shown in Figure 2 is obtained. In this
case the combining ratio is 1.

Data from experiment 1 in which the
ceric concentration is varied are shown
in Figure 3, plotted from Equation 8,
taking p = 1. The curve is linear
except for the two lower points at ceric
concentrations less than 3.86 X 1072M,
At these lower concentrations, the as-
sumption that ¢, > ¢, is not valid, and,

therefore, the curve deviates from
linearity.
Details of experiments are sum-

marized in Table III. In all cases
(except experiment 1), a linear plot was
obtained over the entire concentration
ranges shown, using unity as the com-
bining ratio.

Values of K for every alcohol were
considerably lower in the solutions con-
taining nitric acid, and this is the result
of the formation of ceric nitrate complex
ions, which reduce the concentration of
the complexing species (see equation
defining K’'*). A comparison of the K
values obtained for the three butanols
shows that they are all of the same
magnitude. Ethylene glycol, however,
presents a definite anomaly, as the K
values in both perchloric and nitric acid
solutions are considerably larger than
the corresponding values for the

Quantitative Gas

Table lll.  Summary of Experiments
(NH,)o-
HCIO, HNO; Ce(ClO: Ce(NOs)s
concn., concn., conen., concn., Aleohol conen.,
Experiment M M M X102 M X 102 M X 102 K
tert-Butanol
1 1.62 2.750-22.00 10.00 13
2 2.00 2.086 17.01-123.7 0.6
sec-Butanol
3 1.69 2.341-16.39 2.943 11
4 2.00 1.982 4.025-64.40 1
n-Butanol
5 1.69 3.277-16.39 3.051 16
6 2.00 1.982 3.400~-54.40 1
Diethylene glycol
7 1.69 2.341-16.39 2.033 40
8 2.00 1.982 3.680-58.88 3
butanols. This may be because of the  (3) Reid, V. W., Truelove, R. K., Analyst

formation of a stable chelated ring, as
the disposition of the electron donor
oxygen atoms are such that a five-
membered ring may form

(OHCH,OCH,CH,OH) **

,
N

Ce
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Liquid Chromatography of

Mononuclear Hydroxymethylphenols as Acetate Esters

HAROLD P. HIGGINBOTTOM, HARRY M. CULBERTSON,* and JAMES C. WOODBREY
Plastics Division, Monsanto Co., Springfield, Mass.

» A new method for analyzing com-
plex resole prepolymer systems is pre-
sented. Under anhydrous conditions,
phenol and hydroxymethylated phenol
derivatives are quantitatively con-
verted to the acetate esters by treat-
ment with acetic anhydride in the pres-
ence of an organic base at room tem-
perature. All of the acetylated mono-
nuclear resole components are suffi-
ciently stable and volatile to permit
their separation by gas liquid chroma-
tography. The complex acetylated
mixtures are resolved using tempera-
ture-programming techniques in con-
junction with an ionization detector.
Certain aspects of the quantitative
method are discussed in detail, and
special emphasis is given to sample
preparation procedures. Proton mag-
nefic resonance is used to confirm the
validity of the method.

RESOLES, as & type of phenolic pre-
polymer (74), have many
industrial uses since they can be cross-

linked to give thermoset plastics with
desirable  properties. These pre-
polymers are usually prepared by re-
action of one mole or more of form-
aldehyde per mole of phenol under
base-catalyzed conditions (10). The
reaction is complex, since a multitude
of mono- and polynuclear hydroxy-
methylated phenols can be formed.
However, many commercially important
resole prepolymers are mainly com-
posed of mononuclear components.
The problem of analyzing these pre-
polymers has been formidable because
of their complexity and instability.
A number of analytical procedures have
been applied to determining the pre-
polymer structure, but only a small
percentage of the methods provides a
quantitative (or even qualitative) deter-
mination of one or more of the individual
components present.

TUnreacted formaldehyde in a resole
can be accurately determined chemi-
cally (18). TUnreacted phenol has been
determined by methods employing
steam distillation (&), infrared spec-

trometry (16), and, more recently, gas
liquid chromatography (GLC) (17).
Thus far, the only successful method
for the individual hydroxymethylated
phenols has been the use of paper chro-
matographic techniques, as applied by
Freeman (5), Reese (I3), and others
(10). The latter method makes possible
the determination of the common
mononuclear and many of the di-
nuclear components of the resole system.
Although the methods reported in the
literature are successful to varying
degrees, some are limited in applicability
and many have inherent limitations
with respect to rapidity and accuracy of
the measurements.

The fact that resole systems are
usually reactive and heat-sensitive has
prevented their direct analysis by a
number of otherwise potentially useful
techniques. Derivative formation may
impart the required stability and con-
vert the resoles to a highly desirable

! Present address, Monsanto Chemicals
(Australia), Ltd., Melbourne, Australia.
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form. Before present day GLC tech-
niques were available, Barthel (3)
effected a partial separation of an
acetylated resole resin by high-vacuum
fractionation., Martin (/1) accom-
plished a similar separation using tri-
methyl silyl ether derivatives of a resole.
Numerous investigators have used the
esters as derivatives for elucidating the
structure of both resinous and non-
resinous phenolic products (10). Esteri-
fication has been widely used with re-
soles, because both the methylol and
phenolic hydroxyl groups are readily
esterified with acid anhydrides with
few side reactions (3, 10).

The current literature contains several
examples where ether or ester deriva-
tives of complex phenolic mixtures can
be resolved more effectively by GLC
than can the parent phenols (7, 9, 12, 15).
Capillary column GLC has been useful
for separations involving complex mix-
tures because of the ease with which
the necessary resolutions can frequently
be attained. Nonlinear absorption
effects have been noted, particularly
when phenolic mixtures are separated
using capillary columns; but this
column type has been used efficiently
for the separation of derivatives of
phenolic mixtures free of undesirable
hydroxyl groups (7).

Utilizing GLC  temperature-pro-
gramming techniques, a sensitive ioniza-
tion detector coupled with a capillary-
type column coated with a highly
thermally stable substrate, the acetate
derivatives of resoles can be effectively
resolved. In the method described
below, acetate esters of phenol, 2-
hydroxymethylphenol (2-HMP), 4-
hydroxymethylphenol (4-HMP), 2,6-
dihydroxymethylphenol (2,6-DHMP),
2,4-dihydroxymethylphenol  (2,4-DH-
MP), and 2,4,6-trihydroxymethylphenol
(2,4,6-THMP) are accurately deter-
mined. Related components, such as
the acetylated hydroxymethylphenol
hemiformals, are also resolvable and
are identified. Complete and quantita-
tive functional group analyses on any
complex resole or its acetate may be
performed by recently developed proton
magnetic resonance (PMR) methods
(19). Although PMR does not reveal
the identity of the individual molecular
species present, the quantitative number
average structures determined by PMR
provide a rapid, independent way of
checking the certainty of the GLC
analytical method.

EXPERIMENTAL

Apparatus. An Aerograph Model
6008 gas chromatograph, adaptable
for manual temperature programming,
and a Brown recorder, Class 15 (1-
mv., l-second response), were used.
The 600B was equipped with a hydrogen
flame detector. Nitrogen was used as
the carrier gas. A flowmeter at the inlet
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was calibrated in terms of milliliters of
nitrogen per minute, measured at the
effluent of the column after conditioning
and before making the connection to the
detector. Peak areas were determined
manually using a planimeter and, in
some cases, electronically using a CEC
34-310 Chromad integrator equipped
with an automatic zero corrector.

Chromatographic Column, The
column was coiled copper, 25 feet long
with 0.125-inch o.d. and 0.030-inch
wall. This coil was cleaned, using a
209, aqueous solution of nitrie acid,
followed by thorough rinsing. The
internal wall was given a preliminary
coating with a 59, Siliclad solution
(Clay-Adams, Inc., New York, N.Y.),
followed by washing with distilled
water and drying for 1 hour at 100° C.
under a nitrogen stream. The column
was then coated with SE-30 substrate
using a 49, solution in chloroform,
purged with nitrogen at room tempera-
ture, and conditioned for 24 hours at
250° C. under a nitrogen purge.
Finally, the column was conditioned at
300° C. with a nitrogen purge until a
steady base line was obtained.

GLC Operating Conditions and
Sample Analysis. Preliminary set-
tings prior to sample injection for the
600B were as follows: hydrogen flow
to ‘ionization detector = 20 cc. per
minute; injector block temperature
= 235° C.; oven temperature = 80° C.
or less; input impedance = 107;
output sensitivity = 10X ; flow rate =
15 ml. of nitrogen per minute, When
the above conditions were established,
the oven Variac was set at a predeter-
mined output, and when the oven
temperature reached 100° C., a 2-ul.
sample solution was injected into the
chromatograph. The oven power set-
ting was such that the chromatograph
followed a reproducible nonlinear
temperature-programming cyele to 300°
C. (average temperature rise, 5.53° to
6.0° C. per minute). Accuracy and
precision of the method were critically
dependent on the instrument conditions
at the time of sample injection.

Procedures for Sample Preparation.
A. Freeze-DryiNe Aqueors RE-
SOLES UNDER NEUTRAL CONDITIONS.
A typical resole system (30 to 709,
aqueous solution) was diluted to ap-
proximately a 59, solids level and
neutralized to a pH of 6 to 7. Enough
diluted solution was then freeze-dried
to give 2.5 to 3.0 grams of solid residue.
Preferably, the dehydrated resin was
immediately acetylated or, during any
intervening period, it was maintained
at a temperature of 0° C., or below.

B. Freeze-Dryine AQureous Re-
SOLES UNDER Basic CONDITIONS WITH
HemirorvaL CLEAVAGE. The un-
reacted formaldehyde level of the resole
being analyzed was measured using the
hydroxylamine method (18). A sample
of the resole was diluted to a 59, solids
level with water. The diluted solution
was chilled to 0° to 5° C. and pyridine
bisulfite reagent was added (1 ml. of
reagent per 0.2 gram of formaldehyde)
with stirring. With the temperature
maintained below 5° C., the solution
was allowed to equilibrate 10 minutes,

and sufficient 209, NaOH was then
added to convert the resole completely
to its salt form. A large enough sample
of the treated solution to give 2.5 to
3.5 grams of dehydrated residue was
immediately freeze-dried. The dehy-
drated product was kept at 0° C., or
below, and immediately acetylated.

C. AcerYLaTION PrOCEDURE. The
dehydrated resole or its salt (2.5 to
3.5 grams) was treated with a mixture
of 20 ml. of acetic anhydride and 5 ml.
of dry pyridine, at a temperature of 0° C.
The mixture was shaken, strictly main-
taining the temperature below 10°C.,
until all the resin dissolved and there
was a lightening in solution color.
In the case of resole salts, a precipitate
of sodium acetate formed after the resin
dissolved. After the initial reaction, the
acetylation mixture was allowed to
warm to room temperature and to
stand 1 hour, or more (acetylations
were usually left overnight). Approxi-
mately 100 ml. of .ice water were com-
bined with the acetylation mixture in a
500-ml. separatory funnel. Ether was
added to give a clean separation of the
organic phase from the aqueous phase
after equilibration. If a clean separa-
tion was accomplished, the aqueous
layer was withdrawn and rejected.
In a few cases, solubility limitations
necessitated the use of dichloromethane
in place of ether. A cold-water wash, a
dilute acid wash (29, HCI), and two
saturated bicarbonate washes were ap-
plied to the organic phase. The organic
phase was dried over magnesium sulfate
and then filtered. The ether (or di-
chloromethane) was flash-evaporated
from the organic phase, under vacuum
at room temperature, to yield a viscous
resole acetate sample suitable for
examination by GLC or PMR. The
nonselective, manipulation losses by
thi(s7 procedure were usually less than
10 04

Resoles, Reagents, Standards, and
Area Correction Factors. Sample
solutions generally consisted of about
109, (w./v.) acetylated resole in ace-
tone. The solution also contained
0.809, benzyl acetate as a primary in-
ternal standard and, in some cases,
1.009%, of bis(4-acetoxy-3,5-dimethyl-
phenyl)methane as a second standard.

Area correction factors (ACF) were de-
termined for the six mononuclear resole
acetate components relative to benzyl
acetate or bis(4-acetoxy-3,5-dimethyl-
phenyl)methane by the internal
standard technique. The ACF values
(Table IV) represent the slope obtained
from a least square plot of component
concentration in grams per 100 ml. of

* acetone solution ps, the ratio of the

component peak area to the internal
standard peak area. The standard con-
centrations were constant at 0.809 for
benzyl acetate and at 1.009 for bis(4-
acetoxy-3,5-dimethylphenyl)methane,
The compounds 2-HMP (Eastman
Organic Chemicals) and 3-HMP and
4-HMP (Aldrich Chemicals) were puri-
fied by recrystallization and 2,6-DHMP,
2,4-DHMP, and 24,6-THMP were
synthesized following standard pro-
cedures reported in the literature
(10). The purified hydroxymethyl-



phenols were acetylated by a procedure
similar to procedure C.  Acetylated
components were purified by fractional
distillation to 1009, purity, as con-
firmed by GLC. Benzyl and phenyl
acetate (Eastman Organic Chemicals)
assayed 1009, by GLC. Bis(4-hydroxy-
3,5-dimethylphenyl)methane dimer was
prepared by the method of Auwers (2).
The acetylated dimer was purified by
recrystallization from a methanol-water
mixture (m.p. 146° C.). The physical
properties of the model acetate com-
pounds are summarized in Table III.

Model ether compounds, 2,2'-di-
hydroxydibenzy! ether and 4,4’-di-
hydroxydibenzyl ether, were prepared
by literature methods (7/0) and acety-
lated by procedure C.

The pyridine bisulfite reagent was
prepared by treating a cold solution of
pyridine (1.0 mole) and water (1.1
moles) with SO, gas (1).

Resole A was prepared by heating
an aqueous solution containing phenol
(1 mole), formaldehyde (1 mole), and
Ca(OH), (0.05 mole) at 64° C. for 4
hours. The product was neutralized
and freeze-dried. Resole A acetate was
prepared from the dehydrated resin by
procedure C

Resole B was prepared by heating
an aqueous solution containing phenol
(1 mole), formaldehyde (3 moles), and
NaOH (1 mole) at 30° C. for 5 hours.
The resulting resin was diluted, freeze-
dried, and acetylated under different
sets of conditions (see discussion).

PMR Analyses. The PMR data
were obtained with a Varian Associ-
ates Model A-60 spectrometer. PMR
integral data were taken electronically
and results presented are the averages
based on five, or more, independent
determinations of the PMR integrals.
The errors shown are standard devi-
ations from these averages. The
experimental PMR procedures, spectral
interpretations, and calculation of re-
sults have been described in detail (19).

DISCUSSION

Analyzable Resole Samples. The
formation of a stable derivative of a
resole prepolymer is apparently a re-
quirement of the analytical GLC
method. If the analytical method is
to be of value, the derivative forma-
tion must be quantitative and must
not affect the decomposition or advance-
ment of the resin, unless the reactions
taking place are determinable. The
acetate, trifluoroacetate, and trimethyl-
silyl ether derivatives of a resole could
all be formed and all had sufficiently
high vapor pressures and thermal
stability to allow the lower molecular
weight components to be separated by
GLC techniques. However, the resole
acetates are formed quantitatively
under mild conditions and are much
easier to handle and to isolate in a pure
form in comparison to the other two
types of derivatives.

Many resole prepolymers exist as
dilute aqueous solutions and, in order to

TEMPERATURE °C.
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Figure 1. Analysis of resole prepolymer system
1. Solvent, acetone
2. Phenyl acetate
3. Benzyl acetate standard
4, 2-HMP diacetate
5. 4-HMP diacetate
6. 2-HMP monohemiformal diacetate
7. 4-HMP monohemiformal diacetate
8. 2,6-DHMP triacetate
9. 2,4-DHMP triacetate
10. 2,6-DHMP monohemiformal triacetate
11.  2,4-DHMP monohemiformal triacetate
12, 2,4,6-THMP tetraacetate
13, 2,4,6-THMP monohemiformal tetraacetate

14, 2,4,6-THMP dihemiformal tetraacetate
Temperature-programmed from 70° C, Conditions other-
wise as described in text

acetylate such a system effectively,
most of the water has to be removed.
Removal of water by freeze-drying at
low temperatures under controlled con-
ditions results in essentially no resin
advancement. The only detectable
changes are loss of some unreacted
phenol and uncombined formaldehyde.
Sodium phenate is not lost under mild
freeze-drying conditions, so if a resole is
totally converted to its salt form, all
phenolic components can be retained in
the system.

The freeze-drying operation leaves a
dehydrated resin with any titratable
formaldehyde (via hydroxylamine, 18)
tightly bound as benzyl-type hemi-
formals or benzyl-terminated poly-
formals (I). Acetylation with acetic
anhydride in the presence of an organic
base will stabilize these species as esters

system may show one or more daughter
peak for each parent peak (Figure 1).
The daughter components differ in
composition from the parents by nCH,0
units and have a greater retention time.
More than one formaldehyde molecule
can be involved in equilibrium with a
given parent molecule if the parent has
more than one hydroxymethyl sub-
stituent, or if a polyoxymethylene side-
chain (benzyl-terminated polyformal) is
involved (I; n>1). In general, most
resole prepolymers contain only a small
percentage of unreacted formaldehyde.
Consequently, acetylated monohemi-
formal derivatives of a given parent
component are the only ones present in
significant amounts (Figure 1). Benzyl-
terminated polyformals are not detected
in such cases by GLC or PMR (79).
Isomeric acetylated hemiformals de-

(I1). Consequently, a chromatogram rived from the same parent hydroxy-
of an acetylated resole methylated phenol are observed as a
OH OAc
Aceti .
@—CH2 ~(OCH,),— OH oetic anhydride @— CHz—(OCH3), — OAc
Pyridine

@

(I

Parent Component 7 =0
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single chromatographic peak. Acety-
lated phenyl-type hemiformal groups
and other plausible functionalities were
not detected by either GLC or PMR
(19). Polyoxymethylene oligomers, as
their diacetates, are resolved by GLC.
However, these components are not
present in acetylated resole systems
which are freeze-dried prior to acetyla-
tion (19).

A dehydrated resole sample was
analyzed structurally by PMR before
and after acetylation. The results
(Table I) strikingly confirm that other
than in total esterification of both
the methylol and phenolic hydroxyl
groups, the described acetylation pro-
cedure does not modify the basic resin
structure. The degree of polymeriza-
tion remains constant. Although there
are some manipulation losses during the
preparation and isolation of the acety-
lated samples (procedure C), PMR
checks before and after acetylation
also confirm that fractionation of the
multicomponent mixtures is not oc-
curring to a measurable degree. By
using model compounds, it was also
verified that the described acetylation
method does not alter dibenzyl ether—
type bridges.

The presence of parent components
and the related hemiformal deriva-
tives obviously complicates the GLC
analysis (Figure 1). It is desirable to
cleave hemiformal groups prior to
acetylation, so that only parent com-

TEMPERATURE,®C.
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Figure 2. Identification of hydroxymethylphenol acetates, hemiformal-free

VPN NAON -~

Solvent, acetone
Phenyl acetate

2-HMP diacetate
4-HMP diacetate
2,6-DHMP triacetate
2,4-DHMP triacetate

Table I.
Structure

Aromatic hydrogens per aromatic ring

Hydroxymethyl groups per aromatic ring

Methylene bridges per aromatic ring
Average degree of polymerization, n
Molecular weight

Resole A

3.72 +0.07
1.14 £ 0.03
0.06 =0.01
1.06

136 (OH)
233 (Ac)

PMR Evaluation of Acetylation Procedure®

Resole A (Ac)

3.75+0.02
1.12 +£0.01
0.06 = 0.01
1.07

232 (Ac)

@ Results reveal formaldehyde-phenol ratio greater than unity because of the loss of
some free phenol during freeze-drying of neutralized Resole A.

Table Il. PMR and GLC Evaluation of Sample Preparation Methods
GLC
PMR values for Resole B acetates® valuesd?
Structure Ac-1 Ac-2 Ac-3 Ac-3
Aromatic hydrogens per
aromatic ring 2.76 £0.04 2.80£0.05 2.82 +0.04 2.83
Benzyl-type hemiformal groups
per ring, Rur 0.58=+0.04 0.77+0.04 O 0
Hydroxymethyl groups per
aromatic ring, Ram 1.63£0.05 1.45+0.04 2.16 +0.04 2.16
Total Rar + Raux 2.21+0.08 2.22%0.08 2.16 & 0.04 2.16
Methylene or dibenzyl ether
bridges per ring 0 0 —
Molecular weight (Ac)® 295 296 292 292

4 Structure values less phenyl acetate contribution. 3
5 GLC structure values calculated from data in Table VI. ) o
¢ Number average molecular weights, less phenyl acetate and hemiformal contributions.
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2,4,6-THMP tetraacetate
Bis{4-acetoxy-3,5-dimethylphenylimethane standard

Benzyl acetate primary standard

ponents are detected and analyzed
(Figure 2). Cleavage of these groups
is accomplished by acetylation in the
presence of an acid catalyst at elevated
temperatures, or by consuming the
formaldehyde involved in the hemi-
formal equilibrium by forming an
amine bisulfite addition product before
acetylation. In some instances the
former method results in undesirable
resin modification. The formation of an
amine bisulfite addition product with
formaldehyde removes the hemiformal
interference, without producing any
undesirable reaction products or resin
modification.

A PMR analysis check was made on
special Resole B (1009, mononuclear
components) to ascertain if different
methods of sample preparation affect
the basic resin structure (Table II).
An aqueous solution of Resole B was
treated in three ways: (1), the resin
was freeze-dried at a pH of 6; (2) the
resin was totally converted to its salt
form with base and freeze-dried; and (3)
the resin was treated with an excess of
pyridine-bisulfite complex, converted to
its salt form with base, and then freeze-
dried. The three dehydrated residues
were acetylated by the described pro-
cedure to give samples Ac-1, Ac-2,
and Ac-3, respectively. The three
acetates differ in the number of hydroxy-



methyl substituents which are hemi-
formulated. Ac-3 is completely void
of hemiformals, because of the effective
pretreatment with the amine bisulfite
reagent. The difference between Ac-1
and Ac-2 in hemiformal concentration is
related to the pH of the original resole
solution before freeze-drying. Since the
pH also influences the extent to which
phenol is lost during freeze-drying, the
samples vary in residual phenol content.
Structural agreement among the three
samples, less the contributions from free
phenol and hemiformal groups, is within
experimental error. Particularly note-
worthy is the fact that none of the
methods of treatment resulted in resin
advancement—e.g., methylene bridge
formation.

GLC Analysis Development. Of the
substrates listed in the literature, the
silicone oils and greases seemed espe-
cially applicable to the separation of
high-boiling esters at high operating
temperatures. SE-30, a methyl sili-
cone, and SE-52, a methyl phenyl sili-
cone, give especially good performance
over the wide temperature range re-
quired for separating the various esteri-
fied resole components. Golay-type
coated capillary columns with large
diameters (0.125-inch o.d.), are very
effective in separating components with
widely different boiling points, in a
reasonable time, without decomposition
(4, 6). Since the sensitive ionization
detector permits the use of minute
sample injections this type of column is
efficient, even in lengths of only 25 feet.
Copper columns which are precoated
with an inert silicone (Siliclad) coating
before substrate deposition seem to
perform better without contributing to
component decomposition.  Although
component decomposition 1s negligible
in the column, acetylated benzyl-type
hemiformals are decomposed at in-
jection block temperatures above
250° C.

Figure 2 shows a chromatogram of a
resole acetate mixture free from hemi-
formal derivatives obtained using the
conditions described in the experimental
section. The components are well re-
solved, except for a slight overlap of the
2,6-DHMP and 2,4-DHMP esters.
The components are eluted in an in-
creasing order of molecular weight.
Isomeric components are separated in
the order of boiling point, with the ortho-
substituted isomer being eluted first.
Retention times relative to benzyl
acetate are given in Table III. Peak
identification is based on the respective
retention times of the pure acetate
model compounds. If the meta isomer
(3-HMP) is present, it will be eluted
simultaneously with the 4-HMP com-
ponent, using the described conditions
(Table III). By modifying the tempera-
ture-programming cycle, the 2-, 3-, and
4-HMP isomers can be resolved. How-

ever, the 3-HMP component was not
detected in any of the resole systems
examined in this study, in agreement
with results obtained independently by
paper chromatography (5, 13).

Relative retention times of the simple
methylene-bridged dimers and dibenzyl
ethers are also shown in Table III.
Dibenzyl ether compounds are not
detected in any typical resole pre-
polymer system which has been pre-
pared by normal base-catalyzed condi-
tions (/3). PMR was used to confirm
the absence of ether linkages (19).
The simple dimers (nonhydroxymethy-
lated) are also not normally detected in
prepolymer systems prepared under
alkaline conditions with a formaldehyde-
phenol mole ratio greater than 1.
The more complex dimers and poly-
nuclear components have relative reten-
tion times greater than 6.0, or are not
eluted at all under the deseribed condi-
tions.

Figure 1 shows a chromatogram of a
resole acetate mixture, where the
hemiformal groups were not cleaved
before acetylation. Peak identifications
were confirmed by freeze-drying dilute
basic solutions of each hydroxymethyl-
phenol model compound in formalin,
acetylating each dehydrated product,
and chromatographing the acetylated
samples. Retention times of hemifor-
mal derivatives derived from each parent
molecule were assigned in this manner.
In each case, PMR was used to confirm
the presence of the hemiformal struc-
tures (19).

The ionization characteristics of the
acetate model compounds were in-
vestigated by determining whether the
observed component peak heights and
areas were proportional to their con-
centration in synthetic mixtures. The
compounds are resolvable only by
temperature programming and hydro-
gen flame detector response varies as the
temperature at which a component is
eluted varies. However, if a re-

producible temperature programming
cycle is employed, the response of the
detector to each component is
reasonably linear.

The quantization was accomplished
most effectively by relating the area
under the curves to component con-
centration, using the internal standard
technique.  Area correction factor
(ACF) values were determined relative
to benzyl acetate. Statistically, good
ACF values were obtained for synthetic
blends of acetate model compounds in
individual concentration ranges of 0.1
to 5 grams per 100 ml. of acetone solu-
tion, with the benzyl acetate level
constant at 0.80 gram per 100 ml
(Table IV). If the component level was
less than 0.1 gram per 100 ml., the
precision suffered and the constancy of
the ACF values varied significantly.
The quantization can be further im-
proved by the use of a second internal
standard which is eluted just after
the 2,46-THMP tetraacetate peak.
The dimer bis(4-acetoxy-3,5-dimethyl-
phenyl)methane has the proper reten-
tion time (Table III) and excellent
thermal stability. Basing the ACF of
the 2,4,6-THMP ester on the dimer,
rather than on the benzyl acetate, sig-
nificantly improves the precision (Table
1V). There was no statistical advantage
found, however, in basing the ACF of
any of the other components on the
dimer rather than on benzyl acetate.
The dimer concentration, as a standard,
was maintained constant at 1.00 gram
per 100 ml. The improvement in both
precision and accuracy obtainable by
cleaving the hemiformal groups prior
to acetylation is obvious, since only
parent components then need to be
analyzed. The removal of the hemi-
formal interference is necessary if the
dimer is to be used as a second internal
standard.

Table V shows quantitative data ob-
tained for a synthetic blend of six esteri-
fied resole model compounds. The im-

Table lil.

Acetylated component

Phenol

Benzyl acetate (std.-1)
2-Hydroxymethylphenol (2-HMP)
3-Hydroxymethylphenol (3-HMP)
4-Hydroxymethylphenol (4-HMP)
2,6-Dihydroxymethyliphenol (2,6-DHMP?)
2,4-Dihydroxymethylphenol (2,4-DHMP)

2,4,6-Trihydr0xymethylﬁhenol (2,4,6-THMP)
ylphenyl)methane (std.-2)

Bis(4-acetoxy-3,5-dimet
2,2'-Dihydroxydiphenylmethane
2,4’-Dihydroxydiphenylmethane
4,4’-Dihydroxydiphenylmethane
2,2'-Dihydroxydibenzyl ether
4,4'-Dihydroxydibenzyl ether

s All boiling points at 1.5 mm.

Physical Properties of the Acetate Esters and Relative Retention Times

Boiling or Relative
melting R.I, retention
point, °C.e ni° times?®
45 1.5009 0.73
61 1.5001 1.00
121 1.4988 1.95
131 1.5021 2.18
134 1.5016 2.20
166 1.4982 3.18
173 1.5006 3.41
202 1.5007 4.50
146 (m.p.) — 5.11
46 (m.p.) — 3.75
73 (m.p.) — 4.12
74 (m.p.) — 4.46
— — 4.50
— — 5.20

* Retention times relative to benzyl acetate on SE-30 substrate.
¢ Boiling points not measured, structure confirmed by PMR(19).
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Area Correction Factors (ACF) and Accuracy Determination

(Internal standard technique)

Table IV.

Acetylated Av., No. of
component ACFe detns., n
Phenol 0.866 7
2-HMP 1.110 9
4-HMP 1.185 7
2,6-DHMP 1.314 7
2,4-DHMP 1.446 8
2,4,6-THMP 1.570 9
2,4,6-THMP 1.652° 9

959, confidence

Std. dev., limits for av. of

8 n ACF detns., %
0.027 +2.86
0.026 *1.79
0.015 +1.16
0.025 +1.92
0.052 +3.00
0.085 +4.16
0.028 +1.67

@ Values determined using benzyl acetate as standard, unless noted otherwise.
® Determined using bis(4-acetoxy-3,5-dimethylphenyl)methane standard.

Table V. Analysis of Resole Acetate Synthetic Blend

Acetylated Added, S M Me

cocrflp};ie?lt %e Found individual determinations® tgj " errg?

Phenol 4.26 4.20 4.15 4.28 4.21 —1.13
4.20 4.23

2-HMP 11.15 11.46 11.20 11.31  11.31 +1.40
11.30 11.22

4-HMP 11.60 11.46 11.76 11.85 11.61 +0.10
11.48 11.51

2,6-DHMP 18.44 18.20 18.88 18.29 18.45 +0.06
18.25 18.64

2,4DHMP 17.80  17.77 17.52 17.15 17.53 —1.49
17.90 17.33

2,4,6-THMP 36.76 37.97 35.55 36.49 36.11 —2.33
36.44 34.11

2,4,6-THMP? 36.76 37.05 36.16 36.98 36.65 —0.29
36.76 36.32

@ Values calculated using ACF based on benzyl acetate, unless otherwise noted.
¢ Values calculated using ACF based on bis(4-acetoxy-3,5-dimethylphenyl)-methane.

provement in precision afforded by
using the dimer reference for the 2,4,6-
THMP ester evaluation can be seen
from the data. When an accurate
means of peak area measurement is
used, one of the most significant sources
of poor precision is nonduplication of
GLC conditions for repetitive runs of
the same sample. Some of the ACF
values are susceptible to change with
time, as the column ages, or as other
conditions vary, resulting in poor ac-
curacy. Consequently, ACF values
should be periodically rechecked, using
standard solutions kept on hand. Un-
knowns must be run under conditions
identical to the ones used to evaluate
the ACF values.

Applications. Table VIshows quan-
titative data obtained for the analysis
of Resole B acetate, which contains
only mononuclear components. The
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resin was acetylated after the hemi-
formal groups were cleaved. Nearly
1009, of the resin is accounted for by
the analysis. Specific structure values,
calculated from the average of the data
in Table VI, are compared with the
values determined by a PMR analysis of
the same sample (Table II, Ac-3).
Agreement between the two methods is
very good. By utilizing both methods
one can determine both the mononuclear
components and the number-average
structure of any soluble resole pre-
polymer.

The described GLC method has been
successfully applied to a large variety of
resole systems. Mononuclear resole
components have been quantitatively
analyzed in systems where they are the
main constituents, and in higher-molec-
ular-weight systems, where they are
present in lesser amounts. This method

Table VI. Component Analysis of Resole
Prepolymer

Acetylated Resole B acetate
component duplicates, weight 9,
Phenol 1.55 1.51
2-HMP 5.95 6.09
4-HMP 11.40 11.58
2,6-DHMP 6.46 6.22
2,4-DHMP 25.53 25.03
2,4,6-THMP 49.06 49 .21
Av. composite 99.90
permits the measurement of resole

components with greater speed and
aceuracy than were heretofore possible.

ACKNOWLEDGMENT

The authors are grateful to Peter L.
Shapras for his interest in this work
and for his helpful advice. They thank
Virginia L. Lyons for assisting with
some of the experimental work. They
also thank W. J. Burke, Arizona State
University, for the gift of several model
compounds (2,2’-, 2,4’-, and 4,4’-dihy-
droxydiphenylmethane).

LITERATURE CITED

(1) Adams, R., Lipscomb, R. D., J. 4m.
Chem. Soc. 71, 519 ({1949).

(2) Auwers, K., Ber. 40, 2524 (1907).

(3) Barthel, R., Plastics (Holland) 2, 247
(1949).

(4) Ettre, L. 8., Pittsburgh Conference on
Analytical Chemistry and Applied Spec-
troscopy, March 1962.

(5) Freeman, J. H., AxavL. CHEM. 24, 955,
2001 (1952).

(6) Golay, M. J. E., Ibid., 29, 928 (1957);
Nature 180, 435 (1957).

(7) Grant, D. W., Vaughan, G. A., Gas
Chromatog. Intern. Symp. 4, 305 (1962).

(8) Haslam, J., Whettem, S. M., New-
lands, G., Analyst 78, 340 (1953).

(9) Langer, S. H., Pantages, P., Wender,
1., Chem. Ind. London, 1958, p. 1664.
(10) Martin, R. W., “Chemistry of
Phenolic Resins,” Wiley, New York,

1956.

(11) Martin, R. W., J. Am. Chem. Soc.
74, 3024 (1951).

(12) Redeker, H. E., Van Sickle, D. E.,
U. 8. Dept. Commerce, Office Tech.
Serv., AD 264-144 (1961).

(13) Reese, J., Kunsistoffe 45, 137 (1955).

(14) Rider, 8. H., Hardy, E. E., Advan.
Chem., No. 34, 173 (1962).

(15) Shulgin, A. T., AxaL. CHEM. 36, 920
(1964).

(16) Smith, J. J., Rugg, F. M., Bowman,
H. M., Ibid., 24, 497 (1952).

(17) Stevens, M. P., Percival, D. F,,
Ihid., 36, 1023 (1964).

(18) Walker, J. F. “Formaldehyde,”
Chap. 18, Reinhold, New York, 1964.
(19) Woodbrey, J. C., Higginbottom,
H. P, Culbertson, H. M., J. Polymer

Seci. A3, 1079 (1965).

REeceIvED for review February 15, 1965.
Accepted April 26, 1965. ’



