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Advances in Catalysis for
Organic Coatings

Werner J. Blank*

Abstract: The industrial coating market is undergoing substantial changes. These changes are driven
predominately by environmental regulations. The reduction in organic solvent content and the elimination of
certain heavy metals and toxic compounds in industrial coatings are major priorities.

The development of powder, waterborne, high solids or solvent-free coatings also requires catalyst systems
with different reaction profiles.
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Introduction functional polymers and a crosslinkingn this formulation, the maximum potlife
agent. These coating systems can be osereached at approximately 7% conver-
The industrial coating market is undergopackage stable coatings or plural compaion of the isocyanate and tack free time
ing a considerable change, from coatingsent systems (Table 1). For the reactiaequires approximately 60% conversion
containing a large amount of organic sobf a functional polymer with a crosslink-of the isocyanate.
vents (high volatile organic content oing agent to proceed at an acceptable
high VOC) to either solvent-free, hightemperature or within a short time period,
solids coatings, waterborne or powdeatisually a catalyst is required. The criteriRolyurethanes
coatings. Besides the concern about VOfar the selection of a catalyst vary de-
other major forces have been the devgbending on the crosslinking chemistry, This versatile chemistry is used in
opment of low energy-curing, coatinghe application method, coating end-uselastomers, foams, sealants, adhesives
systems and coatings which are less toxamd/or environmental or health concernand in coatings. Polyurethanes are pre-
during the application process and hav@ome catalysts, which give acceptableared by the reaction of a polyisocyanate
less impact on the environment. Troperties in low solids coatings, do nowith a polyol. Either thermoplastic or
achieve the desired resistance propertigaget the requirements for the newer cogtermoset polyurethanes are commer-
these industrial coatings require crossnags. In high VOC coatings it is possiblecially available. The market for the lower
linking. to achieve film properties little or nocost aromatic isocyanates, which go into
Many of today's industrial coatings aregrosslinking. Therefore, potlife and curepplications like elastomers and foams, is
therefore, reactive systems consisting ®ésponse are easy to adjust. In high solidsbstantially larger than the aliphatic iso-
coatings using low MW oligomers, filmcyanate market. Because of their im-
formation is not possible without a subproved light stability aliphatic isocyanates
stantial amount of crosslinking. are used extensively in coatings. Aromat-
Fig. 1 illustrates this problem [1] in aic and aliphatic isocyanates respond dif-
high solids polyester/isocyanate crosderently to catalysts. The performance re-
linker formulation. Potlife of the formu- quirement for a catalyst is different in
lation (doubling of the viscosity) is rathercoatings and in the preparation of poly-
short and tack free time is very longurethane polymers.

Table 1. New technologies
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Fig. 1. High solids polyester polyol and 1,6-hexamethylenedi-
1E4 isocyanate trimer. Potlife and tack free time.
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0.0001 0.001 0.01 0.1 cern. We have shown in our work that
DBTDL, Sn[%] non-tin compounds can be used as cata-

-= Potlife = TACK FREE lysts in polyurethane formation. These

catalysts are not only environmentally
more acceptable, they also offer a differ-
ent performance profile. For example,
aluminum chelates [7] in the presence of
Aromatic isocyanates amine groups have found utility [5]. Somemall amounts of 2,4-pentanedione are
For the catalysis of aromatic iso-of the catalysts used in the automotivexcellent catalysts for high solids, poly-
cyanates, such as toluene diisocyanateea are 1,1'-{[3-(dimethylamino)pro-ol-isocyanate coatings giving exception-
(TDI) and methylene diphenylene diisopyl]limino}bis(2-propanol), 1,3-bis(dime- al potlife [8] and fast reaction. After cure,
cyanate (MDI), both amines and organdhylamino)-2-propanol and 2-[2-(dime-aluminum chelates will hydrolyze on ex-
tin compounds are used. Isocyanate cati#ylamino) ethoxy]ethanol. To achievgposure to moisture, thus be deactivated
lysts can be classified depending on thftow of the foam into all crevices,and not pose any environmental prob-
reactions they catalyze and according ttelayed-action catalysts are employetems. Other catalysts, which are effective
the applications in which they are usedlhese are carboxyf-amine salts. The in two component isocyanate coatings,
For polyurethane foam catalysts we havlermic acid salts of 1-(2-hydroxy-are zirconium complexes.
to differentiate between trimerizationpropyl)imidazole, N,N,N’,N'-tetramethyl-  Zirconium complexes [9] give ex-
catalysts, blowing catalysts and gelatiof,2-ethanediamine, and the 2-ethylhexaremely high reaction rates in isocyanate-
catalysts. The catalysts used in theoic acid salt of 1,8-dia-zabicyclopolyol systems and are more efficient
trimerization reaction are usually the caif6.4.0]lundec-7-ene (DBU) are examplethan dialkyltin compounds. Fig. 2 and 3
boxylate salts of strong bases, such a$ delayed-action catalysts [6]. Gelationllustrate the effect of different levels of
potassium [2] octoate or quaternary antatalysts catalyze the reaction of the is®@BTDL catalyst and zirconium chelate
monium carboxylates [3]. The blowingcyanate groups with hydroxyl groups otatalyst on the gel time and dry through
catalysts catalyze the reaction of isocythe polyol and in foams dibutyltin com-time of a high solids acrylic/aliphatic iso-
anate with water, leading to the formatiopounds, stannous octoate and triethyleneyanate coating formulation. Addition of
of carbon dioxide and a primary aminediamine, (1,4-diaza-bicyclo [2.2.2] oc-2,4-pentanedione can substantially im-
The amine in turn will react with moretane) are employed prove the stability of a zirconium and alu-
isocyanate, thus leading to urea forma- Many of the newer coating systemsninum chelate (Fig. 4) catalyzed formu-
tion. The carbon dioxide formed acts agse polyisocyanates or blocked isocyation without any impact on the dry
blowing agent for the foam, thus elimi-anates as crosslinkers for hydroxyl funghrough time of the formulation.
nating or reducing the need for fluorocartional polymers. Isocyanate chemistry Residual catalyst can have an effect
bon blowing agents. Excellent blowingpermits the formation of extremely resiston the hydrolytic stability of an ester-
catalysts are tertiary polyamines. Thant coatings at low cure temperaturesontaining coating. The hydrolytic stabil-
catalytic activity of these amines increasPolyurethanes can be used in many codtly of a polyester in THF and water was
es with the increase of multiple aminéng application processes like waterstudied at 50C for 18 weeks (Fig. 5).
centers [4]. Typical catalysts are tetraborne, high solids and powder coatingd.he uncatalyzed formulation (control)
methylethylenediamine, pentamethyldiThe most common catalysts for the reashows an increase in acid number from
ethylenetriamine, 1,4-dimethylpiperazingion of aliphatic isocyanate or blockedk1 to 4 due to hydrolysis. A formulation
and 1,2-dimethylimidazole, to name onlysocyanates with hydroxyl groups are oreontaining a dibutyltin diacetate (DBT-
a few. Most of the amine catalysts comganotin compounds. The standard cat®ac) catalyst increases substantially in
bine their catalytic activity with otherlyst is dibutyltin dilaurate (DBTDL). acid number, whereas the Zr and Al
properties, such as gelation. In autom®BTDL is a very effective, but not a sechelate catalyzed formulations and the
tive foam applications, however theséective catalyst. Besides catalyzing thbismuth carboxylate catalyzed formula-
tertiary amine catalysts present a problemsocyanate-hydroxyl reaction, DBTDLtions show no increase in acid number.
because of volatility, which can lead talso catalyzes the water reaction and the Zirconium catalysts are also selective
odor problems, staining and to fogging ofiydrolysis of ester groups. Although di{10] in catalyzing the isocyanate-hy-
the windows. For applications of foamdutyltin compounds are of lower environdroxyl reaction over the water reaction
in automotive seating, catalysts whiclmental toxicity than tributyltin com- and have found applications as catalysts
have reactive groups, such as hydroxyl @ounds, dibutyltin is the hydrolysis prodfor selected waterborne two component
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Fig. 4. Improvement in potlife for a high solids polyester-1,6-hexane-
diisocyanate isocyanurate cross-linked formulation on addition of
2,4-pentanedione. Catalysts DBTDL and Al chelate. Catalyst levels
based on resin solids.
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Fig. 2. Gel time of a high solids acrylic polyol crosslinked with 1,6-
hexanediisocyanate isocyanurate and catalyzed with DBTDL and
zirconium chelate catalyst. ZIRC B commercially available catalyst,
ZIRC A formulation stabilized with excess of 2,4-pentanedione.

Fig. 3. Dry through time of high solids acrylic polyol crosslinked with
1,6-hexanediisocyanate isocyanurate catalyzed with DBTDL and
zirconium chelate catalyst. ZIRC B commercially available catalyst,
ZIRC A formulation stabilized with excess of 2,4-pentanedione.
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Fig. 5. Effect of catalyst on the hydrolytic stability of a polyester in the
presence of water at 50 °C. Catalysts used DBTDac, Zr chelate, Al
chelate and Bi carboxylate, 0.1% metal based on resin solids. Ratio
of water to ester groups 2:1.
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coatings. Generally, it is understood that

DBTDL functions as a Lewis acid cata- //‘Eo\x / \:O\\ 7
lyst and activates the isocyanate. We L Jzr * ROH o & 7r-orR  + j'% ¢
have found that the zirconium chelates \fof \ © 5
operate by a different mechanism and ac- N :
tivate the hydroxyl groups through the
formation of an alkoxide. The intermedi- R aRoM R R
ate has been confirmed BYyC NMR Ry RosCER > R oL @
(Formula 1). Catalyst
Blocked isocyanate crosslinked coat-
ings are used in applications where sta-
ble, one-component coating formulations R 8n, Znoct R
are required, higher cure temperatures R-SFH + HO-R  — R-SIFOR  + Ha ®3)
are acceptable and also where the per- R Catalyst R
formance properties of an isocyanate-
crosslinked coating is needed. DBTDL R OH, H' R R
. . . R ; ) i e}
is an effective catalyst for ketoxime, Rfs‘p} + R-Si-OH RS-O-SR  + ] (4)
dimethylpyrazole, phenol and alcohol : R catayst R R
blocked isocyanates. In applications
such as cationic electrocoating, lead . - J— .
compounds were used as corrosion inhib- R G O-N-CR, + R-SiOH R S-0-SiR  + RC=NO-H (5
itors and as catalysts for alcohol-blocked i B Catalyst R R
isocyanates. Many of the lead-containing
electrocoating formulations have been o o
reformulated to use dibutyltin oxide and R y— R—§a~OH Ti, Zn, Fe, Sn R-gifo-zm LA, ©
more recently to bismuth compounds as R-SI-0 & - LR
catalysts. In Europe this conversion to R
non-tin catalysts for electrocoating is . s
ahead of the change in the USA. Bismuth R R L .
compounds [11] r?ave the advantage of RgroR v Repred o RyroR ot RoR @
very low toxicity and also offer corrosion
protection, which is not the case for di- R = ROR
butyltin oxide. Often, dibutyltin is used R-S-NR, + RSIOH >  RSFO-S-R 4 RON-H ®)
as a dispersion of dibutyltin oxide in the R R R R

electrocoating tank.

The catalysis [12] of uretdione intertions. Amino formaldehyde resins refonic (DDBSA), dinonylnaphthalene sul-
nally blocked isocyanate is of interest imuire acid catalysis for cure. Unalkylatedonic acid [15] (DNNSA) and dinonyl-
powder coatings. Uretdione has the a@nd partially alkylated or imino type [13]naphthalene disulfonic acid6] (DN-
vantage over other blocked isocyanateselamine-formaldehyde resins responddDSA) catalysts lead to coatings with
of not emitting any volatile reactionto general acid catalysis. Weak acid catanproved water, humidity and corrosion
products. The most effective catalystlysts, such as carboxyls or their salts, carsistance. Stability issues of sulfonic
found thus far for uretdione deblockingoe used to catalyze self-condensation acid catalyzed formulations were over-
are based on amidines. the reaction with hydroxyl functionalcome by blocking the acid catalyst with

polymers. Fully methylated melaminglifferent amines or by preparing cova-

formaldehyde resins, also designatdéntly [17] blocked sulfonic acids.
Amino Formaldehyde Resins hexakis(methoxymethyl)-melamineBlocked DDBSA catalysts are the choice

(HMMM), were introduced by Americanfor automotive clearcoat applications.

Alkylated melamine-formaldehydeCyanamid in 1960. HMMM and its Good solubility in most solvents, light
and urea-formaldehyde resins are one ofixed ether derivatives are a substantiablor and excellent exterior durability are
the crosslinking chemistries practiced ideparture in reactivity and catalyst rethe prime reasons for this choice. For ap-
industrial coatings, adhesives, laminaguirements from the conventional parplications which require good adhesion
ing, textiles, and moldings. Because dfally butylated melamine resin. HMMM to metal substrates and improved chemi-
the excellent combination of performis a very efficient crosslinker for hydro-cal resistance and corrosion resistance,
ance characteristics and low cost, theyl, amide, carboxyl, carbamate, urethe more hydrophobic DNNDSA and
represent a large segment of the crosiane and many activated CH [14] funcDNNSA are used. pTSA is still used in
linking market for industrial coatings.tional polymers. HMMM type crosslink- areas where fast reaction at low tempera-
Concern about formaldehyde emissioar responds to specific acid catalysis artdre is required, such as wood and paper
during application and from finishedrequires a strong acid catalyst for optieoating.
goods has decreased the use of amimwm reaction. The initial catalyst used
crosslinker in wood coatings and adhewas p-toluenesulfonic acid (pTSA). It
sives. In automotive clearcoats the podras many disadvantages, including po&poxy Resins
acid rain resistance of melamine crossolubility in organic solvents and water
linked systems has led to their partial atesistance problems. The development of The largest use for epoxy resins is in
complete replacement in some formulanore hydrophobic dodecylbenzene sutombination with amine curing agents in



ADDITIVES IN PLASTICS AND PAINTS 195

CHIMIA 2002, 56, No. 5

two component adhesives, compositg®lymerization and co-polymerization of(hydrides). This free radical coupling re-
and primer/maintenance coatings. Thepoxies with hydroxyl functional poly-action is catalyzed by free radical initia-
market for catalysts to accelerate thmers, cyclic ester, oxetane [20], and viors (Formula 2).

reaction of epoxy groups with other funcaylether reactants. Most of the cationic Vinyl terminated siloxanes require a
tional sites, such as anhydride or cacatalysts are activated by UV radiatioplatinum chelate [23] (Karstedt's cata-
boxyl groups or to catalyze the epoxy21]. Recently, quaternary ammoniunyst) for the reaction with hydrogen
homo-polymerization, is much smallerblocked hexafluoroantimonate and trifliderminated siloxanes. The reaction of
Most of the catalysts used to catalyze thacid catalysts [22] have been introducepolymethylhydrosilanes with olefins in
epoxy-carboxyl or anhydride reaction aréor thermal cationic cure. These catalysthe presence of precious metal catalysts
based on amine type catalysts. Metélinction by a rearrangement of the quas widely used in (room temperature vul-
chelate catalysts based on zinc conternary compound to a weak, basicanized) RTV and (low temperature vul-

pounds [18] have shown an advantage amine. canized) LTV elastomers (Formula 2).
giving improved stability, reduction in Polymethylhydrosilanes are also of
yellowing and improved corrosion resistSiloxanes interest in the reaction with hydroxyl
ance (see Table 2 and Fig. 6). groups leading to alkoxysilanes. This re-

The epoxy/carboxyl reaction is wide-  Silane-based chemistry is used iaction is catalyzed by zinc and tin octoate
ly used in powder coatings. Catalysts aigealants, coatings, in backbone polymersatalysts (Formula 3). Moisture activa-
used in epoxy powder coatings: (1) t@dhesion promoters and as a crosslinkirign is used in many silanol-terminated
catalyze the reaction of glycidyl estemechanism. A large market for siloxanepolydimethyl-siloxanes with acryloxy,
functional, acrylic resins with dicarboxy-is in sealant applications. Silicone chemenoxy, oxime, alkyloxy or amine termi-
lic acids or with carboxyl functional res-istry is very versatile, permitting a widenated reactants siloxanes. Again, RTV
ins, (2) for crosslinking of carboxyl func-range of chemical reactions, which caelastomer is a major market for these sys-
tional polyester resins with triglycidyl- be used to achieve room temperature-st@ms. The self-condensation reaction of
isocyanurate (TGIC), and also (3) foble one-pack, moisture-cure formulationalkoxysilanes with sulfonic acids is used
hybrid powder coatings of bisphenol Aor room temperature reacting, two comin curing of automotive clearcoats [24]
diglycidyl resins with carboxyl-function- ponent systems or also heat-cured syand in polyethylene wire coatings [25].
al polyesters. tems. Vinyl-unsaturated terminated siThe reaction of alkoxysilanes can also be

Other catalysts for epoxy resins fall ifoxanes are used in free radical couplingatalyzed with aluminum and zirconium
the category of cationic superacid cataeactions and in addition reactions oflionate complexes. (Formulae 4, 5, 6, 7,
lysts. Superacids can catalyze the homoiethyl hydrogen functional siloxanes8)

The catalysts used in the silanol reac-
tions are the organotin compounds and

Table 2. Potlife of a bisphenol A diglycidyl resin crosslinked with methyl tetrahydrophthalic (1€ titanium [26], zinc, zirconium [27],
anhydride and catalyzed with a zinc chelate and a 2-ethylimidazole catalyst. iron [28], and stannous [29]_Carboxylate5
and chelates. For the reaction of alkoxy-

ZnCH [19] 2-Ethylimidazole Uncatalyzed terminated siloxanes in moisture cure ap-
plications, organotin compounds and
also sulfonic acid catalysts can be used.

Original viscosity, cps, 25 °C 900 900 900
Viscosity after 24 hours, cps, 25 °C 900 4,200 900 .
Unsaturated Polyester Resins

Pot life, 25 °C, days >2 weeks 3 days >2 weeks )

Unsaturated maleic or fumaric poly-
Cure Gz e °Cthen3h esters represent a major business of glass
at 150 °C fiber reinforced applications in boats,
Hardness, Shore D 95 95 Liquid sanitary installations, such as shower

stalls and bath tubs. The use of this tech-
nology in high volume OEM applica-
tions, such as automotive, is limited to
some manufacturers and some car mod-
els. Small amounts of these polymers are
used in corrosion resistant chemical con-
tainers. In coatings, this chemistry is used
predominately on wood. Besides maleic
polyesters, vinyl-group terminated poly-
mers are also used in special applications.
Unsaturated polymers are often used in
combinations with low molecular weight
monomers, such as styrene, acrylic ester
or allylic compounds. These compounds
are cured by a free radical mechanism.
The use of catalysts, which generate free
Fig. 6. Yellowing of a bisphenol A diglycidyl resin crosslinked with methyl tetrahydrophthalic  radicals by UV, is possible. For heat or
anhydride and catalyzed with a zinc chelate and 2-ethylimidazole catalyst. ambient cure, the generation of free radi-
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cals is also possible with free radical ini-
tiators. The free radicals can be directly
generated by thermal decomposition of a
peroxide or azo initiator or from perox- 5]
ides in the presence of cobalt or aminé
activators. Cobalt octoate is used in poly-
ester resins initiated by methylethylke-
tone peroxide and tertiary amines [30]
such as N,N-dimethyl-aniline, N,N-di-
methylp-toluidine, N,N-dihydroxyethyl-
p-toluidine, p-tolyl-diethanolamine and
N,N,N’,N’-tetramethylethylenediamine.
The Michael addition of unsaturated
compounds to amines or acetoacetates ig]
one of the reactions which has been pro-
moted as an alternative [31] for isocy-
anate crosslinking at room temperaturel
The addition reaction of amines to ac-
rylates does not require catalysis. Reac-
tion of acetoacetates with acrylates is gg
base-catalyzed reaction. A strong base
[32] is required to achieve low tempera-
ture cure. Typical organic catalysts usd0]
ful for this reaction are tetramethylgua-
nidine, DBU (1,8-diazabicyclo[5.4.0]
undec-7-ene), DBN (1,5-diazobicyclo
[4.3.0]non-5-ene), and quaternary am-
monium compounds [33]. The Michael
addition reaction in the presence of basjt1]
catalysts is very fast and the potlife is
short. The cure reaction can be inhibited
by carbon dioxide and acidic compounds.
Blocking of the amine catalyst with for- 12]
mic acid [34] extends the potlife at roon{
temperature from minutes to month. Cure
at room temperature is inhibited and a
cure temperature of >80 is required.
Retardation of cure can also be achieved
with alcohols [35]. [13]
The selection of an appropriate cata-
lyst is essential for the formulation of 14]
coating system. Not only are catalysts
required to accelerate the reaction of the
reactants, catalysts have a substantial ef-
fect on the application characteristicd15]
performance properties and long term du-
rability. [16]
Received: March 28, 2002 [17]
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