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ABSTRACT: The facile Mannich reaction of phenol, formaldehyde, and polyoxyalkyl-
ene polyamines at various molar ratios afforded a family of polyetheramines containing
functionalities of phenol, primary amines, secondary amines, and polyoxyethylene
or polyoxypropylene block copolymers in the same molecule. The synthesis can be
generalized by using various polyoxyethylene or polyoxypropylene diamines (and tria-
mines) of molecular weights ranging from 104 to 430 to prepare a family of Mannich
amines, with exception of certain gel products such as phenol/formaldehyde/bis(ami-
noethyl)ether adduct at 1 : 3 : 3 molar ratio. The series of Mannich amines were
evaluated for their epoxy curing reactivities by comparing their gel time and drying
time. The Mannich amines prepared from polyoxyethylene amines exhibited higher
reactivities than those of polyoxypropylene amine derivatives. The trend of their rela-
tive reactivities is explained by the molecular size, the multiplicity of amines in the
molecule, and the steric hindrance of amine structure. The physical properties of cured
epoxy materials, such as impact, tensile, flexural strength, and hardness properties
were also measured and correlated with the amine molecular weight, crosslinking
density, and the presence of phenol group. The structure–property relationship is dis-
cussed. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 2339–2346, 1997
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INTRODUCTION densates. For example, one variation of Mannich
condensates that contains functionalities of rigid
phenols and multiple hydroxy groups from dietha-The Mannich condensation of phenols, formalde-
nolamines was suitable for making rigid polyure-hyde, and amines [eq. (1)] , first reported as early
thane foam.13 In epoxy applications, the presenceas 1942,1 are versatile for many industrial appli-
of phenol groups in Mannich condensates maycations.2,3 The uses of various amines and alkyl-
have advantages in terms of providing further re-phenols gave rise to different Mannich products
active sites and also as acceleration catalyst,14–16that are useful for fine chemicals,4,5 polymers,6–8

as it is known that phenol-containing compounds,grease components,9 antifoulants,10 fuel addi-
such as poly(p -vinylphenol) or 2,3,6-tris(dimeth-tives,11,12 etc. The versatility comes from the di-
ylaminomethyl)phenol, can function as epoxy cur-versify of the functional groups in Mannich con-
ing accelerators.17,18
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Furthermore, Mannich condensation can con- nol (188 g, 2.0 mmol) and triethylene glycol di-
vert the low molecular weight of polyoxyalkyl- amine (Jeffaminey EDR-148, from Huntsman
ene amines into the corresponding prepolymers Chemical Co., 296 g, 2.0 mmol). While stirring,
that are more suitable for epoxy curing, because 37% formalin (162 g, 2.0 mmol) was added over
the low molecular weight amines as epoxy curing a 1 h and 23 min period of time. During the addi-
agents usually generate too high a crosslink den- tion, the exothermic temperature up to 457C was
sity of brittle materials. In some cases, the cured observed. The mixture was stirred for additional
materials show an undesired cloudy tacky sur- 2 h at approximately 287C and then heated to
face.15 Those disadvantages may be overcome by 807C and held at that temperature for 3 h. The
using the higher molecular weight analogs. Pre- temperature was raised to 120–1307C to remove
viously, we reported such an approach that a low most of the water. The remaining water was re-
molecular weight of polyoxyethylene diamine was moved at 1207C under a water aspirator vacuum.
coupled into the higher molecular weight of ana- The final product was a clear yellow, water-solu-
logs through carboxylic acid-derived amide link- ble liquid, having an amine content of 7.91 mEq/
ages.19 In this article, we reveal the preparation g (calc. 7.87 mEq/g) and 1H nuclear magnetic
of a series of novel Mannich condensates from low resonance (NMR) (CDCl3, 300 MHz) 6.7–7.2(4H,
molecular weight and highly active oxyethylene m), 4.0(2H, m), 3.5–3.6(8H, m), and 2.8–2.9(4H,
amines, as well as their relative reactivities to- m). Using the same experimental procedures, a
wards epoxy curing. The use of these Mannich series Mannich condensates, as indicated by the
amines has two immediate advantages with re- representative structure in eq. (2) and also in Ta-
spect to the chemical reactivities toward epoxy bles I, II, III, and IV, were prepared from bis(ami-
curings: (1) the high curing activity due to the noethyl)ether (BAEE), triethyleneglycol diamine
oxyethylene-terminating amine structure, and (Jeffaminey EDR-148), tetraethyleneglycol di-
(2) the existing phenol groups, which provide a amine (Jeffaminey EDR-192), polyoxypropylene
balanced rigidity to the cured polymers. diamines (x Å 2.6, Jeffaminey D-230 and x Å 5.6,

D-400) and polyoxypropylene triamine (x / y / z
Å 5.3, Jeffaminey T-403), at various phenol/

EXPERIMENTAL amine/formaldehyde molar ratios. These starting
amines were available from Huntsman Co. with

Synthesis of Mannich Amines structures shown in Figure 1. When 1 mol phenol
was reacted with 3 mol of formaldehyde and 3 molThe typical experimental procedures for synthe-
of bisaminoethyl ether or 3 mol of triethylenegly-sizing Mannich amines are described: to a 2-L
col diamine, the results were gel products thatthree-necked flask (equipped with mechanical
were not suitable for epoxy resin applications. Astirrer, nitrogen inlet, thermometer, Dean-Stark

trap, and dropping funnel) were placed with phe- gel product was also formed when 4 mol of phenol

Table I Comparison of Amine Reactivity During Epoxy Curing Process: Mannich Amines Containing
Polyoxyethylene Amines and Polyoxypropylene Amines

Drying Time,
6-mil Film

Condensatesa of Phenol/CH2O/Amine Gel Time Set-to-Dry Surface Dry Thru-Dry
Phenol/Amine (IIa–f) Molar Ratio (min) (h) (h) (h)

a. BAEE 1/1/1 13.2 1.1 2.7 —
b. Jeffaminet EDR-148 1/1/1 15.6 2.0 3.1 —
c. Jeffaminet EDR-192 1/1/1 19.2 3.7 5.1 11
d. Jeffaminet D-230 1/1/1 128 9.0 16 29
e. Jeffaminet D-400 1/1/1 — 23.8 38 54
f. Jeffaminet T-403 1/1/1 132 9.0 13 17

a Condensates of phenol/formaldehyde/amine (IIa–f) at 1 : 1 : 1 molar ratio.
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Table II Properties of Epoxy Resin Systems Cured with
Phenol–Formaldehyde–BAEE Condensates

Example

1 2

Formulation
Epoxy resin,a pbw 100 100
Phenol/CH2O/BAEE,b pbw
Molar ratio: 1/1/1 38 —

1/2/2 — 30
Brookfield Viscosity, cps, 257C 8500 20000
Gel time, min (200 g mass) 13.2 26.6
Peak exothermic temperature, 7C 227.5 238.0
Time to peak temp., min 22.0 37.2

Properties of cured 1/8-in castingc

Rheometric impact, total energy,
in-Ib 26 18

Tensile strength, psi 10100 9900
Tensile modulus, psi 459000 399000
Elongation at break % 9.0 6.1
Flexural strength, psi 15900 17200
Flexural modulus, psi 452000 409000
HDT, 7C, 264 psi/66 psi 75/79 107/113
Shore D hardness, 0–10 s 81–79 83–81
Compression strength at yield, psi 12,900 13,400

at failure, psi 41,200 40,100
% Compression at peak 60.0 53.6
% Weight gain, 24 h water boil 2.4 1.9

3 h acetone boil 3.3 0.8
Adhesive propertiesd

Tensile shear strength, psi 2800 2000
T-peel strength, pli 4.2 3.9

a Diglycidyl ether of bisphenol A, epoxy equivalent weight 185–192.
b Mannich condensates of phenol–formaldehyde–bis(aminoethyl)ether at 1 : 1 : 1 or 2 : 2 : 2

molar ratio.
c Cured 2 h 807C, then 3 hs 1507C.
d Cured 1 h 1507C.

and 4 mol of formaldehyde were reacted with 1 dip coated and cured on a steel plate. The curing
mol of triethyleneglycol diamine. conditions were indicated in the tables. The mix-

tures were usually cured at 807C for 2 h plus
1507C for 3 h, in some cases 1507C for 1 h. After

Epoxy Resin Curing curing, the cured materials are cut into test sam-
ples. The following properties were measured.The preparation of a cured epoxy resin is carried

Drying time: A reproducible determination ofout in the following manner: diglycidyl ether of
various stages and rates of film formation in dry-bisphenol A (Shell Product, Epon 828, with an
ing and curing of organic coatings. A Gardner Cir-epoxide equivalent weight of ca. 185), was used
cular Drying Time Recorder (Gardner Labora-without dilution or other additives. The epoxy
tories, Bethesda, MD) was used.resin and an equivalent amount of the Mannich

Impact: As measured by Gardner impact, ac-amines were mixed, degassed through application
cording to ASTM D2794–69(1974). A knownof a vacuum, and poured into 1/8 9-thick alumi-

num molds. For the film system, the sample was weight was allowed to fall from a measured height
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Table III Properties of Epoxy Resin Systems Cured with
Phenol–Formaldehyde–Triethylene Glycol Diamine Condensates

Example

3 4

Formulation
Epoxy resin,a pbw 100 100
Phenol/CH2O/amine condensate, pbw
Molar ratio: 1/1/1 45 —

1/2/2 — 28
Brookfield viscosity, cps, 257C 6500 7500
Gel time, min (200 g mass) 15.6 39.4
Peak exothermic temperature, 7C 210.0 218.5
Time to peak temp., min 20.5 55.7

Properties of cured 1/8-in castingb

Rheometric impact, total energy, in-lb 40 22
Tensile strength, psi 10000 10200
Tensile modulus, psi 486000 472000
Elongation at break % 9.5 6.4
Flexural strength, psi 17300 16700
Flexural modulus, psi 469,000 449,000
HDT, 7C, 264 psi/66 psi 67/69 74/81
Shore D hardness, 0–10 s 81–79 81–78
Compression strength at yield, psi 12400 12500

at failure, psi 48,100 37,600
% Compression at peak 65.0 60.4
% Weight gain, 24 h water boil 2.8 3.0

3 h acetone boil 3.8 3.8
Adhesive propertiesc

Tensile shear strength, psi 3700 3700
T-peel strength, pli 4.3 4.0

a Diglycidyl ether of bisphenol A, epoxy equivalent weight 185–192.
b Cured 2 h 807C, then 3 h 1507C.
c Cured 1 h 1507C.

to exert a certain force upon a film sample by sion strength at yield and at failure (psi) , ASTM
D-695.means of a round-nose punch. After striking, the

film is examined for damage.
Tensile shear strength, ASTM D 1002:

Strength properties, in psi, of an adhesive when
RESULTS AND DISCUSSIONloaded to produce shear distortion of planes paral-

lel to the plane of the adhesive bond.
T-peel strength, pli, ASTM D 1876: A test made Synthesis of Mannich Amines

on bonded strips of metals by peeling the metal
strips back and recording the adhesive strength Under either acidic or basic conditions, the reac-

tion of formaldehyde and phenol is well known tovalues. Other test methods based on ASTM are
cited in the following: gel time (min), ASTM D- form predominant o- and p -methylolphenol epoxy

novolacs intermediate.3,20 In the presence of pri-2471–71; Shore D-Hardness 0–10 s, ASTM D-
2240; elongation at break, ASTM D-638; heat de- mary amines and without catalyst, analogous re-

action mechanism leads to the formation of sec-flection temperature (HDT) ( 7C, 264 psi/66 psi) ,
ASTM D-648; tensile strength (psi) , ASTM ondary amine with methylene linkage to phenol.

Autocatalyzed by amine substrates, the MannichD-638; flexural strength (psi) , ASTM D-790;
flexural modulus (psi) , ASTM D-695; compres- reaction is straightforward for adding amine func-
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Table IV Properties of Epoxy Resin Systems Cured with Phenol–Formaldehyde–Tetraethylene
Glycol Diamine Condensates

Example

5 6 7

Formulation
Epoxy resin,a pbw 100 100 100
Phenol/CH2O/amine condensates, pbw
Molar ratio: 1/1/1 54 — —

1/2/2 — 43 —
1/3/3 — — 43

Brookfield Viscosity, cps, 257C 4000 4500 7000
Gel time, min (200 g mass) 19.2 43.3 59.7
Peak exothermic temperature, 7C 201.8 210.0 202.5
Time to peak temp., min 24.7 55.0 70.5

Properties of cured 1/8-in castingb

Rheometic impact, total energy, in-Ib 61 38 33
Tensile strength, psi 8650 8400 8000
Tensile modulus, psi 471,000 392,000 358,500
Elongation at break % 8.5 6.8 11.2
Flexural strength, psi 14,500 14,400 13,000
Flexural modulus, psi 445,500 382,000 386,000
HDT, C., 264 psi/66 psi 50/52 65/73 67/72
Shore D hardness, 0–10 s 80–77 80–77 79–76
Compression strength at yield, psi 9600 10,200 9800

at failure, psi 48,600 36,800 37,500
% Compression at peak 69.6 60.3 60.0
% Weight gain, 24 h water boil 2.6 3.6 3.9

3 h acetone boil 7.4 2.7 2.6
Adhesive propertiesc

Tensile shear strength, psi 3600 4000 4100
T-peel strength, pli 4.3 4.2 4.3

a Diglycidyl ether of bisphenol A, epoxy equivalent weight 185–192.
b Cured 2 h 807C, then 3 h 1507C.
c Cured 1 h 1507C.

tionalities stoichiometrically through formalde-
hyde to o- and p -positions of phenols.

A series of Mannich condensates were prepared
from bis(aminoethyl)ether, triethyleneglycol di-
amine, tetraethyleneglycol diamine, and poly-
oxypropylene diamines and triamine (i.e., Jeffam-
iney D-230/D-400 and T-403), according to eq.
(2). The reaction, proceeding with the conversion
of primary amines into secondary amine, can be
easily monitored by amine titration.

The starting polyoxyalkylene polyamines (IIa–
IIb in Fig. 1), available commercially via reduc- The terminating oxyethylene and oxypropylene

amine structures are derived from ethylene oxidetive amination21 of the corresponding polyoxyal-
kylene polyols in the presence of ammonia, hydro- and propylene oxide alkoxylation, respectively, in

polyol preparation. Polyetheramines containinggen, and a a heterogeneous Ni catalyst, can be
classified into polyoxyethylene amines and poly- oxyethylene amines have higher curing activities

than that of oxypropylene amines.19 Certain mo-oxypropylene amines.
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drying time and gel time of the coating materials.
It was found that the reactivities decreased in the
following order: BAEE ú Jeffaminey EDR-148ú
Jeffaminey EDR-192 ú Jeffaminey D-230, Jef-
faminey T-403 ú Jeffaminey D-400.

The trend can be best accounted for by the molec-
ular weight, steric hindrance, and multiplicity of
amines in the structures. When the molecular
weight increased, the amine reactivity decreased
from BAEE (molecular weight Å 104) to Jeffami-
ney EDR-148 (148) to Jeffaminey EDR-192 (192),
as well as from Jeffaminey D-230 (average molecu-

Figure 1 Structures of polyoxyalkylene polyamines. lar weight at 230) to Jeffaminey D-400 (400). With
respect to the different types of polyoxyalkylene
amines, polyoxyethylene amines such as BAEE,

lecular weights of poly(oxypropylene) amines at Jeffaminey EDR-148, and EDR-192 amines were
approximately 200–500 such as Jeffaminey D- found to have considerably higher reactivities than
230, D-400, and T-403 are most suitable for epoxy polyoxypropylene amines. The difference of the
curing agents. The polyoxypropylene amines, amine reactivities is attributed to the steric hin-
commercially available only at low molecular drance on the amine vicinity (structure IIIa vs.
weights such as bis(aminoethyl)ether, triethyl- IIIb). The amine connected with the secondary car-
eneglycol diamine, and tetraethyleneglycol di- bon of polyoxypropylene backbone has low reactiv-
amine, are generally not considered as desired ep- ity due to the steric hindrance. In contrast, pri-
oxy curing agents, because of their too high cross- mary amines positioned at primary carbon of poly-
linking and oily surface in cured materials. With (oxyethylene) backbone are rendered less steric
various substrate ratios, these polyoxyalkylene hindrance structures and consequently higher reac-
amines were allowed to react with phenol and tivity. Significant increase in reactivity from Jef-
formaldehyde to generate Mannich condensates, faminey D-400 to T-403 is due to the structural
which are more suitable for epoxy curing. The change from two to three amine groups within simi-
variation of Mannich structures is depicted in eq. lar molecular weight ranges.
(2). The structure represents phenol-containing
polyoxyalkylene polyamines with various molecu-
lar weights and multiple amine functionalities.
Physically, these products were viscous liquid
with analyzed amine contents consistent with cal-
culated values. However, it was observed that cer-
tain Mannich adducts such as phenol/formalde-
hyde bis(aminoethyl)ether (BAEE) or triethyl-
eneglycol diamine at 1 : 3 : 3 could not be prepared
due to the crosslinking gel formation through the
multiple reactive sites of phenol. A gel product
was also formed when 4 mol of phenol and 4 mol
of formaldehyde were reacted with 1 mol of trieth-
yleneglycol diamine.

Relative Reactivity

At 1 : 1 : 1 molar ratio of phenol, formaldehyde,
and various polyoxypropylene or polyoxyethylene

Mannich Amine Structures and Epoxyamines, the condensates were made and tested
Curing Propertiesfor their relative reactivities towards epoxy curing

agents [eq. (3)] . Summarized in Table I, these Selected Mannich amines including bis(amino-
ethylether), triethyleneglycol diamine, and tetra-amines were evaluated by comparing the surface
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ethyleneglycol diamine condensates were allowed hardness, have no obvious trends in relat-
ing to the variation of polyoxyethyleneto cure with glycidyl ether of Bisphenol A [eq.

(3)] . The curing process and physical properties amines. However, the Mannich amines de-
rived from triethyleneglycol diamine seemof these materials are summarized in Tables II,

III, and IV. Some important features regarding to have an overall balance of properties,
which are better than those of BAEE andthe relationship between the amine structures

and epoxy physical properties are noted below: tetraethyleneglycol diamine derivatives.
This may be attributed to the proper struc-
tural balance of phenol (rigid) and triethyl-1. The preparation using higher molar ratio

of amine to phenol gave rise to the Mannich eneglycol diamine (flexible and crosslink-
ing) in the Mannich amines as epoxy cur-condensates with higher molecular weight

and higher viscosity. When cured with ep- ing agents.
5. The higher molecular weight of poly(oxy-oxy resin, the gel time was prolonged, in

comparing sets of example 1 to 2 (Table ethylene)diamine derivatives produced ma-
terials with better adhesive properties, inII) , 3 to 4 (Table III) , and 5 to 6 to 7 (Table

IV). Another trend was observed for Man- terms of tensile shear and T-peel strength.
nich condensates prepared from BAEE to
triethyleneglycol diamine to tetraethylene- This is evidenced by comparing the results ob-

tained from tetraethyleneglycol diamine deriva-glycol diamine. At the same molar ratio of
phenol to amine, the viscosity of conden- tives with that of BAEE and triethyleneglycol di-

amine. The cured epoxy with phenol/formalde-sates were lower and the gel time longer
when using a higher molecular weight of hyde/tetraethyleneglycol diamine (1 : 3 : 3 molar

ratio) condensate have the best adhesive propertyamine. This may be due to their decreas-
ing crosslinking density in relation to the of tensile shear (4100 psi) and T-peel strength

(4.3 pli) among Mannich amines studied.presence of phenol structure, which could
contribute to the shorter gel time during
curing.

2. The cured epoxy materials have improved CONCLUSION
impact strength with increasing molecular
weight of polyoxyethylene amine from ex- Mannich condensates of polyoxyalkylene amines

including polyoxypropylene and polyoxyethyleneample 1 (26 in-lb) to 3 (40 in-lb) to 5 (61
in-lb), and also from example 2 (18 in-lb) diamines with molecular weight range of 104 to

400 were prepared. This reaction can be general-to 4 (22 in-lb) to 6 (38 in-lb). This trend
represents the result of relatively lower ized, except certain Mannich products. At 1 : 3 :

3 molar ratio, phenol/formaldehyde/bis(amino-crosslinking density with increasing mo-
lecular weight of Mannich amines. Simi- ethyl)ether (BAEE) or triethyleneglycol diamine

adducts could not be prepared successfully due tolarly, when the molar ratio of phenol/form-
aldehyde/amine in Mannich condensates the crosslinking gel formation through the multi-

ple reactive sites of phenol. The reactivity ofvary from 1 : 1 : 1 to 1 : 2 : 2 to 1 : 3 : 3,
the resulting materials have lower impact polyoxyethylene diamine-derived Mannich con-

densates is significantly higher than that of poly-strength, by comparing example 5 (61 in-
lb), 6 (38 in-lb), and 7 (33 in-lb). oxypropylene derivatives when cured with the

glycidyl ether of Bisphenol A. The curing reactiv-3. In contrast to the impact strength, the
heat distortion temperature (HDT) slightly ity, represented by gel time and dying time, is

correlated well with amine structures accordingdecreases with the increasing molecular
weight of the Mannich amines, or lowering to the following order: BAEEú JeffamineyúEDR-

148ú Jeffaminey EDR-192ú Jeffaminey D-230crosslinking density. However, the trend is
not as obvious as in impact strength by 6 Jeffaminey T-403 ú Jeffaminey D-400.

This trend can be best explained by the molecu-comparing example 1 (BAEE) to example
3 (triethyleneglycol diamine) to example 5 lar size, steric hindrance, and amine multiplicity

of the Mannich structures. The properties of ep-(tetraethyleneglycol diamine).
4. Other physical properties, including ten- oxy materials such as impact, tensile, hardness,

and flexural strength were measured and foundsile, flexural, compression strength, and
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