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ABSTRACT

AMIORIA-CATALYZ 1) FHANOL~FORMALDEHYD . Re3INS

The literature on ammonia-catalyzed phenol-formaldehyde resins
is reviewed and critical comparisons are made of the manner in which
the ammonia-catalyzed resins differ from both the alkali- and acid-

¢atalyzed resins.

Intermediate products formed during the initial stages of the
ammonia-catalyzed phenol-formaldehyde reactions, as reported in the

literature, are tabulated and # ¥ contents are calculated,

Experimental determinations of N content of resins with molar
ratios of 1:1.25 phenol to formaldehyde with ammonia at 0.2, 0.5,
and 1.0 moles yer mole of phenol, show that at the 0.2 molar ratio
of ammonia, all the N enters into the resin and remains during the
curing of the resin., At 0.5 and higher molar ratios of ammonia, only
& portion of the N enters the resin. At low bakes (conversion of "i"
to "B" stase,, the N increases, probably by loss of Hy0 or CHO from
the resin. In the fully-cured resins, N content of all the resins
based on 1:1.25 phenol to formaldehyde drops to the ssme lsvel as in

the resin formed using C.2 moles of ammonia, i.e. (2.75 .23 NJ.



When the formaldehyde ratio is increased to 2.0 moles per
of phenol, and usins 1.0 ~ole of ammonia, the N content of the
cured resin is 4.63%, an increase _roportional to the increase

formaldehyde,
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I, IHTRODUCTION 1

Furpose:
The object of this work is to zain a better understanding of the

ammonia-catalyzed phenol-formaldehyde resins with respect to the re~
actions occurring in their formation, and also with resgect to the
ultimate chemical composition and structure of the resins in their

various stages of cure.

Experimental work is baiéd on the preperation of resins with
varying molar ratios of ammoéia, phenol, and formaldehyde and deter~

mining the nitrogen content of the resins at different stages of eure,

Ceneral Background of Phenolic Resin Chemistry:

The para and ortho hydrogens of phenols are activated by the CH
group and are capable of reaction with formaldehyde under suitable
catalytic conditions. Thus, with USF phenol or meta substituted
pheriols, three points of reactivity are present, and three dimen-
sional polymers are possible, provided sufficient formaldehyde is
used. 1f the para or one of the ortho positions on the phenol struc-
ture is occupied by a substituted group (allyl, aryl or halogen, ete.),
only linear polymers are possible (at least in theory) since only two

~.active hydropens are present.



FPhenol-formaldehyde resins may be divided into three classes
according to the type of catalyst used -- acid catalyzed, alkali

catalyzed, and amsonia catalyzed.

Tﬁe acid catalysis of phenol and formaldehyde will result in
/the uncontrolled rroduction of infusible, insolubie resins if
sreater than one mole of formaldehyde is used per mole of phenol,
khen less than six moles of formaldehyde are used per seven moles
of phenol, the products are permanently fusible and soluble and are
called "novolacs." The structure of tie novolacs has been estsb-
lished by several investigators as being linear polymsrs in which

the pherclie nuclel are connected by methylene bridges (3).

The alkali catelysis of phenol and formaldehyde results in
markedly different products than those of the acid catalysis. Most
invostipgators are in agresment that the initisl reaction product is
‘the addition of methylol groups to the ortho and/or para positions
of the phenolic nuclei. These primary reaction products are egalled
"resoles"\or ",-Stage tesins." Curing (conversion to insoluble, in-

fusible products; of the resoles occurs tirough the following reactions:

1. A methylol phenol reactine at the methylol hydroxyl
groups with an active hydrosen of another phenolic
nucleus with the resultant loss of a molecule of
water and the joining of the phenolic nuclel by &

metnylene bridge.



3
YNethylol phenols reacting throusrh the methylol hydroxyls

U

with the loss of & molecule of water and the phenolic

nuclei, then being joined by a methylene ether brides.

3. HMethylol phenols reacting throush the methylol hydroxyls
with the loss of a molecule of water and a molecule of
formaldehyde with the ochenolic nuclei then being joined

by a methylene bridre,

(These are the primary reactions; several additional re-
actions, not completely understood, also undoubtedly nlay

an important role in the formation of the completely

cured resin.)

Since the early nistory of phenolic resin chemistry, the curing

mechanisn of the alkali-catalyzed resins has been divided into three

phases (3).

A-Utage hesin (resol) =- This represents the initial conden-

sation product of phenol and formaldehyde and probably consists
mainly of phenol alcohols together with some products of con-

densation of the phenol alcohols,

B-Stage Hesin (resitol) - This represents the second stage

of condensation, The resin is no longer soluble in alkaliss

but is partly or even completely soluble in organic solvents.
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The resin is still scfiftened by hsat and is plastie while hot,

althoush hard and brittle vhen cold,

C-otage Hesin (resite) - This reuresents the [inal stage

of polymerization with exteusive cross-linkage. The resin

is insoluble and infusible,

The ammonia-catalyzed phenol~formaldehyde resins are stiil very
often classiiied with the alkell-catalyzed resins. It is the writer's
opinion that tuils is incorrect and that the ammonia—catélyzed resins
will eventually be recognizec a3 belng distinetly different from the
al<ali-catalyzed types. Characteristics of the ammonia-catalyzed
resins, and comparisons with acid- and alkali-cstelyzed types, will
be expounded on later, 1t is sufficient to remark here that the
ammonia-catalyzed resins go through stages of formation and cure very
similarly to the alkali-catalyzed type, and undoubtedly this has bsen

the reason for classifying them together,

Basis for dxperimental ‘rork:

The aﬁmonia—catalyzed phenol-formaldehyde resins are a special
class of alcohol-soluble, non-oil-soluble resins which, when deposited
as thin films from solution and cured at 275° to 400°F. for 5 to 60
minutes, are converted to completely solvent-insoluble, infusible,
very resistant, hard films, l'ddespread use iz made of these composi-
tions as tank linings, drws: and can linings, electrical insulating
varnishes, cartridge case linings, znd in many other specialized appli-

cations.



In order to attain therrosetting compositions and to insure the
reaction of &ll the phenol present, the ratio of formsldshyde to phenol
in these resins is slways greater than 1:1, The lowest ratio of forwal-
dehyde to phenol used in this experirental work was 1.25 to 1.0, and
this is yrobably close to commereial practice. The armonia content was
varied fros 0,1 to 1.0 mole of ammonia per wole of phenol. Commerecial
resins are .robably based on a relatively low ratio of ammonie to shenol,
e.7. U.l wole, In this work, the wide range of concentrations was em-
ployed in order to study the extent to vhich the ammonia enters into the
resin structure, This is determined by aralyzing the resin for nitrogen

content,

II. DISCESSION OF THi LITERATUR L

i MONIA-CATaLYZ U PHINOL-FURVMALL YD LIRS

A. Comparisons Among the icid-Catalyzed, slkali-Catalyzed, and
Arrmonia-Catalyzed bhenol-Formaldehyde ilesins:

As mentioned in the introduction, the ammonia-catulyzed resins nave
often been grouped with the alkali-catalyzed resins. However, 2 number
of research workers have recognized marked differences betwren the alkali-

and amnonia-catalyzed resins,

Recently Hanson (9) wrote: "It is now generally accepted that when
the alkall used to catalyze a uhenol-formaldehyde reaction is amonia,

gone at least of the base becomes "built-in" to the resin, probably in



the form of - NH - bridges between the phenolic nuclei. What iway not be
80 well=known is that the reaction must follow a very different course
frem that attributed to the corresponding reaction catalyzed by, say
sodium hydroxide. Analytical work by D.W.J. Usmond of our rescarch
stafl on the amonia-catalyzed reaction between tertiary butyl uhenol
and fornaldehyde has shown that there is a very little build-up of hen-
olic nuclei into metnylene~ or oxymethylene-brideed chains in the first
stapge of reaction, the phenolic intermediates nresent being phencl di-
aleohol and monalecohol wmixed with unreactsd phenol, On further reac-—
tion at higher tenperatures, this intermediate mixture formed low
molecular weight methylene-bridged polynuclear products, comparsble in
structure with the acid-catalyzed "“iovolac" resin., On the other hand,
"econtrols" in which sodium hydroxide replaced ammonia as catalyst, con-
tained 95/ of ether-linked polynuclear molecules with a large proportion
of methylolated end-groups. The analytical wmethods used included those

for the determination of methylel groups and dibenzyl ether linkases,"

dJore recently Seto and Ozaki (25, reportsd on the relation between
catalyst species and the constitution of the resins formed. They found
that ammonia, primary amines, and secondary amines produce nitrogen com-
pounds and hyaroxymethyl compounds, vhile tertiary amines and quaternary

amines {5ic, yield no nitrogen compounds.

Goldbluw (6) is working on the vrecipitation point as a tool in
the study of the chemistry of phenolic resins, groups catalysts into two
classes based on precipitation point: 1) Alkaline catalyst:, and 2)

armonia, primaery amines and acids. The secondary and tertiary amines are
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reported similar to sodium hydroxide in their catalytic éctivity. In
the comparison avong resins formed by catalysis with sulfuric acid on
the one hand and anmonia on the other, he finds that the sulfuric acid-
catalyzed resin zrows to a carticular size and tends only to build the
resin nolecule largesr very slowly frow that point. In contrast, the
anmonia-catalyzed resin continues to srow with time and is strongly
influenced by temperature, catalyst concentration, and ratio of henol

to forssidehyde,

Hartin (12) comuents that, because ol the rapid loss of water-
solubility in ammonia-catalyzed phenol-formalden-de resins, the formation
of vchenol alcohols has been much debated, ide then shows experimentally
that, at least al room temperature, both pherol wonoalechols and thenol
dialcohols may be separated from ammonia~catalyzed . henol-forualdehyde

reaction products,

Tsuruta and Fukuméra (30) on studying varying quantities of awmonia
addition to ths system phencl-formaldehyde, found that the results indi-
cated that after an induction period of 40 to 60 minutes the roaction
proceeded uniformly, and the rate depended only on the gquantity of wmuronia

added, not on the manner in which it was added.

An investipgation of heat liberation in phenol-formaldehyde wixtures
by Pesin and Khasanov (23) showed the average value of & to be 150 cal-

ories per pran for the condensation of the novolac with hydrochloric acid

catalyst. For comparison, '.an:gold and f'etzoldt (17) in uetermining the

heat of shenol-formaldehyde reaction at 90°‘fmund only small temperature



rises in alkaline solution, with the reaction beins slow and the end
point difficult to determine. In aeid medium they found a rapid exo-
thermic reaction causing proncunced temperature incerease, Ammonia
catalysis was not mentioned, but on the basis of the previous reference,
it can be inferred tnat t.ae neat liberation with ammonia catalysis is

probably widwayv between that of alkali and seid catalysis.

Be HMitroren Contents of Ammonia-Catalyzed Phenol-formaldehyde Hesins

In his early work, Turuta (32) suggested that it is fairly probable
that in the phenol-formsldehyde-ammonia system an equilibrium state ex-
ists expressed by the relation: phenol 4 formaldehyde 4 ammonia =—%
intermediate, and then the intermediate decomposes with the liberation of
ammonia, and the condensation of phenol with formaldeiyde takes place in
the following inreversible way: intermediate — nucleus of resin 4 ammonia.
The nucleus of resin, termed so temporarily is said to probably be a kind

of phénol«alcohol.

Zinke, et al (36) on the resinification of phenols with hexamethylene-
tetramine report that at hisher temperatures or in the presence of larger
proportions of the phenol, nitrogen is eliminated as ammonia and perhaps
amines, so that the overall reaction wmay under certain conditions zive a

resin {ree of nitrogen.

Hanson (9) reported that in phenol-formaldehyde resins about 95% of

the nitrogzen introduced as ammonia became "fixed" in the resin.

Hamard and Jacque (7) have shown that cured phenol-formaldehyde-

hexamethylenetetramine resins contain substantial emounts of chemiecally
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bound nitrogen. They found that with up to 25 - 30% hexametinylenetetra-
mine in the resin, the bound nitrogen increasad linearly with the amount
of hexamcthylenetetramine to 7 -~ %% nitrozen in the uroduct. Uith over

25 - 3U% hexanethylenetetramine it was found that the bound nitrogen stayed
constant but water—extractuble nitrogen increased uniformly. Volatiliza-

tion of an adaitional anmount of nitrogen durins curing was revorted.

»

Co Interuediates Formed in the Phenol-Forialdehyde-Amnonia ileaction.

The identification of phenol monoaleohols and phenol dizlcohols in
the early stauges of reaction are reported by several workers (18), (25),

(27) ana (31).

Addition products of phenols end hexamethylenetetramine are reported
by a number of investigators (15), (16, (34) and (3%). The linkare of
phenol and hexamethylsnetetramine 1s shown to consist of a hydrogen bond
(15) and (1é). These addition compounds orobably play no part in resin

formation and are only incidental.

The other nitrogen-containin; intermediates reported in the literature
are tabulated in Table I. The percentage of nitrogen in each has been
calculated. Only those based on unsubstituted phenol are tabulated, how-
ever, correspondin; derivatives f{rom various alkyl-substituted phenols
are also reported by several investipators (11), (21;, (34), (37), (28,

(39), and (40).

Guite recently Shono and Takahashi (29) reported that tris (2 -
hydroxybenzyl, amine, obtained from the initial products of phenol,

formalin and amwonia, did not react with phenol or formalin, but that



the resin formation between phenol and formalin was catalytically

promoted by the tris (2 - hydroxybenzyl) amine.

10



TaBLL I

WeIGHT FPRRCuNTaGe OF NITHUGAR PRESEVT 1IN

NITROGEN-CONTAINING INTaiie DIATES FORIID

DURISG TS INITIAL STaGes OF THE RIAUTION

AJONG PHUNOL, FORMaLDGHYD <, ANL aTI0NIA,

Uit FHeeUl AND dde CTHTLEN T ATRATHE, 43

TakeN FROS TG LITERATURE,

Name or structural Heference impirical
Formula of Compound {ited Formula
(o - H@Cé %a UH2}2 NH #* (12) CthlSO2N
(0 - HOC, Hj, CHpjo NCH,OH " Cy 5Hy 703N
# e
& ¥ " Cy 5t 50N
Hy E; !
%

- (3,4 ~ dihydro - 2H - 1, 3 benzoxazin-3-yl)-o-cresol (29

0, o' - dihydroxydibenzylamine % (27) Cy4,Hy 5058

bis (2 ~ hydroxybenzyl) amine * (29),(26)

Tris (2-hydroxybenzyl) amine (29),(26) C23H2104N

o, ¢', o*'-trihydroxybenzylamine (2%) "
2-hydroxybenzylanine (26) C?HQO N
L~hydroxybenzylamine ‘ (26} Cyllgh N
3, 4=dihydro-3-(2-hydroxybenzyl - ' Gy gty 5058
24 - 1,3-benzoxazine % (26)

11
Forrmula Cale'd.
Vb, % N
229,268  6,11%
259.294 5,403
241.278 5.81%

229,268 ) 6,11%

335.386

4.,18%

123,150 11.37%

241.278

5.31%

# These compounds are the same; 3t These compounds are the same.



III. &XPURLIENTAL 12

A4, FPreparation of Resins

bouipment Used:

2-1liter, 2-uiece glass reaction flask with top having four necks

used in cooks #1-~7 inclusive and /10.
500 ml., 3-neck glass flask used in cooks ;8 and #9.
Hesting mantle controlled by variable transforver.
Hotor~driven, stainless-steel agitator,
Water-cooled reflux condenser.,
Thermometer 0 - 120°C,
Dropping funnel.

(Fittings on all apparatus were ground glass).

Hesin Cook 71!
Zolar Hatio:
Fhenol: Formaldehyde: Ammonia -~ 1:1.25:0.2
faterial Uharges:
6 woles U.S.F. Phenol 56,66 grams 100%
7.5 moles Formaldehyde 602,69 grams 37.37% ajueous

1.2 moles Ammonia 70.22 grams 29.1% aqueous
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The phenol and formaldehyde were loaded into the reaction flask and

aqueous ammonia was added by means of a dropping funnel. On addition of
all the amnonia, an immediate temperature rise of 11.5%, was observed
and then the temperature remained constant. The batch was slowly heated
and at 86°C; the cloud poimt was reached. At 93.5°C. the bateh started
to reflux and was held at rel{lux for thirty minutes by whieh time the
témperature had dropped to 96.5°C. The batch separated into a creamy
yellow resin layer on the bottom and s wilky aqueous layer on top. The
top layer was decanted, On cooling the resin, it was found to be hard

and only partly soluble in organic solvents,

(I; was decided that in order to terminate the resin reaction and
facilitate handling, it would be desirable to add solveunt, This would
result in an agueous layer which would contain most of the unreacted
components and could be separated by decantation. A solvent having a
boiling point greater than IOOOC., but not so hizh that it could not be
readily evaporated from the resin, was decided on., Uther characteristics
required of the solvent were %ow water solubility and good solubility for
the resin. No single solvent wes found that vould meet 2ll thess reguire~
ments. Therefore, on the basis of screening tests, a combination of 20%
n-butanol, 304 xylene and 50#% methylisobutyl ketone was selected. The
quantity of solvent to be added was arbitrarily set at 2.5 times the
welght of phenol used, This resulted in a resin solution having a lower

density tian that of water, and a reasonably low viscosity.)



14
desin Cook i2:

The same molar ratio and charse were used as in Cook f1. The addiw-
tion of ammonia again resulted in a temperature rise of 12,5°C. The cloud
point was reached at 8506. and reflux started at 9%.5°C. After 25 minutes
at reflux ths temperature was 970’3. and the resin layer had separsted as
& viscous creamy Lower layer, Blended solvents were added and readily
dissolved the resin, The entire reduced batch was put in a separatory
funnel and after two days had completely separated into a clear, pale
amber resin solution as the upper layer, and a clear colorless aqueous

layer on the bottom.

& portion of the resin solution was mixed with an equal weicht of
distilled water, mixed vigorously, and then put into a separatory fumnel

vhere it radually separated as did the original batch.

desin Cook /3:

The same molar ratic was used as in Cooks /1 and /2. but hexamsthyl-
enetetramine was substituted for ammonia.

tiaterial Charge:

6 moles U,S5.F. Phenol 56l,.66 grems 100%
0.3 moles % Hexamethylenetetramine 42,06 grams 100%
(Usp)
5.7 moles Formaldehyde 458,00 grams 37.37% Aq.

#(Tnis amount of hexamethylenetetrewine is equivalent
to 1.9 woles of formaldehyde and 1.2 moles of ammonia.)

The hexamethylenetetramine was dissclved in distilled water and added
to the pnenol and formaldehyde already in the flask., UNo change in tempera-

ture or sgpeasrance was noted on addition of the hexamethylenstetramine
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solution. The batch war gradually heated to 99°C. at which time reflux-

ing started and the batch clouded suddenly. The reaction became strongly
exothermic and renained at reflux without additional heating for 23 min-
utes at which time the resin had separsted as & distinet laysr. Blended
solvents were added and the resin readily dissolved., It was placed in a

separatory funnel, but was lost frow the funnel through a leaky stopcock.

Resin Cook . h:

The material charge was the same as in Cook #3.

The batch was slouwly heated to 75°C. at which time the heating was
discontinued. In 13-1/2 minutes the temperature had reached 90°C. and the
batch which was previously clear and colorless became slightly opalescent.
One minute later the temperature reached 93.5°C. and the batch s uddenly
turned milky. Two minutes later the temperature was 98°C, and slight re-
flux started which slowly became stronger and the batch reachéd a maximum
temperature of 99.500. After 12-1/2 minutes from the time refluxing
started, the temperature was 9906., and refluxing was at a low rate. The
batch was quite viscous with some water on top. In 14 minutes the batch
vas at 94°C. and seemed to be less viscous, Heating was started and a
temperature of approximﬂtely'Qhoc. vas held for 14 minutes, 4 yellow resin
layer showed considerable separation with a water layer above., Blended
solvent was added and the resin slowly dissolved and was placed in a separa-
tory funnel. The batch separated into a clear straw-colored resin solution

as the upper layer and a clear colorless water layer below.



16
Resin Cook #5:

Holar Hatio:

Phenol: Formaldehyde: Ammonia - 1:1.25:0.1

Material Charge:

6 moles U.S.P. Phenol 564,66 grams 100%
7.5 moles Formaldenyde 602,69 grams 33.37% aqueous
0.6 woles hmmonia 35.12 prans 29.1% aqueous

On addition of the ammonia to the ﬁhsnel and formaldehyde already in
the flask, an irmediate temperature rise of 9°C. resulted, The batch was
gradually heated and began to get hazy at 91°C, At 97.5°C. reflux started
and the batch was still only slightly hazy. After 12-1/2 minutes at reflux
the temperature was 98°C, and the batch turned milky. After 70-1/2 minutes
at reflux the temperature was 9600. and a fairly viscous resin layer had
formed with an upper layer of water. Solvent was added and the resin dis-
solved., The batch was loaded into a separatory funnel and renained as a
milky emulsion. Some clear amber resin solution separsted as the upper
layer. After a few months, complate separation was still not achieved, but

the resin solution layer gelled and was discarded.

itesin Cook j6:

“iolar Hatio:

Phenol: #formaldehyde: Ammonis - 1:1.25:0.5

taterial Charge:
6 moles U.S.F. Phenol 56l,,66 gzrams (100%)
7.5 moles Formaldehyde 02,69 grams 37.37% aqueous

3.0 woles Ammonia 175.57 grams 29.1% aqueous
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The ammonia was added to the sixed phenol and formaldehyde in the

flask over & period of 4~1/2 minutes, during which time the temperature
rose from 26°C. to 71°C, 4 minute-and-a-half later the temperature was
72.500. and remained steady, with the batech clouding up, and suddenly
turning very milky. Heating of the batch was started and reflux began

at 96,5°C, In 1-1/2 minutes stronger reflux occurred with the tempera-
ture at 97.5°C, and the batch turned yellower, 4t 3-1/2 minutes from the
time of initial reilux, the teumpesrecture was 9705. and the baten was getting
viscous with a tendency for water to separate., At 12-1/2 minutes from the
start of initial reflux, the temperature was 96,5°C, with moderate reilux
and the resin was very viscous. Solvent was added to dissélve the resin
and the entire batch was dumped into & separatory funnel. In a few days
separation into & lower aqueous clear amber layer and a clear amber resin
solution luayer above was obtained, with a greenish layer forming at the in-
terface. Un removal from the funnel the agueous layer turned very deep
blue-green and had a strong odor of ammonia. The resin soclution had =

slight odor of ammonia,

Resin Cook #7:

Jiolar Raetio:

Fhenol: Formaldchyde: Ammonia -~ 1:1.25:1

Haterial Charge:

6 moles U.3.FP, rhenol 56L.66 grams 100%
7.5 moles Formaldehyce 602,69 grams 37.37% aqueous
6 moles Ammornia 351.14 grams 29.1% aqueous

{Approx. 395 wl.)
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The mixed phenol and formaldehyde were cooled to 6°C. and the am-

monia was added from a graduated dropping fumnel. The total wvolume in
the dropping funnel at the start was 395 ml, of agueous ammonia. The

effects of awmonia additions were:

Time * Total Awmmonia Added Temperature Remarks

O 0 6w1/2OC. Clear solution

1 min. 50 ml. 19-1/2°¢,

2 min. 100 ml. 3200, |

3 min. 15 ml, L3-1/2°C,

L win. 200 mi. 54-1/29C,

6 min. 215 ml, é1°¢. Becoming milky
rapidly

8-1/2 min. 250 ml, 67-1/2°C.

10 min. 300 ml. 75°¢C, Turning yellow

12 min, 333 ml. 73°C.

13 min, 395 ml, 71%¢,

16-1/2 min. 395 ml. 70°C. Fitted on heating
mantle

Due to power failure over the next 22 minutes, the temperature
dropped to 60°C. In 46 additional minutes the temperature was increased
to 90.505. and reflux started. Ammonia vapors escaped from the top of the
condenser. After 6 minutes at reflux the temperature was 91°C. and the
batch separated into a cloudy resin layer on bottom and water on top.
Heating was discontinued but the resin was not removed from the flask.
After two days the top aqueous layer was greenish amber and the bottom
layer was a hard, milky~-yellow, solid resin. In one week the upper aqueous

layer was fairly clear amber and at the interface between the aqueous and
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resin layer an 1/8-inch deposit of reddish-brown slime was present. The

water layer was decanted off{ and had a strong ammoniuscal odor. The brown-
ish slime was removed completely witn two washings of 100 grams each of
blended solvent, 215.1 zrass of solution being recovered, The resin, the
only material remaining in the flask, was heated, and it wmelted oult read-
ily. & strong odor of ammonia was given off. Blended solvent was added
to dissolve the rezin and a clear solution of a dark straw color resulted.
Seven hundred grams of distilled water were added to the resin solution

in a separatory funnel and mixed under violent agitation, Uithin a few
minutes the mix separated into a clear lower water layer and a milky resin
solution layer which cleared on standing overnisht, The water layer turned
pale green on discharge arnd had & strong odor of ammonia. The resin solu-

tion &lso had an ammoniacal oﬁdr.

Eisht Yundred grams of the resin solution were placed in a separatory
furmel and to it were added 209 grams of Heagent Hydrochloric Acid
(35~33% HC1l) dissolved in 791 grame of distilled water (approx. 2 molar HC1).
On addition of the diluted acid, & curd formed instantly and settled to the
bottom of the funnel with an aqueous layer above it and a solvent layer on
top. The cloudy syrup was removed and the aqueous and solvent layers were
discarded. Un standing, wore solvent and water separated from the syrup
and were discarded. The syrup became transparent and ASTHM non-volatile (1)
was found to be 79.82%., The syrup was insoluble in the blended solvents

originally used, in methyl ethyl kectone, in chloroform and in isophorone,
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Resin Cook #4:

“olar datio:
Phenol: Formaldehyde: Ammonia 1:1,25:0.933
{but using nexamethylenetetrawine in :lace of formaldehyde

and amuonia.)

Haterial Charge:

5/18 moles U.3.P. Hexamethylenetetramine 38.94 g.
Pistilled Water 100.0 g.

The charge was loaded into & 3-neck, 500-ml. glass reaction flask
equipped with heating mantle, motor driven stairless steel agitator,
condenser, and thermometer. Since the chargs was a thick white paste,

50 ml. of distilled water were added to form & thin slurry. This was
gradually hested, and at 78°C. a clear, low-viscosity solution existed,
On reaching 99°C. the batch rapidly became milky. Slizht reflux started
with 2 temperature drop to 98°C. After 10 minutes at reflux the tempera-
ture wags 97°C., the batch was milky amber, and a slight odor of ammonia
was present at the top of the condenser. After 20 minutes at reflux the
temperature was 9606., the batch more viscous, and the odor of ammonia
~stronger. after 30 minutes at reflux the temperature was 95°C. and there
was noticeable separation of resin. After 40U minutes at reflux the teup-
erature was 96°C, and there was very marked separation of resin which was
milky yallow, and a clear aqueous layer. The odor of ammonia was less
than previously. JSolvent was added and the resin dissolved readily. The

entire batch was put into a separatory funnel and separated into a2 clear
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amber upper resin solution layer and a lower aqueous layer which was origi-
nally colorless but becase amber., 4 green colored band was present at the
interface. The ajueous layer had a strong ammoniacal odor and turned areen

on exposure to air,

fesin Cook #9:

The same ratio and equipment was used as in Cook #8 but it was made
non=-aguaous.
slaterial Charget
125.48 g. U.3.P. Phenol
38,94 g, U.8.7P. Hexammethylenetetranine

63 2. 4ylol (To moderate reaction should it become too violent;

The batch was hested to 100°C., forming & clear amber solution., It was
neld at approximately 100°C. and aradually became deeper amber, after 72
minutes, for the first time the odor of ammpnia was noticed. After 2 hours
at approximately 100%C. the batch was clear amber and of low viscosity.
Heating was then discontinued, 7The following day the product in the {lask
was observid to be a milky yellow resin wvhich melted readily and evoked a |
strong odor of amwonia, The resin was dissolved in n-butanol and methyl

isobutyl ketone to form a clear yellow solution.

Hesin Cook #10:

Ziolar datio:z
¥nenol: Formaldehyde: Armonia -~ 1:2:1

The same apparatus was used as in Cook #1.



Haterial Charge:

4 moles U.5.F. Fhenol 37644y g 100%
2 moles Fformaldehyde 647.37 o of 37.11% CHL0
4 moles Ammonia 234,09 g. of 29.1% Nilz {aqg.)

The phenol and formaldehyde were loaded into the flask and cooled
to 7°C. +ith all the ammoﬁia added, the temperature of the batch reached
72°C, because of the exothermic reaction, and the batch turned milky.
Then the batch was heated to 97°C., and reflux started, The batch was
milky yellow and no odor of ammonia was present, After 10 minutes at
reflux & slight odor of ammonia was noted, and after 15 minutes the temp~
erature was 96°C. and a strong odor of ammonia was present at the top of
the condenser, After 22 minutes at reflux the temperature was 95°C. and
the resin separated considerably from the water, Blended solvent was add-
ed to the batch and the resin dissolved readily, after which the entire
batch was iloaded into a separatory fumnnel. The resin solution separated
as & clear amber top layer and the lower aqueous layer was clear pale
amber? with a greenish band at the interface. The aqueocus layer turned

deep green on discharge and exposure to air,

B. Specimens for Nitrogen Analysis:

The samples prepared by evaporating the resin solutions in small alum-
inum dishes gave erratic results, probably because of entrapped solvent
and poor release of volatiles formed during curing. It was finally de-~
cided to brush out films of the resin solution on 8" x 12" glass panels
at a wet film thickness of approximately one mil. Three different "curing"

conditions were used: air dry, three hours at 105°C. (the ASTM (1) time
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and temperature used in determining non-volatile matter), and twenty min-
utes at Z;OOOF. The resin films were scraped from the glass panels with a
razor blade, and nitrogén determinations were run on the specimens by a
micro Dumas wsethod using a Sargent iiicro Combustion Apparatus and a 1.5 ml.
micro Hitrometer., This method is deseribed fully by Steyermark in
"uantitative Organic Microanalysis," The Blakiston Co., 1951, Ch. 6,
Determination of Nitrogen by the ificro-iumas dethod, Allowable error

in these determinations was + 0.2%,

The results are shown in Table II.



TaBLE II

NITRUGEY DETORMIVATIONS OB FXPSRYUENTAL ReSINS

AN
Cook #1 Cast Hesin, untreated 2.22%
» Av,
Cook 2 Hesin solution from initisl settling - air dried 2.36, 2,92 ~ 2,89
Cook #2 hkater-washed resin solution - air dried 2.95, 2.89 - 2,92

Cook #2 desin solution from initial settling - 3 nrs. @ 105°C.  2.54, 2.59 - 2.57
Cook #2 ‘ater-washed resin solution ~ 3 hrs, & 105°C,  2.91, 2.99 - 2.95

Cook #2 RHesin solution from initizl settling - 20 nin, @ LOOCF, 2.52, 2.57 = 2.55

Cook #2 hkater-washed resin solution - D wmin. & L00°F, 2.66, 2,62 - 2,64
Cook #4 desin solution from initial settling - air dried 3.69, 3.69 - 3.69
Cook #6 resin solution from initial settling - eir dried Lo38, 4,37 - 4.38
Cook #6 " " n u " - 3oars. @105°C. 5051, 5.57 - 5.54
Cook #6 " " " " & - 20 min. © 400°F. 300, 2,98 - 2.99
Cook #7 ™ " f " "~ air dried 517, 5.09 - 5,13
Cook #7 " " " " " - 3 hrs, @ 105°C. 6,09, 6,05 - 6.07
Cook #7 ¥ " L n " - 20 min. @ LOOCF., 2.65, 2.62 - 2,6,
Cook #7 iiC1 washed resin ~ &ir dried 5.30, 5,22 - 5,26
Cook #7 HCl washed resin - AST%(égv.M. Le91, L8B3 - 4.97

Cock #10 nesin solution from initial settling - air dried 5.12, 5.23 - 5,18

Cook #10 " L " " " 3 hrs, € 105°C. 5.4k, 5.37 - 5.40

20 mj.n. g&’ AOOOFQ 1}061, Z$.65 - 24-063

COQk #lo n [ 4] 1] 1 i
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IV, DISCUSSION OF EXPLRIVENTAL

UBSERVATIONS Anl RuSULTS

From a study of ithe experimental cooks deseribed in this report
(see "ixperimental' section), it was observed that on the addition of
ammonia to the mixed phencl and formaidehyde, an instantaneous temperas
ture rise occurred which was directly proportional to the quantity of
ammonia added. This occurred up to approximately the quantity that would
be rejuired to form nexamethylenetetramine from all the formaldehyde ore=
sent., Ammonia in excess of this guantity resulted in s drop in tempera-~
ture., The rapidity of "eloud point" and resin formastion also increased
vith the guantity of ammonia added, These observations are shown clearly
in tae following tabulation which is based on 1.0 mole of phenol and 1.25

moles of forualdehyde,

TABLE III

GFFECT OF WHORIA CONCENTRATION

ON _INITIAL RuoIN FORCATION

Mole Ratio NH Temp. Rise on Cloud Time at Reflux Reference
per .iole Phenbl  Addition of NHj3 Point to complete
resin formation
0.1 9°¢C. 12% win. 70% min. Cook 5
at reflux

0,2 18.5°C. 26°c. , 5%, 25 min.,  Cooks #1, #2

0.5 46.5%. 72.5°C, 12} min. Cook #6

1.0 63.5%.  &1°c, Cannot compare Cook #7

¥ (max. )

# The maximun temperature rise was reached.when approximately
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0.75 moles of ammonia had been added. The addition of more ammonia re-
sulted in a drop in tempersture. (It would have required 0,833 moles of
ammonia to form hexamethylenetetramine with the 1.25 moles of formaldehyde
wiich was present originally. However, as indicated by the cloud point
formation, the formaldehyde had partly rescted with the phenol before all

of the ammonia was added.)

Resin Cooks ;3 and 4 were based on the same ratio of phenol, formal-
dehyde and ammonia as Cooks #1 and #2 except that an equivalent cnarpe of
nexamethylenetetramine was used in place of ammonia, and tﬁe formaldehyde
charge was reduced by the amount of methylene egquivalents in the hexamethy-
lenetetramine, e.s. (1 mole of hexametiylenetetranine is equivalent to 4
moles of ummonia and 6 moles of formaldehyde.) If the initial reaction
product of ammonia, when added to nmixed phenol and formaldehyde, is hexa-
methylenatetramine, then when all of the ammonia had been sdded, Cooks 51
and 52 should have followed the same reaction pattern as Cooks #3 and #h.
However, once #ll of the ammonia had been added in Cooks #1 and #2, and the
initial heat evolution had occurred, considerabls heat input was required to
raise the batches to reflux and to hold them at reflux., But in Cook #4 (in
which hexamethylenetetramine i s used) heating was stopped at 75°C,, and
without further heating the temperature rose, first gradually, and then
more rapidly to 99.500. Then the bateh remained at reflux for over <0
minutes without externsl heating! It must be assumed then, that ammonia
does not simply react with the formaldehyde to form hexamethylenetetramine,

but that an intermediste compound or complex is formed,
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5. Turuta (32) postulates in this connection the formation of an
equilibrium system expressed by the relation:

Fhencl 4 CH2Q + NH3:fIntermediate~a~Resin
snother possibility is the formation of a compound other than hexamethylene-
tetramine by thne resction of ammonia and formaldehyde, e.g. trimethylenetri-
amine, Walker (33} reports that freshly prepared solutions containing
equimolar proportions of formaldehyde and ammonia do not behave like aqueous

hexamethylenetetramine,

In Cook #7, based on a ratio of 1 mole of ammonia, 1 mole of phencl,
and 1.25 moles oi formaldehyde, it was noted that as soon as reflux tempera-
ture was reached, ammonia vapors were released from the condenser. However,
Cook #10, based on a ratio of 1 mole of ammonia, 1 mole of phenol, and 2
moles of formaldehyde, did not release wamonia until the later stages of
reaction. With Cook #6, containing 0.5 moles of ammonia, no odor of ammonia
was noted coming from the top of the condenser, but the odor of ammonia was
present in the water separated from the resin, indicating that & small pro-
portion, at least, of the ammonia, was not bound in the resin, With the
lower ratios of amuwonia catalyst, no odor of ammonia was present during or
at the end of the cooks. In each case vhere the odor of smmonia was present,
the water separated from the resin solution on exposure to air turned a deep
blue-green color. 'This observation is merely an interesting sidelirht but

is wmentioned because no reference was found in the literature to any such

color formation,

Cooks #8 and +9 were the sans, containing only phenol and hexamethylene—

tetramine as the reactants. Cook ##, which had water present, appezred vo



28

react rore rapidly than Cook /9 which was run under anhydrous conditions,
An interesting aspect of Cook 79 is that there was no possibility for
methylol groups to form during any stare of reaction, yet resin formation

occurred,

The films that were deposited on glass from the resin solutions were
quite similar in physical properties regardless of the particular resin
cook involved., Hesin films formed by air-drying or by baking at lOSOC.
for 3 hours were quite friable and were easily scraped from the zlass
panels, Films baked <0 minutes at 4L00°F,, nowever, were hard and rela-

tively tough, forming ribbons when scraped from the panels,

The nitrogen contents of the various resins at various stazes of cure
(Table IV) show some very significant results. 'ith the resins based on
1 mole ratio of phenol to 1.25 of formaldehyde, when 0.2 mole of ammonia
is used, the nitrogen content of the resin remains fairly constant regard-
less of cure, i.e. approximately 2.75 % 0.2% nitrogen. This value is high-
er than that calculated for the resin based on thes materials reacted.
However, it could be accounted for if all of the formaldehyde did not enter
the reaction. With O.5 moles of ammonia the nitrogen content of the resin
was slishtly less than that calculated, whiich is not surprising, considering
the odor of ammonia which was present at the end of the resin formation.
With 1.0 moles of ammonia the X content of the reéin is only slightly greater
than when C.5 moles of ammonia are used. It is interesting to note that with
the resins based on both (.5 and 1.0 mole of ammonia, the N content of the
resin films which were baked 3 hours at 105°C. was approximately 1% hirgher

than that of the air dried films. These results indicate a loss of water or



29
formaldehyde, or both, on heating without commensurate loss of ammonia,
and could be considered as the transition from the resocl to the resitol
stage. The most significant results, however, wers shown by the fully
cured films (resites). 1in all cases those bassd on 1.25 moles of foraal-
dehyde to one mole of ammonia reached a final content of approximately
2415 f «2% nitrogen., It is difficult to relate the nitrogen content of
the fully curad films (approximately 1 role of sitropen to 5 moles of

rhencliec nuclel) to any concept of resin structure,

In CookbﬁlG where the ratic of formaldehyde was increased to Z moles
per mole of ghenol, and 1.. mole of ammonia was used, the nitrogen content
ol the resin did not chanpge sisnificantly from when 1.25 moles of formal-
dehyde were used, bubt the nitropgen content of the fully-cured resin incressed

in proportion to the increase in formaldehyde,

In Table IV, following, a comparison is made of the determined nitro-
vzen contents of the resins and the nitrozen content that would be expscted
if there were no loss of ammonia. Calculations arc made (1) assuming no
loss of any «ind during resin formation, and (Z; assuming loss of one mole
of water per mole of formaldehyde snd one stom of hydrogen per mole of
amnmonia, In an actual resin cook, if there were no loss of nitrogen and
all of the reactants were combined in the resin, the actual nitrogen con-
tent should be expected to lie somewhere betwsen that calculated by method

(1; and (2).
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TABLE IV

CALCULATLD AMD DET-ANINeD PITROGLY COHTLNTS OF

ALIONIA-CATALYA3D FHIUL- FURMALDVHY D RoSTHS

desin Composition Identification of Lure of Remarks .
Holar Ratio = Fhenol: desin Resin U
Formaldehyde: Amnonia and Treatment
1:1.25:0.2 Cook 1 - Cast idesin Initial Cast Resin 2,23%
) .. wettling i} . .
" " Cook 2 - Initial * Adr bry 2e89%
0 ”~
it 1 1" ] 3 s, @ 105 C, . e 57%
i 1 i # uvo ) &
: 20 min. @ LOG F, 2, 55%
" " " later Washed Mr iry 292k
n " A 3 nrs. ¢ 105°C, 2.95%
4] 1t % H ] 20 min., & 'hOOGF. 2 ()&;g
. vettlin . R . v
" " Cook 4 - Initfgi & adr ury anmonia and 54654
equiv. moles
of CHoO replaced
by lexa,
n " Caleulated Besis of no loss 2,073
" " waleuleted Basis of 1 wole
Hol lost ur mole
CHzG and mols 41 2,493
cer nole Hq.
vy
i ' . . Settling . .
1:1.25:0.5 Cook & - Inltiai 7 air ory b O8%
" " " " 3 hrs. © 105°C, 5.54%
n " " L 20 min. © 400°F. 2.99%
" " Caleculated Basis of no loss 5,00%
# " Caleulated Basis of 1 wole
HoU per wole
CHo0 and mole U 5,98%
per mole KHB.
. _vebtliin . o
Lidees:1.0 widipdl 7 o~ Anibadd cb L Ay oL
i : 48 e h’ -:‘u'r’?ws. }, S& » {"{"‘»*
; 3 T e P
4] " & # ey ':’1121‘2 . i‘(\hf‘ e R {i“‘ B
" i Laleulated begis of no loss 9./
" " Cﬁlc?llated Nauis o0 1 wole

Hal ner mole



" " " later Washed Mr ory 2.92%
. - 0.,
" " n # " 3 wrs. ¢ 105 °C, 2.95%
4 " nooow " 20 min. & 4OO°F, 2,643
it 2 % t‘ 1 : 2 o » e g
" " ook 4 -~ Initigf 1ing Alr ury ammonia and G 6%
equiv. mnoles
of CHoO replaced
by Hexa.
" " Calculated Busis of no loss 2.07%
" " valeulated Basis of 1 mole
Hali lost user mole
CliZG and mole 1 2,493
cer role NH}'
, . vebtling i
1:1.25:0.5 Cook & - lﬂltﬁ&{ B Adr iry b.39%
" " y " 3 nrs, = 105°¢, 54545
n " " " 20 min. € 400°F. 2.99%
" " Calculated Basis of no loss 5.00%
" " Calculated dasis of 1 wole
HoU per mole
Cilo0 and mole U 5.,99%
per mole KHB.
. L vebnan Y
dilen2il.0 vkl (o~ Aniteed AR sy P bdis
Toapee 50 bavs
" # I et IS ,,53.; i hf
" 1 r # 20 wine  ROLTT, Ca iy
wooow Cideulated Gedns ol vo lons Yol
" " Calenlated Bawi: o0 1 role
Hol per mole
CioL and mole H 11.19%
per vole i‘ﬂiHB.
o owebtling ] = o
1:12:1.0 Cook 10 - Immtfa& & Air ury 5.18%
1 # " f 3 hrs. = 105QC. 5.40%
oo " " 20 min. & 400°F, L 63%
" " Caleulated Basis of no loss 7.19%
Caleulated Basis of 1 mole

Hy( per mole
CHpl and mole H
per sole NHs.

9.27%
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¥, CONCLUSIONS

Ammonia~catalyzed phenol-formaldehyde resins are & distinct class in
themselves, differing guite markecly frcm'either the alkali-catalyzed or
acid-catalyzed resins. The mechanism of reaction apparently lies between
that of elkali- and acid-~catalyzed resins., #Also, in alkali- or acid-
catalyzed resins, the catalyst can be readily removed {rom the resin, but
with the ammonla catulyzed resins the ammonia enters into, and becomes a

vart of the resin.

In resinsbased on 2 wolar ratio of 1 mole phenol to 1.25 moles of
formaldehyde, if .2 moles of zmmonia are used, all of the nitrogen enters
into the resin and is firmly bound and remains so during all staszes ol cur-
ing. Y%ith .5 moles cor greater of ammonia, only a portion of the nitroren
enters into the resin. However, on hsabting at temperatures below those re=-
guired to fully cure the resin, (2.r. 3 hours & 16500.), the resin converts
from "a" stage to "B" stage and nitrogen content oif the resin increases,
probably due to the loss of water and/or formaldehyde without commensurate
loss of nitropen. At hisher bakes (20 minutes & 4OO®F,) the resin is com=
pletely cured to the "C" stage, and & quantity ol nitrogen, probably in the
form of amronia or amines, is solit off from the resin and the nitrogen cone-
tznt of the resin drops to the same level as the resin based on .2 moles of
ammonia (approximately 2.75% #)., Tais iz ecuivslent to approximately 1 mole
nitrogen to 5 moles of phenol or & moles of formaldehyde, HNothing known of

the strueture of cured phenol-formaldehyde resins would account for these

ratios,
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vhen the ratio of formaldehyde to phenol is increased, it is indi-
cated that a correspondingly greater amount of nitrosen renains in the

fully cured resin,
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