis. Kim et al. havecorresponding signals of para alkylated groups be-

tween 156.5 and 158.8 ppm. even presented the theoretical equations to calcu-
late the degree of polymerisation and the molecu-
lar weights of resins.5

The High Molecular Weight Resol Resin For resins 1–6 the free ortho and para positions
decrease as a function of F/P molar ratio (Fig. 3).Figure 2 represents a typical 13C-NMR spectrum

of a high molecular weight resol resin (resin 7, The unsubstituted ortho positions decrease even
more rapidly than the para ones. The addition ofTable I) , which differs from that of low molecular

weight resin. Due to higher alkalinity the signals formaldehyde seems to cause only a slight in-
crease in amounts of ortho methylol groups andhave shifted to the lower field. The effect of the

high molecular weight compounds can be ob- p–p * methylene bridges, whereas the amounts of
para methylols and o–p * bridges stay constantserved as broad signals.

Both methylene bridges can be seen, and the (Fig. 4). The number of all hemiformal structures
increases as a function of F/P molar ratio. Theamount of o–p * methylene bridges is high and

p–p * is low. Many ortho methylol structures are proportion of formalin hemiacetals and phenolic
present, but the amount of para methylol is low.
Almost no hemiformal, oxymethylene, or hemiac-
etal structures can be detected. The free para car-
bons cannot be identified, and the amount of free
ortho carbon is small. Different groups of the phe-
noxy region are difficult to analyze and integrate
reliably.

The Effects of the F/P Molar Ratio on the Structure
and the Properties of the Resin

NMR Analysis

To study the effect of the formaldehyde to phenol
ratio on the structure and the properties of the Figure 3 The amounts of (j ) free ortho and (m ) free

para positions as a function of an F/P molar ratio.resin, the low molecular resins 1–6 (Table I) were
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1190 HOLOPAINEN ET AL.

Figure 4 The amounts of (j ) ortho methylol, (h )
para methylol, (l ) p–p * methylene bridges, and (m )
o–p * methylene bridges as a function of an F/P molar
ratio.

hemiformals increases most, and the proportion
of oxymethylene groups slightly less (Fig. 5).

A proportion of higher condensation products
(spectra in Fig. 6, values in Table VI) can be de-
termined from the integrals of broad phenoxy car-
bon signals at highest field 150–151 ppm. The
amount of the higher molecular weight products
increases rapidly as a function of an F/P molar Figure 6 The phenoxy carbon regions of 13C-NMR
ratio until the F/P value 2.15 in which the maxi- spectra of the resins condensed with different F/P mo-
mum amount of higher condensation compounds lar ratios: (a) resin 1 in Table I (F/P 1.90), (b) resin
are produced. The amount of free phenol (spectra 3 (F/P 2.00), (c) resin 5 (F/P 2.20), and (d) resin 6
in Fig. 6, values in Table VI) decreases as a func- (F/P 2.30).
tion of an F/P molar ratio.

GPC Analysis

Gel permeation chromatography gives relatively
fast information of molecular weight distribution.
Figure 7 illustrates gel permeation chromato-
grams of low molecular weight phenolic resins (1–
6 in Table I) condensed with different molar ra-
tios. The wide signal between 15.5 and 19.5 min
is due to the first eluated largest oligomers, after
which dimers (19.5–24.5 min), monomers, for ex-
ample, p - and o-methylol phenol (24.5–27.5 min),
and free phenol (27.5–28.5) give the correspond-
ing signals in the order of increasing retention
times. The relative amounts of different dimers
increase and the relative amounts of monomers
decrease as a function of an increasing molar ra-
tio, which could also be concluded from the NMRFigure 5 The amounts of hemiformal structures as a
spectra. The GPC curve of a high molecularfunction of an F/P molar ratio; (j) formalin hemiacetal,
weight resin differs from the one of a low molecu-(m) phenolic hemiformals, and (l) formalin oxymethy-

lene. lar weight resin so that it rises more quickly, is

/ 8ED3$$4626 09-05-97 11:28:12 polaas W: Poly Applied



PHENOL–FORMALDEHYDE RESOL RESINS 1191

Figure 8 The DSC curves of resins condensed with
different F/P molar ratios: (a) resin 1 in Table I (F/P
1.90), (b) resin 2 (F/P 1.95), (c) resin 3 (F/P 2.00),
(d) resin 4 (F/P 2.15), (e) resin 5 (F/P 2.20), and (f )
resin 6 (F/P 2.30).

Figure 7 The GPC curves of resins condensed with most linearly as a function of a molar ratio. Also,
different F/P molar ratios: (a) resin 1 in Table I (F/P the highest weight-average molecular weight val-1.90), (b) resin 3 (F/P 2.00), (c) resin 5 (F/P 2.20),

ues, Mw , are found with the highest F/P molarand (d) resin 6 (F/P 2.30).
ratios. The polydispersity index seems to decrease
according to the increasing molar ratio, which

broader and naturally contains fewer signals of means that molecular weight distribution nar-
small molecules. rows as the amount of formaldehyde increases.

Average molecular weights (Mn and Mw ) and
polydispersity index (Mw /Mn ) calculated from the

DSC AnalysisGPC results are presented in Table VII. The num-
ber-average molecular weight, Mn , increases al- DSC curves of low molecular weight resins (1–6

in Table I) condensed with different molar ratios
are shown in Figure 8, and the calculated resultsTable VII Molecular Weights of Resins with
are collected in Table VIII. The DSC curve givesDifferent F/P Molar Ratios Analysed by GPC
valuable information of the exothermic curing of
a resin, for example, the temperature range andResin
the heat of reaction (the area of both peaks) indi-Number F/P Mn Mw Mw /Mn

cating reactivity. The shapes of the DSC signals
1 1.90 781 2717 3.48 change as the F/P molar ratio increases. At lower
2 1.95 815 3019 3.70 molar ratios (from 1.90 to 2.00) two DSC signals
3 2.00 839 2900 3.46 are overlapping, while at higher F/P ratios (from
4 2.15 887 2931 3.30 2.15 to 2.30) the signals are well separated from
5 2.20 906 3102 3.42 each other. As the F/P molar ratio increases, the
6 2.30 954 3113 3.26 temperature of the first signal, T1 , decreases
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1192 HOLOPAINEN ET AL.

Table VIII DSC Analysis of Resins with Different F/P Molar Ratios

Number DH T1 T2 D(T1–T2)
Resin F/P (J/g) (7C) (7C) (7C)

1 1.90 171.6 181.8 192.5 10.7
2 1.95 178.0 180.7 190.5 9.8
3 2.00 168.6 179.4 196.7 17.3
4 2.15 165.0 177.9 208.4 30.5
5 2.20 168.8 177.2 213.2 36.0
6 2.30 154.9 177.3 226.5 49.2

slightly, while the temperature of the second sig- hemiformal structures increase as a function of
the increasing F/P molar ratio. Mn and Mw valuesnal, T2 , increases after the F/P value of 1.95. The

first signal of DSC curve is caused by the conden- calculated from GPC curves and the amount of
dimers increase as a function of molar ratio. Poly-sation of methylol groups with phenol to form

methylene bridges, and by the condensation of dispersity index Mw /Mn and the amount of mono-
mers decrease according to an F/P ratio. As thetwo methylol groups to form dibenzyl ether brid-

ges.4,26 The second signal of the thermogram rep- F/P molar ratio increases, the shapes of the DSC
signals change from the overlapping signals to theresents the further reactions of the resin, for ex-

ample, the condensation of the dibenzyl ether separate ones and the temperature of the first
signal decreases slightly, while the second exo-bridges to methylene bridges eliminating formal-

dehyde.4,26 therm shifts to the higher temperature range.
The increasing F/P value enhances the concen-

tration of methylol groups. This results in the in-
creasing amount of methylene and ether bridges
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