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(57) ABSTRACT 

A method of laminating a structure comprises at least tWo 
layers and a photopolymeriZable adhesive composition 
betWeen the layers, at least one of the layers being opaque, 
colored, or re?ective. One or both of the layers is transmis 
sive to actinic radiation in Wavelengths in the range of 
greater than 400 nm and up to 1200 nm. The photopoly 
meriZable adhesive composition absorbs radiation in the 
identi?ed spectral region of the radiation transmissive layer. 
Curing is effected by directing radiation in the identi?ed 
spectral region through the radiation transmissive layer and 
produces a laminated structure. 

An under?lled ?ip chip assembly on an integrated circuit 
board substrate can be prepared by the method described 
above. The photopolymeriZable adhesive composition can 
be applied directly to one or both surfaces of an aligned 
integrated chip and circuit board substrate or the chip 
aligned on an integrated circuit board substrate can be 
capillary under?lled With the photopolymerizable adhesive 
composition, Which is subsequently cured. Data storage 
disks can also be prepared by the method of the invention. 
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METHOD OF PRODUCING A LAMINATED 
STRUCTURE 

[0001] This application is a divisional of Us. Ser. No. 
09/995,038, ?led Nov. 26, 2001, noW allowed, Which is a 
divisional of US. Ser. No. 09/365,289, ?led Jul. 30, 1999, 
US. Pat. No. 6,394,124, the disclosure of Which is herein 
incorporated by reference. 

FIELD OF THE INVENTION 

[0002] This invention relates to a method for laminating 
layers or articles, the method comprising curing a photopo 
lymeriZable composition through a colored, opaque, or 
re?ective substrate. The article can be, for example, an 
electronic component, a printed circuit board, or the layers 
can be tWo opposing faces of a compact disc. 

BACKGROUND OF THE INVENTION 

[0003] PhotopolymeriZation of monomers using UV light 
to prepare adhesive compositions is an established part of 
polymer chemistry. Numerous photopolymeriZable compo 
sitions, for example, those comprising ethylenically-unsat 
urated monomers and at least one photoinitiator, have been 
photopolymeriZed using UV irradiation. A necessary condi 
tion for these photopolymeriZations is that the photopoly 
meriZable compositions must be directly exposed to the UV 
irradiation in order for the photoinitiating component to 
generate the free radicals required to initiate the photopo 
lymeriZation process. Numerous industrial processes rely on 
selective UV photopolymeriZation, Wherein a mask is used 
to block UV irradiation to speci?ed areas of a surface or 
substrate so that photopolymeriZation takes place only in the 
exposed areas. 

[0004] In the electronics industry, numerous methods have 
been used to bond electronic components together for pur 
poses of forming multilayer components or simply adhering 
a component to a substrate. Methods involving photopoly 
meriZation have generally been limited to situations Where at 
least one of the substrate or the component is essentially 
transparent to UV irradiation. HoWever, in the case of 
bonding components to a printed circuit board (PCB), this 
seldom is possible, since PCBs are often made of opaque 
and colored materials and they usually are at least partially 
covered With metallic circuit traces. In addition, the elec 
tronic component itself, e.g., a chip, typically is completely 
non-transmissive to electromagnetic radiation. In general, 
the electronics industry has turned to thermally polymeriZ 
able adhesives When reinforcement of solder bonds is 
desired. This is not entirely satisfactory because of the 
lengthy thermal curing cycles required. In addition, some 
electronics components may be heat sensitive and free 
radical thermal polymeriZations in general do not lend 
themselves to patterned or selective activation. 

[0005] PhotopolymeriZation has been used in the bonding 
of electronic components. For example, surfaces to be joined 
have been coated With a photopolymeriZable adhesive, fol 
loWed by irradiating the adhesive, then placing the tWo parts 
together and alloWing the irradiated adhesive to completely 
cure. Alternatively, irradiation at the peripheral edges of 
parts to be joined can result in a bond of suf?cient strength 
to temporarily hold a component in place. Often, heating the 
joined components is necessary for complete curing. 
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[0006] Curing of photopolymeriZable adhesives by UV 
irradiation through a substrate is knoWn. For example, DE 
3939628 discloses bonding of electronic components to 
aluminum oxide or aluminum nitride ceramic substrates that 
are up t2o 1500 pm thick by UV irradiation of at least 50 
mW/cm output density. Transmission of UV light through 
an aluminum oxide ceramic substrate of 1016 pm thickness 
is reported to be about 0.6%. 

[0007] US. Pat. No. 4,656,314 discloses curing of a 
conductive metal-coated UV-curable ink on a translucent 
PCB by UV irradiation from both the top and bottom of the 
PCB, Wherein at least some of the UV light passes through 
the substrate from the underside to assist in the complete 
curing of the ink. The substrate is characteriZed as a sheet of 
polyester or polycarbonate that must be at least partially 
translucent, preferably more than 50% translucent to UV 
light. Conventional print treated MYLAR (Dupont) is 
described as an effective commercially available substrate. 

[0008] US. Pat. No. 5,065,505 discloses a method of 
connecting circuit boards Wherein a photocurable adhesive 
is coated onto a light-transmissive circuit board on Which 
electrodes have been formed. Light is irradiated through the 
circuit board from the side opposite the coated side, curing 
the adhesive in areas not shaded by the electrodes. Exem 
pli?ed photoinitiators have absorption peak Wavelengths 
ranging from 240 nm to 365 nm. Photoinitiators useful in the 
visible light range are not described. Suitable circuit board 
substrates include polyimide resin, polyester resin, and the 
like. 

[0009] Japanese Kokai Application JP 7-106723 discloses 
curing of adhesives through a ?exible circuit board that is 
transmissive to 5% or more UV light having a Wavelength 
betWeen 350 and 400 nm. Base ?lms, through Which UV 
curing takes place, can include poly(etherimide), poly(ether 
sulfone), polyethylene naphthalate, polyether ether ketone, 
polycarbonate, and polyethylene terephthalate. 

[0010] Japanese Examined Application JP 7-81114 dis 
closes curing a photohardenable adhesive in the presence of 
a diketone photoinitiator and a dialkylamino benZophenone 
photosensitiZer by irradiation through a semitransparent 
substrate using irradiation Wavelengths up to 436 nm. 

[0011] US. Pat. No. 5,607,985 discloses a photopolymer 
iZation initiator for visible-light polymeriZing adhesives 
comprising a photopolymeriZation initiator, an aliphatic 
tertiary amine and a radical polymeriZing monomer. Adhe 
sion of a sandWich construction comprising tWo opaque 
glass pieces, each having 10% light transmissivity at 510 nm 
and 0% light transmissivity betWeen 490 and 200 nm, on 
exposure for tWo minutes to a metal halide lamp, is 
described. 

[0012] US. Pat. No. 5,798,015 discloses generating reac 
tive species (adhesives) by providing a Wavelength-speci?c 
sensitiZer in association With a reactive species-generating 
photoinitiator and irradiating the Wavelength-speci?c sensi 
tiZer. The method is used to laminate at least tWo layers 
together by coating the adhesive betWeen the layers and 
irradiating to effect polymeriZation thereof, providing that at 
least one of the layers is a cellulosic or polyole?n nonWoven 
Web or ?lm and the sensitiZer is one of a set of speci?ed 
arylketoalkene moieties. 
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[0013] Optical recording discs, such as compact discs and 
CD-ROMs, often comprise tWo or more layers of a poly 
meric base substrate, each of Which comprises a recording 
layer, bonded together by an adhesive With both recording 
layers facing each other. Typically, the recording layers 
comprise an opaque metal foil. Uniform curing of the 
adhesive betWeen the foils is dif?cult. US. Pat. No. 5,360, 
652 discloses such an optical recording disc, Wherein the 
adhesive is a photocurable adhesive. In order to adhere the 
tWo discs together, the recording medium is con?gured not 
to eXtend to the periphery of the discs so that UV irradiation 
rapidly cures the adhesive around the edges of the disc, 
alloWing the masked adhesive under the recording medium 
to cure only by contact With initiators in the irradiated 
region. 
[0014] US. Pat. No. 5,785,793 discloses one- or tWo 
sided irradiation of an optical recording disc having one or 
tWo back-to-back storage medium layers. Curable adhesive 
is used on the side opposite from the recording medium, in 
either case, so that UV irradiation must pass through at least 
the recording medium in order to cure the adhesive. Heat 
management is an issue for optical recording disc manufac 
ture, since the discs are easily Warped and the recording 
medium is typically a loW-melting metal, such as aluminum. 
Xenon ?ash lamps are preferred for irradiating the curable 
adhesive and bonding the discs together. 

[0015] Bonding of DVD (Digital Versatile Disk) sub 
strates is described by D. Skinner, “UV Curing Through 
Semi-transparent Materials—The Challenge of the DVD 
Bonding Process,”RadCure Letter, April, 1998, p. 53-56, 
Wherein UV light of 320-390 nm Wavelengths is shoWn to 
penetrate a 40 nm thick coating of aluminum on a polycar 
bonate substrate With 91% transmissivity. Curing of an 
adhesive under these conditions is not disclosed. 

SUMMARY OF THE INVENTION 

[0016] Brie?y, the present invention provides a method of 
laminating a structure comprising the steps of: 

[0017] a) providing a structure comprising at least 
tWo layers and a photopolymeriZable adhesive com 
position betWeen the layers, 
[0018] 1) at least one of the layers being opaque or 

colored and transmissive to actinic radiation in an 
identi?ed spectral region having one or more 
Wavelengths greater than 400 nm and up to 1200 
nm, the layer being essentially free of cellulosic 
and ole?nic functionality, 

[0019] 2) the photopolymeriZable composition 
comprising a photopolymeriZable moiety and a 
photoinitiator therefor that absorbs actinic radia 
tion in the identi?ed spectral region of the radia 
tion transmissive layer, the photopolymeriZable 
moiety being polymeriZable in a hydrosilation, 
cationic, or free radical polymeriZation process, 
With the proviso that the free radical polymeriZa 
tion process is free of dialkyaminobenZophenone 
sensitiZer, 

[0020] b) directing actinic radiation Within the iden 
ti?ed spectral region through the radiation transmis 
sive layer and into the photopolymeriZable compo 
sition for less than tWo minutes to cure the 
photopolymeriZable composition, 

[0021] Whereby the resulting polymeriZed composi 
tion adheres to the layers and provides a laminated 
structure. 
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[0022] Optionally, the structure, including the photopoly 
meriZed composition, can be heated to complete the poly 
meriZation of the photopolymeriZable composition. 

[0023] Each of the layers of the invention independently 
can be a coating, a ?lm, or a substrate, or it can be included 
in an article. Preferably the article can be an electrical 
component such as an integrated circuit chip (IC) or a 
printed circuit board (PCB). 

[0024] In another aspect, there is provided a method for 
identifying suitable materials for tWo layers, a photopoly 
meriZable adhesive composition, and a radiation source to 
be used for producing a laminated structure, the method 
comprising the steps of: 

[0025] a) identifying tWo layers, at least one of Which 
is colored, opaque, or re?ective and is transmissive 
to actinic radiation in an identi?ed spectral region 
having one or more Wavelengths greater than 400 nm 
and up to 1200 nm, With the proviso that When the 
radiation transmission layer is colored or opaque, it 
is essentially free of cellulosic and ole?nic function 
ality, 

[0026] b) identifying a photopolymeriZable compo 
sition to be disposed betWeen the layers comprising 
a photopolymeriZable moiety and a photoinitiator 
therefor that absorbs radiation in the identi?ed spec 
tral region of the radiation transmissive layer, 

[0027] c) identifying a radiation source that provides 
actinic radiation in the identi?ed spectral region of 
the radiation transmissive layer and in the light 
absorbing Wavelengths of the photoinitiator, 

[0028] Whereby directing the actinic radiation, on 
demand, through the colored, opaque, or re?ective 
layer, for a time suf?cient to effect polymeriZation of 
the photopolymeriZable composition, produces a 
laminated structure. 

[0029] In a further aspect, the present invention provides 
a method for preparing a soldered and under?lled ?ip chip 
assembly on a circuit substrate, the method comprising the 
steps of: 

[0030] a) providing 
[0031] 1) an integrated circuit chip having a sur 

face comprising re?oWable solder bumps With 
contact tips thereon, and 

[0032] 2) a printed circuit substrate having a bond 
ing site, 

[0033] Wherein at least one of the chip and the circuit 
substrate is transmissive to actinic radiation in an 
identi?ed spectral region having Wavelengths greater 
than 400 nm and up to 1200 nm, 

[0034] b) applying a photopolymeriZable adhesive 
composition directly to one or both of the surface of 
the chip With solder bumps and the bonding site of 
the printed circuit substrate, the method providing 
eXposure of the contact tips of the solder bumps of 
the chip, the photopolymeriZable adhesive composi 
tion comprising a photopolymeriZable moiety and a 
photoinitiator therefor, Wherein the photopolymeriZ 
able composition absorbs radiation in the identi?ed 
spectral region of the radiation transmissive chip or 
circuit substrate, 
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[0035] c) aligning and pressing the exposed tips of 
the bumps on the surface of the chip against the 
bonding site of the circuit substrate, 

[0036] d) melting and re?oWing the solder to estab 
lish electrical contact betWeen the chip and the 
circuit substrate, Wherein the photopolymeriZable 
material remains substantially uncured, and 

[0037] e) directing radiation Within the identi?ed 
spectral region through the radiation transmissive 
chip or circuit substrate for a time suf?cient to cure 
the photopolymeriZable adhesive composition and to 
produce the soldered and under?lled ?ip chip assem 
bly on the circuit substrate. 

[0038] Optionally, a functional evaluation of the soldered 
electrical connections may be performed prior to irradiation 
as described in step e). If the evaluation shoWs insuf?cient 
electrical contact betWeen the chip and the substrate, the 
assembly can be reheated to alloW easy removal of the chip 
from the substrate, after Which the chip and the bonding site 
can be cleaned, soldering can be repeated, and a functional 
evaluation repeated to assure adequate electrical connection 
prior to irradiation. 

[0039] In a still further aspect, the present invention pro 
vides a method of laminating a structure comprising the 
steps of 

[0040] a) providing a structure comprising at least 
tWo layers and a photopolymeriZable adhesive com 
position betWeen the layers, 

[0041] 1) at least one of the layers being one or 
both of a re?ective layer and a layer incorporated 
in an electronic component that is transmissive to 
actinic radiation in an identi?ed spectral region 
having one or more Wavelengths greater than 400 
nm and up to 1200 nm, 

[0042] 2) the photopolymeriZable composition 
comprising a photopolymeriZable moiety and a 
photoinitiator therefor that absorbs actinic radia 
tion in the identi?ed spectral region of the radia 
tion transmissive layer, the photopolymeriZable 
moiety being polymeriZable in a hydrosilation, 
cationic, or free radical polymeriZation process, 

[0043] b) directing actinic radiation Within the iden 
ti?ed spectral region through the radiation transmis 
sive layer and into the photopolymeriZable compo 
sition for less than 2 minutes to cure the 
photopolymeriZable composition, 

[0044] Whereby the resulting polymeriZed composi 
tion adheres to the layers and provides a laminated 
structure. In a preferred embodiment, this method 
provides a data storage disk. 

[0045] In a yet further aspect, the present invention pro 
vides a method for preparing a soldered and under?lled ?ip 
chip assembly on a circuit substrate, the method comprising 
the steps of: 

[0046] a) capillary under?lling a soldered chip on an 
integrated circuit substrate With a photopolymeriZ 
able adhesive composition comprising a photopoly 
meriZble moiety and a photoinitiator therefor, 
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[0047] Wherein the circuit board is transmissive to 
actinic radiation in an identi?ed spectral region hav 
ing Wavelengths greater than 400 nm and up to 1200 
nm, and 

[0048] Wherein the photopolymeriZable composition 
absorbs radiation in the identi?ed spectral region of 
the radiation transmissive circuit substrate, and 

[0049] b) irradiating the circuit substrate from the 
side opposite the side bearing the soldered chip With 
actinic radiation in said identi?ed spectral region. 

[0050] 
[0051] “actinic radiation” means photochemically 

active radiation and particle beams, including, but 
not limited to, accelerated particles, for eXample, 
electron beams; and electromagnetic radiation, for 
eXample, microWaves, infrared radiation, visible 
light, ultraviolet light, X-rays, and gamma-rays; 

[0052] “cure” and “polymerize” are used inter 
changeably in this application to indicate a chemical 
reaction in Which relatively simple molecules com 
bine to form a chain or net-like macromolecule; 

[0053] “colored” means having visually perceptible 
color either to the naked or unaided eye, or to the 
aided eye, e.g., the light visually perceived by the 
eye after shining a light on a substrate; 

[0054] “DVD” means both Digital Video Disc and 
Digital Versatile Disc; 

[0055] “UV” or “ultraviolet” means actinic radiation 
having a spectral output betWeen about 200 and 
about 400 nanometers; 

[0056] “visible light” means actinic radiation having 
a spectral output greater than about 400 to about 700 
nanometers; 

[0057] “near IR” or “near infrared” means actinic 
radiation having a spectral output betWeen about 700 
and about 1200 nanometers; 

[0058] “transparent” means that the material, When 
vieWed under an optical microscope, (e.g., With a 
stereoscopic microscope at 50x and under oblique or 
transmitted light), has the property of transmitting 
rays of visible light so that images of articles vieWed 
through the material have sharp edges; 

[0059] “translucent” means that the material, in 
Whole or in part (asd When patterned), When vieWed 
as described under an optical microscope, has the 
property of transmitting visible light to some degree 
so that images have unclear or blurred edges; 

[0060] “opaque” means that the material, When 
vieWed as described under an optical microscope, 
has the property of being impervious to radiation at 
a given Wavelength; in a multilayered material, one 
or more layers have continuous or discontinuous 
opaque regions; curing takes place through the 
opaque regions; 

[0061] “light transmissive” means a substrate or 
article having an optical density of 4.0 or less, 
preferably an optical density betWeen 4.0 and 2.0, 

In this application: 



US 2004/0134604 A1 

and more preferably having an optical density 
between 4.0 and 3.0 When irradiated With a light of 
Wavelength greater than 400 to 1200 nanometers; 

[0062] “re?ective” means capable of bending or 
returning or throWing back at least 90% of the 
incident light from a surface irradiated by that light; 

[0063] “group” or “compound” or “ligand” means a 
chemical species that alloWs for substitution or 
Which may be substituted by conventional substitu 
ents Which do not interfere With the desired product, 
e.g., substituents can be alkyl, alkoXy, aryl, phenyl, 
halo (F, Cl, Br, I), cyano, nitro, etc.; 

[0064] “photopolymeriZable moiety” means a photo 
polymeriZable monomer, oligomer, or polymer; and 

[0065] 
[0066] The present invention is advantageous in that it 
provides a unique method for laminating layers or articles 
using a photopolymeriZable adhesive composition. The 
adhesive can be cured on demand indirectly through a 
variety of colored, opaque, or re?ective substrates using 
actinic radiation in the range of greater than 400 to 1200 nm. 
The curing can take place at elevated or ambient (20-25 ° C.) 
temperatures, Which can be advantageous for temperature 
sensitive substrates. 

“re?oW” means melting of a solder. 

[0067] Conventional methods of adhering face-doWn inte 
grated circuits (e.g., ?ip-chips), or other articles, to ceramic, 
polyimide or epoXy-?lled printed circuit boards (PCB’s), or 
other substrates, typically use thermally cured epoXy-based 
adhesives Which can be applied With capillary action after a 
solder connection has already been established, When rein 
forcement is necessary. This becomes increasingly dif?cult 
as, for eXample, chip siZe increases and as the number of 
electrical connections per chip increases. Also, there is a 
need in the art for pre-applied loW temperature, e.g., less 
than 50° C., cure-on-demand adhesives and that do not use 
UV activated systems. UV activated systems can be imprac 
tical due to their inability to transmit UV light either 
edgeWise or through an epoXy PCB or other substrate. Prior 
art UV methods traditionally required colorless transparent 
substrates. The present invention method, comprising pho 
tocuring using visible or near-infrared light, is advantageous 
in that colored and opaque substrates can be used. It is 
advantageous, also, that UV absorbing or re?ecting sub 
strates that are transmissive to actinic radiation Within the 
desired spectral range can be used in the present invention 
method. Further, it is desirable to prepare Wafers or circuits 
having pre-applied, self-?uXing, curable adhesives applied 
to the underside (e.g., bumped side) of the chip or circuit. 
Also, rapid cure of the adhesive is desired in order to 
minimiZe production time. 

[0068] The present invention overcomes de?ciencies of 
conventional curing systems by providing a method to 
rapidly photopolymeriZe a variety of radiation curable com 
positions (both thermoplastic ?lms and ?oWable resins) 
directly through various PCB’s or other substrates, both in 
unmetalliZed and metalliZed regions of the PCB’s or other 
substrates, using visible light and/or near infrared curing 
systems. The ability to cure through the back side of a circuit 
substrate depends on several factors including line Width and 
spacing, angle of irradiation, substrate and circuit thickness, 
and the type of metalliZed tracing. The loW temperature 

Jul. 15, 2004 

method of the present invention can be useful With tempera 
ture sensitive substrates. Any composition that can be poly 
meriZed or crosslinked via direct photolysis or indirect 
photochemical generation of a thermal catalyst or initiator 
can be used in this approach. Shelf-stable, premiXed com 
positions can be cured on demand using the method of the 
present invention. 

[0069] The present invention is also advantageous in that 
it alloWs the use of a variety of light sources for initiating 
photopolymeriZation reactions, including many conven 
tional, non-specialiZed light sources, such as halogen bulbs 
or other sources of visible light and/or near infrared radia 
tion. The method of the invention is thus inherently safer to 
a human user than methods using, e.g., ultraviolet light, 
since less visible light and/or near infrared radiation is 
required to produce an equivalent amount of light density. 
The use of visible light and/or near infrared radiation 
sources is also advantageous over ultraviolet light sources 
because of the knoWn degradative effects of UV light on 
substrates such as polymers. Finally, the invention alloWs 
facile visible-light curing of photopolymeriZable composi 
tions comprising helpful ultraviolet absorbing additives such 
as UV stabiliZers and antioxidants. 

[0070] US. Ser. No. 08/986,661, ?led Dec. 8, 1997, Which 
is incorporated herein by reference for its disclosure of 
?ip-chip assemblies and processes including all Figs. of the 
DraWing, relates to a method and assembly for connecting 
an integrated circuit chip to a circuit substrate. 

BRIEF DESCRIPTION OF THE DRAWING 

[0071] FIG. 1A shoWs a ?ip chip assembly, un?lled. 

[0072] FIG. 1B shoWs a ?ip chip assembly, partially 
under?lled With photopolymeriZable adhesive. 

[0073] FIG. 1C shoWs a ?ip chip assembly, completely 
under?lled With photopolymeriZable adhesive. 

[0074] FIG. 1D shoWs a completely under?lled ?ip chip 
assembly exposed to visible light to achieve curing of the 
photopolymeriZable adhesive. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0075] The present invention method provides a means to 
bond, quickly and conveniently, many different articles to a 
variety of substrates using actinic radiation in the visible or 
near infrared range. In some situations it may be desirable 
for both substrates to be transmissive to visible or near 
infrared radiation, but this is not required. 

[0076] In a preferred embodiment, the present invention 
provides a process and assembly to con?gure a Wafer 
applied, self-?uXing, under?ll photopolymeriZable adhesive 
resin Which can remain essentially uncured throughout the 
entire solder re?oW process. After re?oW and optional 
subsequent evaluation of electrical function, application of 
heat in conjunction With an appropriate visible-Wavelength 
light applied through the backside of the printed circuit 
board can be used to provide a very rapid cure on demand. 
This can provide an adhesive resin that acts as a ‘no-clean’ 
?uX, i.e., Washing or cleaning of the PCB is not required 
after ?uX. In a single set of process steps, literally hundreds 
of chips can be adhered at one time. 
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[0077] The purpose of the ?ux is to remove metal oxides 
from the surfaces of the solder and the traces on the circuit 
board in order to permit complete Wetting of the solder to the 
traces during re?oW. This ?uxing action takes place imme 
diately prior to melting of the solder. In a typical conveyor 
based solder re?oW oven, the total soldering operation 
usually takes place over a period of about three to six 
minutes. The actual re?oW of the solder normally occurs 
during the last minute or so of the process at Which time the 
temperature of the components can reach 220° C. (for 
eutectic Sn/Pb solder). During most of the time in the oven, 
hoWever, the temperature of the components is maintained at 
about 140 to 160° C. and it is at this time that the ?uxing 
action takes place. 

[0078] An ideal scenario can be as folloWs: An under?ll 
photopolymeriZable adhesive resin With ?uxing activity is 
pre-applied to a chip at the Wafer level. The chip is aligned 
and tack-bonded face-doWn on a circuit board assembly, and 
the board is placed in a conveyor-based re?oW oven. While 
in the oven the circuit board assembly can be heated to a 
temperature of about 160° C. during Which time the adhesive 
melts. The board assembly can then be held at about 160° C. 
for a period of 3 minutes during Which time the adhesive acts 
as a ?ux and removes metal oxides from the solder and 
circuit trace surfaces. At this point the adhesive remains 
completely uncured and possesses loW viscosity. Next the 
board assembly is heated to a temperature of 220° C. for a 
period of up to one minute, during Which time the solder 
melts and Wets out onto the cleaned surface of the circuit 
trace. At this point, if a heat curable adhesive is present, it 
Will begin to polymeriZe. It is important, hoWever, that the 
viscosity of the adhesive remains loW at least until the solder 
Wetting is completed. In fact, it is actually desirable that the 
adhesive resin remain ungelled after the re?oW process. Use 
of a photopolymeriZable adhesive resin in the present inven 
tion achieves these goals. This Way, the soldered assembly 
can be evaluated electrically and if found to be non-func 
tional it can be easily de-bonded, re-Worked, and re-bonded. 
The need for re-Workability is very important in many ?ip 
chip assemblies because often the circuit board assemblies 
are complex and expensive. 

[0079] It is knoWn in the art that the most effective ?uxes 
are acidic. For example, most resin ?uxes have pH values 
betWeen 3 and 5. In particular, the active components in 
most commercial ?uxes contain carboxylic acid functional 
ity. This poses a potential problem because under?ll adhe 
sive materials are almost alWays epoxy-based. This means 
that an acidic material possessing ?uxing activity Which is 
added to an under?ll adhesive composition Will tend to act 
as a curing agent for a heat curable adhesive resin, thereby 
making it dif?cult to maintain loW viscosity until after solder 
re?oW. 

[0080] In the present invention, hoWever, the Wafer-ap 
plied, self-?uxing under?ll adhesive resin, being photopo 
lymeriZable, can remain partially or totally uncured through 
out the entire solder re?oW process described above Details 
of processes and materials for achieving ?ip chip assemblies 
are disclosed in US. Ser. No. 08/986,661, ?led Dec. 8, 1997, 
incorporated herein by reference. Atypical assembly process 
for ?ip-chip assembly involves the folloWing steps: 1) ?ux 
paste is applied to the substrate bond pads; 2) the IC is 
aligned and placed on the substrate While tackiness in the 
?ux holds the chip in place; 3) the assembly is passed 
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through the re?oW oven and the solder melts and bonds 
metallurgically With the substrate pads; and 4) the sample is 
passed through a ?ux cleaning operation. 

[0081] The ?nished ?ip chip assembly must then maintain 
electrical continuity throughout the lifetime of the device as 
measured by accelerated tests such as thermal cycling and 
thermal shock. Mismatches of both the coef?cient of thermal 
expansion (CTE) and the elastic modulus betWeen the 
silicon IC and the PCB generate high stresses in the contact 
joints When the circuit is passed through thermal excursions. 
These stresses can lead to solder joint fatigue failure after 
repeated temperature cycles, and this is a primary failure 
mechanism for ?ip chip joints. This mechanism has limited 
the selection of substrate materials mainly to ceramic hybrid 
substrates such as A1203, Which has high modulus and loW 
CTE, properties similar to silicon. Even With ceramic sub 
strates, ?ip chip assembly is limited to applications With 
small die. 

[0082] During the last ten to ?fteen years there has been 
increasing interest in learning hoW to apply this ?ip chip 
assembly to both larger siZe die and also to a broader range 
of printed circuit substrates. Speci?cally, the increased Wir 
ing densities available With today’s organic based substrates 
makes them suitable loW cost substitutes for ceramic sub 
strates. HoWever, the relatively high CTE of organic mate 
rials has sloWed the implementation of ?ip chip assembly on 
organic substrates due to the aforementioned failure mecha 
nism. An important breakthrough has been the development 
of under?ll process. Under?ll process uses a high modulus 
curable adhesive to ?ll the empty space betWeen the solder 
balls under the chip so that the stress in the joint is shared 
by the adhesive and distributed more evenly across the entire 
interface as opposed to being concentrated at the perimeter 
balls. The use of an under?ll adhesive as described above 
has enabled a ?ip-chip technology to be applied to a broader 
range of assemblies. 

[0083] The present invention provides an advance in the 
art in that the under?ll adhesive resin is photopolymeriZable 
and alloWs for reWorkability of the assembly after evaluation 
of electrical function subsequent to solder re?oW and prior 
to cure of the adhesive. 

[0084] FIGS. 1A, 1B, and 1C, and 1D shoW ?ip chip 
assembly 10 of the invention having an integrated chip (IC) 
12 and a printed circuit board (PCB) 14 Wherein the IC 12 
and PCB 14 are aligned at solder bumps 16 and bond pads 
18. In FIG. 1A, IC 12 and PCB 14 are held in alignment by 
a ?ux paste, not shoWn. In FIG. 1B, ?ip chip assembly 10 
is shoWn partially under?lled at the interface betWeen IC 12 
and PCB 14 With photopolymeriZable adhesive 24 Which has 
been Wicked in position using applicator 22. In FIG. 1C, ?ip 
chip assembly 10 is shoWn completely under?lled at the 
interface betWeen IC 12 and PCB 14 With photopolymeriZ 
able adhesive 24. In an alternative embodiment, photopo 
lymeriZable adhesive 24 is applied to one or both opposing 
surfaces of IC 12 and PCB 14 prior to alignment of IC 12 
and PCB 14. The tips of bond pads 18 and solder bumps 16 
are free of adhesive at the time of alignment of IC 12 and 
PCB 14 and cure of photopolymeriZable adhesive 24. Adhe 
sive can be removed from bond pads by, for example, 
ablating, abrading, etching, or dissolving. In FIG. 1D, ?ip 
chip assembly 10 is irradiated by visible or near infrared 
radiation 28 through PCB 14 so as to produce photopoly 
meriZed adhesive 26. 
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[0085] Alternatively, a photopolymeriZable adhesive, such 
as a photopolymeriZable epoxy resin composition, can be 
introduced under an already-soldered ?ip chip assembly by 
any useful method, such as Wicking or capillary ?lling, then 
photopolymeriZed in place by the method of the invention. 

[0086] Other layers and articles that can be laminated 
using the method of the present invention include, for 
example, electronic components to substrates such as 
printed circuit boards or ?exible printed circuits. Also useful 
are bonding steps such as board-to-board lamination, lami 
nation of metal circuits or traces, assembly of connectors 
such as ?ber optic connectors, or assembly of articles 
composed of metalliZed substrates such as data storage disks 
including compact discs, RAM (random access memory) 
disks, CD-ROM discs, and DVD’s. In addition to uses 
directed to electronic components, the method of the present 
invention can be used to laminate other substrates that may 
be opaque to light of Wavelengths of 400 nm or less or to 
certain regions of visible and near-IR light. These substrates 
may include those useful in multilayer and tamper-evident 
documents such as passports, credit cards, smart cards, and 
the like. Substrates may also include multilayer or metal 
liZed re?ective ?lms, such as those useful in optical systems. 
In addition, the method of the invention can be used for 
lamination or curing of structural materials such as ?ber 
glass-reinforced polymers that may be useful in the manu 
facture of sporting goods such as boats, aircraft, or other 
vehicles. The method of the invention can be used to attach, 
for example, automobile rearvieW mirror assemblies to 
UV-absorbing Windshields by irradiation through the Wind 
shield. 

[0087] Substrates that are useful in the present invention 
include various transparent, translucent, or opaque materials 
such as plastics, ceramics, glasses, ?lms, and papers. Re?ec 
tive substrates useful in the invention include metalliZed 
?lms, multilayer optical ?lms such as those described in 
US. Pat. Nos. 5,759,467, 5,822,774, 5,540,878, 5,448,404, 
5,380,479, 5,234,729, 5,217,794, 5, 202,074, and 5,122,905, 
incorporated herein by reference, and retrore?ective ?lms 
such as those described in US. Pat. No. 4,025,159, incor 
porated herein by reference. Colored and opaque substrates 
including alumina, polyimide, and printed circuit substrates 
such as, for example, FR4, FR0406, and BT epoxy, includ 
ing those having a colored solder mask or a colored coating, 
can be used, provided they are suf?ciently light transmissive 
to alloW initiation of the photopolymeriZation reactions 
described herein. UV or light absorbing or re?ecting sub 
strates that are transmissive to actinic radiation of Wave 
lengths greater than 400 to 1200 nm can make useful 
substrates for the present invention. There is no particular 
limit to the thickness of the substrates useful in the present 
invention so long as sufficient visible or near IR light can be 
transmitted therethrough to effect the polymeriZation reac 
tions described herein. 

[0088] The present invention provides curing on a variety 
of substrates previously not possible by conventional UV 
cure using visible-light and near IR-curable adhesive sys 
tems. These include adhesion of re?ective ?lms to colored 
plastic substrates, metal sputtered ?lms to epoxy substrates, 
articles to temperature sensitive substrates, and, generally, 
adhesion of translucent, opaque or re?ective substrates to 
each other in any combination thereof. In addition, irradia 
tion as described herein can be accomplished through either 
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or both sides of the substrates. Further, irradiation as 
described herein can be direct or it can be re?ected from a 
mirrored surface. 

[0089] The photocurable compositions of the present 
invention can be liquids, gels, or ?lms. PhotopolymeriZable 
compositions useful in the invention may include free 
radically polymeriZable, cationically-polymeriZable and 
hydrosilation-polymeriZable moieties. Such compositions 
comprise a photopolymeriZable moiety and a visible- and/or 
near infrared-light photoinitiator therefor. 

[0090] In one embodiment, the present invention provides 
a photopolymeriZable composition comprising at least one 
cationically-polymeriZable material and a photoinitiation 
system active in the spectral region of greater than 400 to 
1200 nm. Examples of organic materials polymeriZable by 
cationic polymeriZation and suitable for the hardenable 
compositions according to the invention are of the folloWing 
types, it being possible for these to be used by themselves or 
as mixtures of at least tWo components: 

[0091] A. Ethylenically unsaturated compounds polymer 
iZable by a cationic mechanism. These include: 

[0092] 1. Monoole?ns and diole?ns, for example isobu 
tylene, butadiene, isoprene, styrene, ot-methylstyrene, divi 
nylbenZenes, N-vinylpyrrolidone, N-vinylcarbaZole and 
acrolein. 

[0093] 2. Vinyl ethers, for example methyl vinyl ether, 
isobutyl vinyl ether, trimethylopropane trivinyl ether and 
ethylene glycol divinyl ether; and cyclic vinyl ethers, for 
example 3,4-dihydro-2-formyl-2H-pyran (acrolein dimer) 
and the 3,4-dihydro-2H-pyran-2-carboxylic acid ester of 
2-hydroxymethyl-3,4-dihydro-2H-pyran. 
[0094] 3. Vinyl esters, for example vinyl acetate and vinyl 
stearate. 

[0095] B. Heterocyclic compounds polymeriZable by cat 
ionic polymeriZation, for example ethylene oxide, propylene 
oxide, epichlorohydrin, glycidyl ethers of monohydric alco 
hols or phenols, for example n-butyl glycidyl ether, n-octyl 
glycidyl ether, phenyl glycidyl ether and cresyl glycidyl 
ether; glycidyl acrylate, glycidyl methacrylate, styrene oxide 
and cyclohexene oxide; oxetanes such as 3,3-dimethyloxet 
ane and 3,3-di(chloromethyl)oxetane; tetrahydrofuran; diox 
olanes, trioxane and 1,3,6-trioxacyclooctane; spiroorthocar 
bonates; lactones such as [3-propiolactone, y-valerolactone 
and e-caprolactone; thiiranes such as ethylene sul?de and 
propylene sul?de; aZetidines such as N-acylaZetidines, for 
example N-benZoylaZetidine, as Well as the adducts of 
aZetidine With diisocyanates, for example toluene-2,4-diiso 
cyanate and toluene-2,6-diisocyanate and 4,4‘-diamino 
diphenylmethane diisocyanate; epoxy resins; and linear and 
branched polymers With glycidyl groups in the side-chains, 
for example homopolymers and copolymers of polyacrylate 
and polymethacrylate glycidyl esters. 

[0096] Of particular importance among these above-men 
tioned polymeriZable compounds are the epoxy resins and 
especially the diepoxides and polyepoxides and epoxy resin 
prepolymers of the type used to prepare crosslinked epoxy 
resins. 

[0097] Epoxy compounds that can be cured or polymer 
iZed by the processes of this invention are those knoWn to 
undergo cationic polymeriZation and include 1,2-, 1,3-, and 
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1,4-cyclic ethers (also designated as 1,2-, 1,3-, and 1,4 
epoxides). The “Encyclopedia of Polymer Science and Tech 
nology”, 6, (1986), p. 322, provides a description of suitable 
epoxy resins. In particular, cyclic ethers that are useful 
include the cycloaliphatic epoxies such as cyclohexene 
oxide and the ERLTM series type of resins available from 
Union Carbide, NeW York, NY, such as vinylcyclohexene 
oxide, vinylcyclohexene dioxide (ERLTM-4206), 3,4-epoxy 
6-rnethylcyclohexylrnethyl-3,4-epoxy-6-rnethyl-cyclohex 
ene carboxylate (ERLTM-4201), bis(2,3-epoxycyclopentyl) 
ether (ERLTM-0400), 3,4-epoxycyclohexylrnethyl-3,4-ep 
oxycyclohexane carboxylate (ERLTM4221), bis-(3,4-epoxy 
cyclohexyl) adipate (ERLTM-4289), aliphatic epoxy rnodi 
?ed frorn polypropylene glycol (ERLTM-4050 and ERLTM 
4052), dipentene dioxide (ERLTM-4269), and 2-(3,4 
epoxycylclohexyl-5,5-spiro-3,4-epoxy) cyclohexene-rneta 
dioxane (ERLTM-4234); also included are the glycidyl ether 
type epoxy resins such as propylene oxide, epichlorohydrin, 
styrene oxide, glycidol, the EPONTM series type of epoxy 
resins available from Shell Chemical Co., Houston, Tex., 
including the diglycidyl either of bisphenol A and chain 
extended versions of this material such as EPON 828m, 
EPON 1001TM, EPON 1004TM, EPON 1007TM, EPON 
1009TM and EPON 2002TM or their equivalent from other 
manufacturers; dicyclopentadiene dioxide; epoxidiZed veg 
etable oils such as epoxidiZed linseed and soybean oils 
available as VIKOLOXTM and VIKOFLEXTM resins frorn 
Elf Atochern North America, Inc., Philadelphia, Pa.; epoxi 
diZed KRATONTM LIQUID Polyrners, such as L-207 avail 
able frorn Shell Chemical Co., Houston, Tex.; epoxidiZed 
polybutadienes such as the POLY BDTM resins frorn Elf 
Atochern, Philadelphia, Pa.; 1,4-butanediol diglycidyl ether, 
polyglycidyl ether of phenolforrnaldehyde; epoxidiZed phe 
nolic novolac resins such as DEN 431TM and DEN 438TM 
available from Dow Chemical Co., Midland Mich.; epoxi 
diZed cresol novolac resins such as ARALDITETM ECN 
1299 available from Ciba, HaWthorn, N.Y.; resorcinol dig 
lycidyl ether; epoxidiZed polystyrene/polybutadiene blends 
such as the EPOFRIENDTM resins such as EPOFRIEND 
A1010TM available from Daicel USA Inc., Fort Lee, N.J.; the 
HELOXYTM series of alkyl glycidyl ethers frorn Shell 
Chemical Co., Houston, Tex., such as alkyl C8-C1O glycidyl 
ether (HELOXY Modi?er 7”‘), alkyl C12-C14 glycidyl ether 
(HELOXY Modi?er 8TM), butyl glycidyl ether (HELOXY 
Modi?er 61TM), cresyl glycidyl ether (HELOXY Modi?er 
62TM), p-tert-butylphenyl glycidyl ether (HELOXY Modi 
?er 65TM), polyfunctional glycidyl ethers such as diglycidyl 
ether of 1,4-butanediol (HELOXY Modi?er 67TM), digly 
cidyl ether of neopentyl glycol (HELOXY Modi?er 68TM), 
diglycidyl ether of cyclohexanedirnethanol (HELOXY 
Modi?er 107TM), trirnethylol ethane triglycidyl ether 
(HELOXY Modi?er 44), trirnethylol propane triglycidyl 
ether (HELOXY Modi?er 48TM), polyglycidyl ether of an 
aliphatic polyol (HELOXY Modi?er 84TM), polyglycol diep 
oxide (HELOXY Modi?er 32”‘); and bisphenol F epoxides. 

[0098] The preferred epoxy resins include the ERL type of 
resins especially 3,4-epoxycyclohexylrnethyl-3,4-epoxycy 
clohexanecarboxylate, bis-(3,4-epoxycyclohexyl) adipate 
and 2-(3,4-epoxycylclohexyl-5,5-spiro-3,4-epoxy) cyclo 
hexene-rneta-dioxane and the bisphenol AEPON type resins 
including 2,2-bis-(p-(2,3-epoxypropoxy)phenylpropane) 
and chain extended versions of this material. It is also Within 
the scope of this invention to use a blend of more than one 

epoxy resin. 
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[0099] It is also Within the scope of this invention to use 
one or more epoxy resins blended together. The different 
kinds of resins can be present in any proportion. 

[0100] Optionally, rnonohydroxy- and polyhydroxy-alco 
hols may be added to the curable compositions of the 
invention, as chain-extenders for the epoxy resin. The 
hydroxyl-containing material used in the present invention 
can be any organic material having hydroxyl functionality of 
at least 1, and preferably at least 2. 

[0101] Preferably the hydroxyl-containing rnaterial con 
tains tWo or more primary or secondary aliphatic hydroxyl 
groups (i.e., the hydroxyl group is bonded directly to a 
non-arornatic carbon atom). The hydroxyl groups can be 
terrninally situated, or they can be pendent from a polymer 
or copolyrner. The molecular Weight of the hydroxyl-con 
taining organic material can vary from very loW (e.g., 32) to 
very high (e.g., one million or more). Suitable hydroxyl 
containing materials can have low molecular Weights, i.e., 
from about 32 to 200, interrnediate molecular weight, i.e., 
from about 200 to 10,000, or high molecular Weight, i.e., 
above about 10,000. As used herein, all molecular weights 
are Weight average molecular Weights. 

[0102] The hydroxyl-containing material can optionally 
contain other functionalities that do not substantially inter 
fere With cationic cure at room temperature. Thus, the 
hydroxyl-containing materials can be nonarornatic in nature 
or can contain arornatic functionality. The hydroxyl-contain 
ing material can optionally contain heteroatorns in the 
backbone of the molecule, such as nitrogen, oxygen, sulfur, 
and the like, provided that the ultimate hydroxyl-containing 
material does not substantially interfere With cationic cure at 
room temperature. The hydroxyl-containing material can, 
for example, be selected from naturally occurring or syn 
thetically prepared cellulosic materials. Of course, the 
hydroxyl-containing material is also substantially free of 
groups Which may be therrnally or photolytically unstable; 
that is, the material Will not decornpose or liberate volatile 
components at temperatures beloW about 100° C. or in the 
presence of actinic light Which may be encountered during 
the desired curing conditions for the photocopolyrneriZable 
cornposition. 

[0103] Useful hydroxyl-containing materials are 
described, for example, in US. Pat. No. 5,856,373, Which is 
incorporated herein by reference. 

[0104] The amount of hydroxyl-containing organic mate 
rial used in the compositions of the invention may vary over 
broad ranges, depending upon factors such as the cornpat 
ibility of the hydroxyl-containing material With the epoxide, 
the equivalent Weight and functionality of the hydroxyl 
containing material, the physical properties desired in the 
?nal cured composition, the desired speed of photocure, and 
the like. 

[0105] Blends of various hydroxyl-containing materials 
may be useful in adhesives of the invention. Examples of 
such blends include tWo or more molecular weight distri 
butions of hydroxyl-containing compounds, such as low 
molecular Weight (beloW 200), interrnediate molecular 
weight (about 200 to 10,000) and higher molecular Weight 
(above about 10,000). Alternatively or additionally, the 
hydroxyl-containing material can contain a blend of 
hydroxyl-containing materials having different chemical 
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natures, such as aliphatic and aromatic, or functionalities, 
such as polar and non-polar. As an additional example, one 
may use mixtures of tWo or more poly-functional hydroxy 
materials or one or more mono-functional hydroxy materials 

With poly-functional hydroxy materials. 

[0106] Any cationically-reactive vinyl ether may be used 
in the polymeriZable compositions of the present invention. 
Examples of vinyl ethers that may be used include tri(eth 
yleneglycol) divinyl ether (RAPI-CURETM DVE-3, avail 
able from International Specialty Products, Wayne, N.J.), 
di(ethyleneglycol) divinyl ether, di(ethyleneglycol) monovi 
nyl ether, ethylene glycol monovinyl ether, triethyleneglycol 
methyl vinyl ether, tetraethyleneglycol divinyl ether, gly 
cidyl vinyl ether, butanediol vinyl ether, butanediol divinyl 
ether, 1,4-cyclohexanedimethanol divinyl ether (RAPI 
CURE CHVE, International Specialty Products), 1,4-cyclo 
hexanedimethanol monovinyl ether, 4-(1-propenyloxym 
ethyl)-1,3-dioxolan-2-one, 2-chloroethyl vinyl ether, 
2-ethylhexyl vinyl ether, methyl vinyl ether, ethyl vinyl 
ether, n-propyl vinyl ether, isopropyl vinyl ether, n-, iso- and 
t-butyl vinyl ethers, octadecyl vinyl ether, cyclohexyl vinyl 
ether, 4-hydroxybutyl vinyl ether, t-amyl vinyl ether, dode 
cyl vinyl ether, hexanediol di- and mono-vinyl ethers, tri 
metylolpropane trivinyl ether (TMPTVE, available from 
BASF Corp., Mount Olive, N.J.), aminopropyl vinyl ether, 
poly(tetrahydrofuran) divinyl ether, PLURIOLTM E200 divi 
nyl ether, ethylene glycol butyl vinyl ether, 2-diethylamino 
ethyl vinyl ether, dipropylene glycol divinyl ether, and the 
VECTOMERTM divinyl ether resins commercially available 
from Allied Signal Inc., MorristoWn, N.J., such as a vinyl 
ether terminated aromatic urethane oligomer (VECTO 
MERTM 2010 and VECTOMERTM 2015), a vinyl ether 
terminated aliphatic urethane oligomer (VECTOMERTM 
2020), hydroxybutyl vinyl ether isophthalate (VECTO 
MERTM 4010), and cyclohexane dimethanol monovinyl 
ether glutarate (VECTOMERTM 4020), or their equivalent 
from other manufacturers. It is Within the scope of this 
invention to use a blend of more than one vinyl ether resin. 

[0107] It is also Within the scope of this invention to use 
one or more epoxy resins blended With one or more vinyl 

ether resins. The different kinds of resins can be present in 
any proportion. 

[0108] Bifunctional monomers may also be used and 
examples that are useful in this invention possess at least one 
cationically polymeriZable functionality or a functionality 
that copolymeriZes With cationically polymeriZable mono 
mers, e.g., functionalities that Will alloW an epoxy-alcohol 
copolymeriZation. 

[0109] When tWo or more polymeriZable compositions are 
present, they can be present in any proportion. 

[0110] The broad class of cationic photoactive groups 
recogniZed in the catalyst and photoinitiator industries may 
be used in the practice of the present invention. Photoactive 
cationic nuclei, photoactive cationic moieties, and photoac 
tive cationic organic compounds are art recogniZed classes 
of materials as exempli?ed by US. Pat. Nos. 4,250,311; 
3,708,296; 4,069,055; 4,216,288; 5,084,586; 5,124,417; 
4,985,340, 5,089,536, and 5,856,373, each of Which is 
incorporated herein by reference. 

[0111] The cationically-curable materials can be combined 
With a three component or ternary photoinitiator system. 
Three component initiator systems are described in US. Pat. 
No. 5,545,676, US. application Ser. Nos. 08/838,835, and 
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08/840,093, both of Which are noW alloWed, each of Which 
is incorporated herein by reference. The ?rst component in 
the photoinitiator system can be an iodonium salt, i.e., a 
diaryliodonium salt. The iodonium salt desirably is soluble 
in the monomer and preferably is shelf-stable, meaning it 
does not spontaneously promote polymeriZation When dis 
solved therein in the presence of the sensitiZer and donor. 
Accordingly, selection of a particular iodonium salt may 
depend to some extent upon the particular monomer, sensi 
tiZer and donor chosen. Suitable iodonium salts are 
described in US. Pat. Nos. 3,729,313, 3,741,769, 3,808,006, 
4,250,053 and 4,394,403, the iodonium salt disclosures of 
Which are incorporated herein by reference. The iodonium 
salt can be a simple salt, containing an anion such as Cl“, 
Br“, I“ or C4H5SO3_; or a metal complex salt containing an 
antimonate, arsenate, phosphate or borate such as SbF5OH_ 
or AsF6_. Mixtures of iodonium salts can be used if desired. 

[0112] Examples of useful aromatic iodonium complex 
salt photoinitiators include: diphenyliodonium tetra?uo 
roborate; di(4-methylphenyl)iodonium tetra?uoroborate; 
phenyl-4-methylphenyliodonium tetra?uoroborate; di(4 
heptylphenyl)iodonium tetra?uoroborate; di(3-nitrophe 
nyl)iodonium hexa?uorophosphate; di(4-chlorophenyl)i 
odonium hexa?uorophosphate; di(naphthyl)iodonium 
tetra?uoroborate; di(4-tri?uoromethylphenyl)iodonium tet 
ra?uoroborate; diphenyliodonium hexa?uorophosphate; 
di(4-methylphenyl)iodonium hexa?uorophosphate; diphe 
nyliodonium hexa?uoroarsenate; di(4-phenoxyphenyl)iodo 
nium tetra?uoroborate; phenyl-2-thienyliodonium hexa?uo 
rophosphate; 3,5-dimethylpyraZolyl-4-phenyliodonium 
hexa?uorophosphate; diphenyliodonium hexa?uoroanti 
monate; 2,2‘-diphenyliodonium tetra?uoroborate; di(2,4 
dichlorophenyl)iodonium hexa?uorophosphate; di(4-bro 
mophenyl)iodonium hexa?uorophosphate; di(4 
methoxyphenyl)iodonium hexa?uorophosphate; di(3 
carboxyphenyl)iodonium hexa?uorophosphate; di(3 
methoxycarbonylphenyl)iodonium hexa?uorophosphate; 
di(3-methoxysulfonylphenyl)iodonium hexa?uorophos 
phate; di(4-acetamidophenyl)iodonium hexa?uorophos 
phate; di(2-benZothienyl)iodonium hexa?uorophosphate; 
and diphenyliodonium hexa?uoroantimonate (DPlSbF?). 

[0113] Of the aromatic iodonium complex salts Which are 
suitable for use in the compositions of the invention dia 
ryliodonium hexa?uorophosphate and diaryliodonium 
hexa?uoroantimonate are among the preferred salts. These 
salts are preferred because, in general, they promote faster 
reaction, and are more soluble in inert organic solvents than 
are other aromatic iodonium salts of complex ions. 

[0114] The second component in the photoinitiator system 
is the sensitiZer. The sensitiZer desirably is soluble in the 
monomer, and is capable of light absorption someWhere 
Within the range of Wavelengths of greater than 400 to 1200 
nanometers, and is chosen so as not to interfere With the 
cationic curing process 

[0115] Suitable sensitiZers desirably include compounds 
in the folloWing categories: ketones, coumarin dyes (e.g., 
ketocoumarins), xanthene dyes, acridine dyes, thiaZole dyes, 
thiaZine dyes, oxaZine dyes, aZine dyes, aminoketone dyes, 
porphyrins, aromatic polycyclic hydrocarbons, p-substituted 
aminostyryl ketone compounds, aminotriaryl methanes, 
merocyanines, squarylium dyes and pyridinium dyes. 
Ketones (e.g., monoketones or alpha-diketones), ketocou 
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marins, aminoarylketones and p-substituted aminostyryl 
ketone compounds are preferred sensitiZers. For applications 
requiring high sensitivity (e.g., graphic arts), it is preferred 
to employ a sensitiZer containing a julolidinyl moiety. For 
applications requiring deep cure (e.g., cure of highly-?lled 
composites), it is preferred to employ sensitiZers having an 
extinction coefficient beloW about 1000, more preferably 
beloW about 100, at the desired Wavelength of irradiation for 
photopolymeriZation. Alternatively, dyes that exhibit reduc 
tion in light absorption at the excitation Wavelength upon 
irradiation can be used. 

[0116] By Way of example, a preferred class of ketone 
sensitiZers has the formula: 

[0117] Where X is CO or CR5, R6, Where R5 and R6 
can be the same or different, and can be hydrogen, 
alkyl, alkaryl or aralkyl, b is Zero or one, and A and 
B can be the same or different and can be substituted 

(having one or more non-interfering substituents) or 
unsubstituted aryl, alkyl, alkaryl, or aralkyl groups, 
or together Aand B can form a cyclic structure Which 
can be a substituted or unsubstituted cycloaliphatic, 
aromatic, heteroaromatic or fused aromatic ring. 

[0118] Suitable ketones of the above formula include 
monoketones (b=0) such as 2,2-, 4,4- or 2,4-dihydroxyben 
Zophenone, di-2-pyridyl ketone, di-2-furanyl ketone, di-2 
thiophenyl ketone, benZoin, ?uorenone, chalcone, Michler’s 
ketone, 2-?uoro-9-?uorenone, 2-chlorothioxanthone, 
acetophenone, benZophenone, 1- or 2-acetonaphthone, 
9-acetylanthracene, 2-, 3- or 9-acetylphenanthrene, 4-acetyl 
biphenyl, propiophenone, n-butyrophenone, valerophenone, 
2-, 3- or 4-acetylpyridine, 3-acetylcoumarin and the like. 
Suitable diketones include aralkyldiketones such as 
anthraquinone, phenanthrenequinone, o-, m- and p-diacetyl 
benZene, 1,3-, 1,4-, 1,5-, 1,6-, 1,7- and 1,8-diacetylnaphtha 
lene, 1,5-, 1,8- and 9,10-diacetylanthracene, and the like. 
Suitable alpha-diketones (b=1 and X=CO) include 2,3 
butanedione, 2,3-pentanedione, 2,3-hexanedione, 3,4-hex 
anedione, 2,3-heptanedione, 3,4-heptanedione, 2,3-oc 
tanedione, 4,5-octanedione, benZil, 2,2‘-3 3‘- and 4,4‘ 
dihydroxylbenZil, furil, di-3,3‘—indolylethanedione, 2,3 
bornanedione (camphorquinone), biacetyl, 1,2 
cyclohexanedione, 1,2-naphthaquinone, 
acenaphthaquinone, and the like. 

[0119] The third component of the initiator system is an 
electron donor. The electron donor compound(s) desirably 
meets the requirements set forth in US. application Ser. 
Nos. 08/838,835, and 08/840,093, both of Which are noW 
alloWed, each of Which is incorporated herein by reference, 
and are soluble in the polymeriZable composition. The donor 
can also be selected in consideration of other factors, such 
as shelf stability and the nature of the polymeriZable mate 
rials, iodonium salt and sensitiZer chosen. A class of donor 
compounds that may be useful in the inventive systems may 
be selected from some of the donors described in US. Pat. 
No. 5,545,676. Possible donor compounds that meet the 
criteria set forth therein must then be tested using one or 
both of the methods set forth beloW to determine if they Will 
be useful donors for the photopolymeriZable compositions 
of the invention. 

[0120] The donor is typically an alkyl aromatic polyether 
or an N-alkyl arylamino compound Wherein the aryl group 
is substituted by one or more electron WithdraWing groups. 
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Examples of suitable electron WithdraWing groups include 
carboxylic acid, carboxylic acid ester, ketone, aldehyde, 
sulfonic acid, sulfonate and nitrile groups. 

[0121] A preferred group of N-alkyl arylamino donor 
compounds is described by the folloWing structural formula: 

[0122] Wherein each R1 is independently H, CM8 alkyl 
that is optionally substituted by one or more halogen, —CN, 
—OH, —SH, CM8 alkoxy, CM8 alkylthio, C3_18 cycloalkyl, 
aryl, COOH, COOCL8 alkyl, (CL18 alkyl)O_1-CO-C1_18 
alkyl, SO3R2, CN or an aryl group that is optionally sub 
stituted by one or more electron WithdraWing groups, or the 
R1 groups may be joined to form a ring; and Ar is aryl that 
is substituted by one or more electron WithdraWing groups. 
Suitable electron WithdraWing groups include —COOH, 
—COOR2, —SO3R2, —CN, —CO-C1_18 alkyl and 
—C(O)H groups, Wherein R2 can be a C1_18 straight-chain, 
branched, or cyclic alkyl group. 

[0123] A preferred group of aryl alkyl polyethers has the 
folloWing structural formula: 

[0124] Wherein n=1-3 each R3 is independently H or CM8 
alkyl that is optionally substituted by one or more halogen, 
—CN, —OH, —SH, CM8 alkoxy, C‘M8 alkylthio, C3_18 
cycloalkyl, aryl, substituted aryl, —COOH, —COOC1_18 
alkyL —(C1-18 a1ky1)0_i'COH> —(C1-18 
alkyl)O_1-CO—C1_18 alkyl, —CO—C1_18 alkyl, —C(O)H or 
—C2_18 alkenyl groups and each R4 can be C‘M8 alkyl that 
is optionally substituted by one or more halogen, —CN, 
—OH, —SH, CM8 alkoxy, CM8 alkylthio, C3_18 cycloalkyl, 
aryl, substituted aryl, —COOH, —COOC1_18 alkyl, 
—(C1-18 a1ky1)0-i'COH> —(C1-18 a11<y1)0_1> —CO—C1-18 
alkyl, —CO—C1_18 alkyl, —C(O)H or —C2_18 alkenyl 
groups. 

[0125] In each of the above formulas the alkyl groups can 
be straight-chain or branched, and the cycloalkyl group 
preferably has 3 to 6 ring carbon atoms but may have 
additional alkyl substitution up to the speci?ed number of 
carbon atoms. The aryl groups may be carbocyclic or 
heterocyclic aryl, but are preferably carbocyclic and more 
preferably phenyl rings. 

[0126] Preferred donor compounds include 4-dimethy 
laminobenZoic acid, ethyl 4-dimethylaminobenZoate, 
3-dimethylaminobenZoic acid, 4-dimethylaminobenZoin, 
4-dimethylaminobenZaldehyde, 4-dimethylaminobenZoni 
trile and 1,2,4-trimethoxybenZene. 

[0127] The photoinitiator compounds are provided in an 
amount effective to initiate or enhance the rate of cure of the 
resin system. It has been found that the amount of donor that 
is used can be critical particularly When the donor is an 
amine. Too much donor can be deleterious to cure proper 
ties. Preferably, the sensitiZer is present in about 0.05-5 
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Weight percent based on resin compounds of the overall 
composition. More preferably, the sensitiZer is present at 
010-10 Weight percent. Similarly, the iodonium initiator is 
preferably present at 005-100 Weight percent, more pref 
erably at 010-50 Weight percent, and most preferably 
050-3.0 Weight percent. Likewise, the donor is preferably 
present at 001-50 Weight percent, more preferably 0.05-1.0 
Weight percent, and most preferably 0.05-0.50 Weight per 
cent. 

[0128] PhotopolymeriZable compositions useful in the 
invention are prepared by simply admixing, under “safe 
light” conditions, the components as described above. Suit 
able inert solvents may be employed if desired When effect 
ing this mixture. Any solvent may be used Which does not 
react appreciably With the components of the inventive 
compositions. Examples of suitable solvents include 
acetone, dichloromethane, and acetonitrile. Aliquid material 
to be polymeriZed may be used as a solvent for another 
liquid or solid material to be polymeriZed. Solventless 
compositions can be prepared by simply dissolving an 
aromatic iodonium complex salt and sensitiZer in an epoxy 
resin-polyol mixture With or Without the use of mild heating 
to facilitate dissolution. 

[0129] An alternative photoinitiator system for cationic 
polymeriZations includes the use of organometallic complex 
cations essentially free of metal hydride or metal alkyl 
functionality selected from those described in US. Pat. No. 
4,985,340, and such description is incorporated herein by 
reference and has the formula: 

[(L1)(LZ)M]+q (1) 

[0130] Wherein 
[0131] M represents a metal selected from the group 

consisting of Cr, Mo, W, Mn, Re, Fe, Ru, Os, Co, Rh, 
Ir, Pd, Pt and Ni, preferably Cr, Mo, W, Mn, Fe, Ru, 
Co, Pd, and Ni; and most preferably Mn and Fe; 

[0132] L1 represents 1 or 2 cyclic, polyunsaturated 
ligands that can be the same or different ligand 
selected from the group consisting of substituted and 
unsubstituted cyclopentadienyl, cyclohexadienyl, 
and cycloheptatrienyl, cycloheptatriene, cyclooc 
tatetraene, heterocyclic compounds and aromatic 
compounds selected from substituted or unsubsti 
tuted arene compounds and compounds having 2 to 
4 fused rings, and units of polymers, e.g., a phenyl 
group of polystyrene, poly(styrene-co-butadiene), 
poly(styrene-co-methyl methacrylate), poly(a-meth 
ylstyrene), and the like; a cyclopentadiene group of 
poly(vinylcyclopentadiene); a pyridine group of 
poly(vinylpyridine), and the like, each capable of 
contributing 3 to 8 electrons to the valence shell of 
M; 

[0133] L2 represents none, or 1 to 3 nonanionic 
ligands contributing an even number of electrons that 
can be the same or different ligand selected from the 

group of carbon monoxide, ketones, ole?ns, ethers, 
nitrosonium, phosphines, phosphites, and related 
derivatives of arsenic and antimony, organonitriles, 
amines, alkynes, isonitriles, dinitrogen, With the pro 
viso that the total electronic charge contributed to M 
results in a net residual positive charge of q to the 
complex; 

[0134] q is an integer having a value of 1 or 2, the 
residual charge of the complex cation. 
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[0135] Organometallic salts are knoWn in the art and can 
be prepared as described in, for example, EPO No. 094,914 
and US. Pat. Nos. 5,089,536, 4,868,288, and 5,073,476, and 
such descriptions are incorporated herein by reference. 

[0136] Examples of preferred cations include: 

[0137] diphenyliodonium, ditolyliodonium, didode 
cylphenyliodonium, (4-octyloxyphenyl)phenyliodo 
nium, and bis(methoxyphenyl)iodonium; 

tr1p eny su on1um, 1p eny - -t 1op enox 0138 'h llf' d'h l4h'h 
yphenylsulfonium, and 1,4-phenylene-bis(diphenyl 
sufonium); 

[0139] bis(n 5-cyclopentadienyl)iron(1 +), bis(n 5 -me 
thylcyclopentadienyl)iron(1 +), 

[0140] (11 5 -cyclopentadienyl)(115 -methylcyclopenta 
dienyl)iron(1 +), and bis(n 5 -trimethylsilylcyclopen 
tadienyl)iron(1 +); 

[0141] bis(n 6-xylenes)iron(2+), bis(n 6-mesityle 
ne)iron(2+), bis(n 6-durene)iron(2+), 

[0142] bis(n6-pentamethylbenZene)iron(2+), and 
bis(n 6-dodecylbenZene) iron (2+); 

[0143] (115-cyclopentadienyl)(n6-xylenes)iron(1+), 
commonly abbreviated as (CpFeXy)(1+), 

[0144] (11 5 -cyclopentadienyl)(11 6-toluene)iron(1 +), 
[0145] (11 5 -cyclopentadienyl)(11 6-mesitylene)iron(1 +), 
[0146] (11 5 -cyclopentadienyl)(11 6-pyrene)iron(1 +), 
[0147] (11 5 -cyclopentadienyl)(11 6-naphthale 

ne)iron(1+), and 

[0148] (11 5 -cyclopentadienyl)(11 6-dodecylpheny 
l)iron(1 +). 

[0149] In another embodiment, the present invention pro 
vides a photopolymeriZable composition comprising at least 
one free radically-polymeriZable material and a photoinitia 
tion system active in the spectral region of greater than 400 
to 1200 nm. 

[0150] Suitable free radically-polymeriZable monomers 
may contain at least one ethylenically-unsaturated double 
bond, can be oligomers or polymers, and are capable of 
undergoing addition polymeriZation. Such monomers 
include mono-, di- or poly-acrylates and methacrylates such 
as methyl acrylate, methyl methacrylate, ethyl acrylate, 
isopropyl methacrylate, n-hexyl acrylate, stearyl acrylate, 
allyl acrylate, glycerol diacrylate, glycerol triacrylate, eth 
yleneglycol diacrylate, diethyleneglycol diacrylate, triethyl 
eneglycol dimethacrylate, 1,3-propanediol diacrylate, 1,3 
propanediol dimethacrylate, trimethylolpropane triacrylate, 
1,2,4-butanetriol trimethacrylate, 1,4-cyclohexanediol dia 
crylate, pentaerythritol triacrylate, pentaerythritol tetraacry 
late, pentaerythritol tetramethacrylate, sorbitol hexacrylate, 
bis[1-(2-acryloxy)]-p-ethoxyphenyldimethylmethane, bis[1 
(3-acryloxy-2-hydroxy)]-p-propoxyphenyldimethyl 
methane, tris(hydroxyethylisocyanurate) trimethacrylate; 
the bis-acrylates and bis-methacrylates of polyethylene gly 
cols of molecular Weight 200-500, copolymeriZable mix 
tures of acrylated monomers such as those of US. Pat. No. 
4,652,274, incorporated herein by reference, and acrylated 
oligomers such as those of US. Pat. No. 4,642,126, incor 
porated herein by reference; unsaturated amides such as 
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methylene bis-acrylamide, methylene bis-methacrylamide, 
1,6-hexamethylene bis-acrylamide, diethylene triamine tris 
acrylamide and beta-methacrylaminoethyl methacrylate; 
and vinyl compounds such as styrene, diallyl phthalate, 
divinyl succinate, divinyl adipate and divinylphthalate. Mix 
tures of tWo or more monomers can be used if desired. 

[0151] A variety of visible or near-IR photoinitiator sys 
tems may be used for photopolymeriZation of free-radically 
polymeriZable materials useful in the invention. For 
example, the monomer can be combined With a three com 
ponent or ternary photoinitiator system. The ?rst component 
in the photoinitiator system is the iodonium salt, i.e., a 
diaryliodonium salt. The iodonium salt desirably is soluble 
in the monomer and preferably is shelf-stable (i.e., does not 
spontaneously promote polymerization) When dissolved 
therein in the presence of the sensitiZer and donor. Accord 
ingly, selection of a particular iodonium salt may depend to 
some extent upon the particular monomer, polymer or 
oligomer, sensitiZer and donor chosen. Suitable iodonium 
salts are described in US. Pat. Nos. 3,729,313, 3,741,769, 
3,808,006, 4,250,053 and 4,394,403, the iodonium salt dis 
closures of Which are incorporated herein by reference. The 
iodonium salt can be a simple salt (e.g., containing an anion 
such as Cl‘, Br‘, I- or C4H5 S03‘) or a metal complex salt 
(e. g., containing SbF5 OH“ or AsF6_). Mixtures of iodonium 
salts can be used if desired. 

[0152] Preferred iodonium salts include diphenyliodo 
nium salts such as diphenyliodonium chloride, diphenyli 
odonium hexafluorophosphate and diphenyliodonium tet 
ra?uoroborate. 

[0153] The second component in the photoinitiator system 
is a sensitiZer. These compounds have been disclosed above 
as sensitiZers useful for cationically-curable materials. The 
sensitiZer desirably is soluble in the monomer, and is capable 
of light absorption someWhere Within the range of Wave 
lengths of greater than 400 to 1200 nanometers, more 
preferably greater than 400 to 700 nanometers and most 
preferably greater than 400 to about 600 nanometers. The 
sensitiZer may also be capable of sensitiZing 2-methyl-4,6 
bis(trichloromethyl)-s-triaZine, using the test procedure 
described in US. Pat. No. 3,729,313, Which is incorporated 
herein by reference. Preferably, in addition to passing this 
test, a sensitiZer is also selected based in part upon shelf 
stability considerations. Accordingly, selection of a particu 
lar sensitiZer may depend to some extent upon the particular 
monomer, oligomer or polymer, iodonium salt and donor 
chosen. 

[0154] Preferred donors, the third component of the pho 
toinitiator system, include amines (including aminoalde 
hydes and aminosilanes), amides (including phosphora 
mides), ethers (including thioethers), ureas (including 
thioureas), ferrocene, sul?nic acids and their salts, salts of 
ferrocyanide, ascorbic acid and its salts, dithiocarbamic acid 
and its salts, salts of xanthates, salts of ethylene diamine 
tetraacetic acid and salts of tetraphenylboronic acid. The 
donor can be unsubstituted or substituted With one or more 

non-interfering substituents. Particularly preferred donors 
contain an electron donor atom such as a nitrogen, oxygen, 
phosphorus, or sulfur atom, and an abstractable hydrogen 
atom bonded to a carbon or silicon atom alpha to the electron 
donor atom. A Wide variety of donors is disclosed in US. 
Pat. No. 5,545,676, Which is incoporated herein by refer 
ence. 
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[0155] Free-radical initiators useful in the invention, e.g., 
those that are photochemically active in the Wavelength 
region of greater than 400 to 1200 nm, also may include the 
class of acylphosphine oxides, as described in European 
Patent Application No. 173567. Such acylphosphine oxides 
are of the general formula 

[0156] Wherein each R9 individually can be a hydrocarbyl 
group such as alkyl, cycloalkyl, aryl, and aralkyl, any of 
Which can be substituted With a halo-, alkyl- or alkoxy 
group, or the tWo R9 groups can be joined to form a ring 
along With the phosphorous atom, and wherein R10 is a 
hydrocarbyl group, an S—, O—, or N-containing ?ve- or 
six-membered heterocyclic group, or a -Z-C(=O)— 
P(=O)— (R9)2 group, Wherein Z represents a divalent 
hydrocarbyl group such as alkylene or phenylene having 
from 2 to 6 carbon atoms. 

[0157] Preferred acylphosphine oxides useful in the inven 
tion are those in Which the R9 and R10 groups are phenyl or 
loWer alkyl- or loWer alkoxy-substituted phenyl. By “loWer 
alkyl” and “loWer alkoxy” is meant such groups having from 
1 to 4 carbon atoms. Most preferably, the acylphosphine 
oxide is bis(2,4,6-trimethylbenZoyl)phenyl phosphine oxide 
(IRGACURETM 819, Ciba Specialty Chemicals, Tarrytown, 
NY). 
[0158] Tertiary amine reducing agents may be used in 
combination With an acylphosphine oxide. Illustrative ter 
tiary amines useful in the invention include ethyl 4-(N,N 
dimethylamino)benZoate and N,N-dimethylaminoethyl 
methacrylate. The initiator can be employed in catalytically 
effective amounts, such as from about 0.1 to about 5 Weight 
percent, based on the Weight of ethylenically-unsaturated 
compound present, of the acylphosphine oxide plus from 
about 0.1 to about 5 Weight percent, based on the Weight of 
ethylenically-unsaturated compound present, of the tertiary 
amine. 

[0159] Commercially-available phosphine oxide photoini 
tiators capable of free-radical initiation When irradiated at 
Wavelengths of greater than 400 nm to 1200 nm include a 
25:75 mixture, by Weight, of bis(2,6-dimethoxybenZoyl)-2, 
4,4-trimethylpentyl phosphine oxide and 2-hydroxy-2-me 
thyl-1-phenylpropan-1-one (IRGACURETM 1700, Ciba 
Specialty Chemicals), 2-benZyl-2-(N,N-dimethylamino)-1 
(4-morpholinophenyl)-1-butanone (IRGACURETM 369, 
Ciba Specialty Chemicals), bis(115 -2,4-cyclopentadien-1 
yl)-bis(2,6-di?uoro-3-(1H-pyrrol-1-yl)phenyl) titanium 
(IRGACURETM 784 DC, Ciba Specialty Chemicals), a 1:1 
mixture, by Weight, of bis(2,4,6-trimethylbenZoyl)phenyl 
phosphine oxide and 2-hydroxy-2-methyl-1-phenylpropane 
1-one (DAROCURTM 4265, Ciba Specialty Chemicals), and 
ethyl-2,4,6-trimethylbenZylphenyl phosphinate (LUCI 
RINTM LR8893X, BASF Corp., Charlotte, NC). 

[0160] Free-radical initiators useful in the invention, e.g., 
those that are photochemically active in the Wavelength 
region of greater than 400 to 1200 nm, also may include the 
class of ionic dye—counterion complex initiators compris 
ing a borate anion and a complementary cationic dye. Borate 
anions useful in these photointiators generally can be of the 
formula 



US 2004/0134604 A1 

[0161] wherein R1, R2, R3, and R4 independently can be 
alkyl, aryl, alkaryl, allyl, aralkyl, alkenyl, alkynyl, alicyclic 
and saturated or unsaturated heterocyclic groups. Preferably, 
R2, R3, and R4 are aryl groups and more preferably phenyl 
groups, and R1 is an alkyl group and more preferably a 
secondary alkyl group. 

[0162] Cationic counterions can be cationic dyes, quater 
nary ammonium groups, transition metal coordination com 
plexes, and the like. Cationic dyes useful as counterions can 
be cationic methine, polymethine, triarylmethine, indoline, 
thiaZine, xanthene, oxaZine or acridine dyes. More speci? 
cally, the dyes may be cationic cyanine, carbocyanine, 
hemicyanine, rhodamine, and aZomethine dyes. Speci?c 
examples of useful cationic dyes include Methylene Blue, 
Safranine O, and Malachite Green. Quaternary ammonium 
groups useful as counterions can be trimethylcetylammo 
nium, cetylpyridinium, and tetramethylammonium. Other 
organophilic cations can include pyridinium, phosphonium, 
and sulfonium. Photosensitive transition metal coordination 
complexes that may be used include complexes of cobalt, 
ruthenium, osmium, Zinc, iron, and iridium With ligands 
such as pyridine, 2,2‘-bipyridine, 4,4‘-dimethyl-2,2‘-bipyri 
dine, 1,10-phenanthroline, 3,4,7,8-tetramethylphenanthro 
line, 2,4,6-tri(2-pyridyl-s-triaZine) and related ligands. 

[0163] Borate salt photoinitiators are described, for 
example, in Us. Pat. Nos. 4,772,530, 4,954,414, 4,874,450, 
5,055,372, and 5,057,393, the disclosures of Which are 
incorporated herein by reference. 

[0164] In a further embodiment, a third kind of photopo 
lymeriZation reaction useful in the invention includes the 
visible radiation-activated addition reaction of a compound 
containing silicon-bonded hydrogen With a compound con 
taining aliphatic unsaturation. The addition reaction typi 
cally can be referred to as hydrosilation. Hydrosilation by 
means of visible light has been described, e.g., in Us. Pat. 
Nos. 4,916,169 and 5,145,886, both of Which are incorpo 
rated herein by reference. 

[0165] Reactants useful in the radiation-activated hydrosi 
lation reaction include compounds containing aliphatic 
unsaturation or acetylenic unsaturation. These compounds 
are Well knoWn in the art of hydrosilation and are disclosed 
in such patents as US. Pat. No. 3,159,662, US. Pat. No. 
3,220,972, and US. Pat. No. 3,410,886, incorporated herein 
by reference. In instances Where these unsaturated com 
pounds contain elements other than carbon and hydrogen, it 
is preferred that these elements be either oxygen, nitrogen, 
silicon, a halogen, or a combination thereof. The aliphati 
cally unsaturated compound can contain one or more car 
bon-to-carbon multiple bonds. Representative examples of 
the aliphatically unsaturated hydrocarbons Which can be 
employed include mono-ole?ns, for example, ethylene, pro 
pylene, and 2-pentene, diole?ns, for example, divinylben 
Zene, butadiene, and 1,5-hexadiene, cycloole?ns, for 
example, cyclohexene and cycloheptene, and monoalkynes, 
for example, acetylene, propyne, and 1-butene-3-yne. The 
aliphatically unsaturated compounds can have up to 20 to 30 
carbon atoms, or more. 

[0166] A particularly useful type of unsaturated com 
pound, Which can be employed in the practice of the present 
invention, is that containing silicon, such as those com 
pounds commonly referred to as organosilicon monomers or 
polymers. These unsaturated organosilicon compounds have 
at least one aliphatically unsaturated organic group attached 
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to silicon per molecule. Aliphatically unsaturated organo 
silicon compounds include silanes, polysilanes, siloxanes, 
silaZanes, as Well as monomeric or polymeric materials 
containing silicon atoms joined together by methylene or 
polymethylene groups or by phenylene groups. 

[0167] The reactant containing the silicon-hydrogen link 
age can be a polymeric compound or a compound that is not 
polymeric. These compounds are Well knoWn in the art and 
are also disclosed in the patents Which describe the aliphati 
cally unsaturated reactant, as cited above. The reactant 
containing the silicon-hydrogen linkage should contain at 
least one silicon-bonded hydrogen atom per molecule, With 
no more than three hydrogen atoms attached to any one 
silicon atom. 

[0168] The hydrosilation composition useful in the syn 
thesis of loW molecular Weight compounds by the process of 
the invention can be prepared by mixing about 0.1 to about 
10.0 equivalent Weights of the compound having silicon 
bonded hydrogen With one equivalent Weight of the com 
pound having aliphatic unsaturation and then adding an 
amount of platinum complex catalyst sufficient to catalyZe 
the reaction. The amount of the catalyst can range from 
about 5 to about 5000 parts by Weight, preferably from about 
25 to about 500 parts by Weight, per 1,000,000 parts by 
Weight of the total composition. 

[0169] KnoWn techniques can be used to conduct the 
hydrosilation reaction. In carrying out a hydrosilation reac 
tion in the practice of this invention, the reactants and 
catalyst can be introduced into a vessel equipped for stirring, 
Where the mixture is stirred and exposed to actinic radiation 
until the reaction is complete. If either of the reactants is a 
solid or is extremely viscous, a solvent can be introduced 
into the vessel to facilitate uniform mixing of the reactants. 
Suitable solvents include aromatic hydrocarbons, such as 
xylene and toluene, aliphatic hydrocarbons, such as hexane 
and mineral spirits, and halogenated hydrocarbons, such as 
chlorobenZene and trichloroethane. It is desirable that the 
solvent be transmissive to actinic radiation. From about 0.1 
to about 10 parts of solvent per part by Weight of the 
combined reactants can be used. The resulting reaction 
product Will generally be sufficiently pure for its intended 
use. HoWever, it may be desirable to remove the solvent if 
one has been employed. 

[0170] The thoroughly mixed composition can then be 
applied to a substrate by any suitable means, such as by 
spraying, dipping, knife coating, curtain coating, roll coat 
ing, or the like, and the coating cured by using conventional 
techniques for providing actinic radiation. It is preferred that 
curing be conducted by exposing the coated substrate to 
radiation having a Wavelength of greater than 400 nm to 
1200 nm. Depending on the particular silicone formulation, 
catalyst, and intensity of the actinic radiation, curing can be 
accomplished in a period from less than one second to less 
than 2 minutes. 

[0171] Catalysts useful in hydrosilation reactions include 
certain platinum complexes, such as platinum complex 
catalysts having one cyclopentadienyl group that is eta 
bonded to the platinum atom and three aliphatic groups that 
are sigma-bonded to the platinum atom, in combination With 
visible and near-IR light sensitiZes, as disclosed in US. Pat. 
No. 4,916,169, and Pt(II) [3-diketonates, as disclosed in US. 
Pat. No. 5,145,886, the disclosures of each of Which are 
incorporated herein by reference. 
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[0172] Representative examples of suitable (115 -cyclopen 
tadienyl)trialiphatic platinum complexes useful in the prac 
tice of this invention include the following, in Which (Cp) 
represents the (ns-cyclopentadienyl) group: (Cp)trimethyl 
platinum, (Cp)ethyldimethylplatinum, (Cp)triethylplatinum, 
(Cp)triallylplatinum, (Cp)tripentylplatinum, (Cp)trihexyl 
platinum, (methyl-Cp)trimethylplatinum, (trimethylsilyl 
Cp)trimethylplatinum, (dimethylphenylsilyl-Cp)trimethyl 
platinum, and (Cp)acetyldimethylplatinum. 

[0173] Other suitable (115 -cyclopentadienyl)trialiphatic 
platinum complexes suitable for this invention are described 
in US. Pat. No. 4,510,094, incorporated herein by reference. 

[0174] SensitiZers suitable for this embodiment of the 
invention are those compounds capable of absorbing actinic 
radiation Within the visible region of the electromagnetic 
spectrum, i.e., greater than 400 nm to about 800 nm, and 
capable of transferring energy to the platinum complex. In 
general, they must have a triplet energy level of at least 31 
Kcal/mole, and must not inhibit the hydrosilation reaction. 
SensitiZers are preferably selected from tWo classes of 
compounds: (1) polycyclic aromatic compounds and (2) 
aromatic compounds containing a ketone chromophore. The 
sensitiZer compounds can be substituted With any substitu 
ent that does not interfere With the light absorbing and 
energy transferring capabilities of the sensitiZer compound 
or the hydrosilation catalyst. Examples of typical substitu 
ents include alkyl, alkoxy, aryl, aryloxy, aralkyl, alkaryl, 
halogen, etc. Representative examples of polycyclic aro 
matic sensitiZers suitable for the invention include 
anthracene, 9-vinylanthracene, 9,10-dimethylanthracene, 
9,10-dichloroanthracene, 9,10-dibromoanthracene, 9,10-di 
ethylanthracene, 9,10-diethoxyanthracene, 2-ethyl-9,10 
dimethylanthracene, naphthacene, pentacene, benZ(a)an 
thracene, 7,12-dimethylbenZ(a)anthracene, aZulene and the 
like. 

[0175] Representative examples of suitable Pt(II) beta 
diketonate complexes include Pt(II) bis(2,4-pentanedion 
ate), Pt(II) bis(2,4-hexanedionate), Pt(II) bis(2,4-heptanedi 
onate), Pt(II) bis(3,5-heptanedionate), Pt(II) bis(1-phenyl-1, 
3-butanedionate), Pt(II) bis(1,3-diphenyl-1,3 
propanedionate), and the like. 

[0176] Compositions useful in the invention can contain a 
Wide variety of adjuvants depending upon the desired end 
use. Suitable adjuvants include solvents, diluents, resins, 
binders, plasticiZers, pigments, dyes, inorganic or organic 
reinforcing or extending ?llers (at preferred amounts of 
about 10% to about 90% by Weight, based on the total 
Weight of the composition), thixotropic agents, indicators, 
inhibitors, stabiliZers, UV absorbers, and the like. The 
amounts and types of such adjuvants, and their manner of 
addition to a composition of the invention Will be familiar to 
those skilled in the art. 

[0177] Actinic radiation of use in the present invention 
includes Wavelengths Within the range of greater than 400 to 
1200 nm. Exemplary visible light sources include, but are 
not limited to, the sun, lasers, metal vapor (sodium and 
mercury) lamps, incandescent lamps, halogen lamps, mer 
cury arc lamps, ?uorescent room light, ?ashlights, light 
emitting diodes, tungsten halogen lamps, and xenon ?ash 
lamps. 
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[0178] Methods of the present invention quickly and con 
veniently bond materials on demand indirectly through a 
variety of substrates utiliZing photopolymeriZable composi 
tions. The light curable compositions can be pre-applied as 
liquids or gels to the substrates. Alternatively, photo 
crosslinkable thermoplastic ?lms can be pre-applied to 
either a substrate or an article, and subsequently heated to 
provide a thermally repositionable adhesive that is perma 
nently set upon light exposure through the substrate. This 
approach affords the ability to operate on both temperature 
sensitive and insensitive substrates. Also, the present inven 
tion provides the ability to photopolymeriZe materials 
through UV or visible light absorbing substrates via judi 
cious selection of initiator systems and light sources so as to 
?nd correspondence of photoinitiator absorbance and radia 
tion source emission With transmissive-spectral regions of a 
substrate. 

[0179] The key to successful photocuring of the photopo 
lymeriZable compositions through, for example, circuit 
boards, recording disks, multilayer re?ective ?lms, and 
retrore?ective ?lms, is threefold: 1) identi?cation of light 
transmissive spectral regions associated With the various 
substrates; 2) identi?cation of photoinitiators that absorb 
light at the transmission Wavelengths of the substrates; and 
3) selection of a light source that provides actinic radiation 
at Wavelengths that are readily transmitted through the 
substrate and absorbed by the photoinitiator. 

[0180] Optical Density and Light Transmission 

[0181] Optical density pertains to the light absorptivity 
(Abs) and corresponding transmission (T) characteristics 
associated With a particular material at a given thickness. 
This concept is typically described by Beer’s LaW: 

Abs=ebc Where 

[0182] 
[0183] b=thickness or path length of light absorbing 

material 

[0184] 

[0185] 

e=molar absorptivity 

c=concentration of light absorbing species 

in addition, 

[0186] One can readily quantify light absorption (by uti 
liZing UV/VIS spectrometry) or transmission (by using an 
integrating sphere) and therefore interconvert Abs and % T 
and subsequently predict light absorbing characteristics for 
a type or thickness of material: For example: 

Absorption (Optical density) % T 

0 1 79.40 
0 5 31.60 
1 0 10.00 
1 5 3.10 
2 0 1.00 
2 5 0.30 
3 0 0.10 
3 5 0.03 
4 0 0.01 
4 5 0.001 



US 2004/0134604 A1 

[0187] As the optical density or absorptivity increases the 
light transmission decreases. For example: the industry 
standard known as DVD 10, Which is a tWo layer laminated 
polycarbonate disc coated With a metallic coating on both 
sides and an adhesive sandWiched in betWeen, typically has 
an optical density betWeen 2 and 3, equivalent to 0.1-0.3% 
light transmission through either side. The industry standard 
knoWn as DVD 5 is also a laminated construction, hoWever, 
only one side is coated With a metalliZed ?lm Whereas the 
other half of the sandWich construction is typically a clear or 
transparent polycarbonate that readily transmits longer 
Wavelength UV and visible light. Materials With an optical 
density greater than 1.5 can be challenging materials to 
photocure through Without appropriate light sources, initia 
tors and overall understanding of the desired substrates. 
Particularly challenging are re?ective materials With optical 
densities of greater than 2 such as DVD 10. Characterization 
of absorption or transmission of various substrates is essen 
tial to successful photocuring through the substrate. 

[0188] Commonly used re?ective materials in the prior art 
Were perceived to be nontransmissive to visible radiation. It 
is noW appreciated that only a perfect mirror re?ects 100% 
of incident radiation. The present invention provides a 
unique opportunity for photocuring through such re?ective 
substrates, Which it is noW appreciated can transmit light at 
certain Wavelengths in the visible or near IR range. 

[0189] Articles that can be bonded to substrates using the 
method of the present invention include, for example, elec 
tronic components to substrates such as printed circuit 
boards or ?exible printed circuits. Also useful are bonding 
steps such as board-to-board lamination, lamination of metal 
circuits or traces, assembly of connectors such as ?ber optic 
connectors, or assembly of articles composed of metalliZed 
substrates such as data storage disks including compact 
discs, RAM (random access memory) disks, CD-ROM 
discs, and DVD’s. In addition to uses directed to electronic 
components, the method of the present invention can be used 
to laminate other substrates that may be opaque to light of 
Wavelengths of 400 nm or less or to certain regions of visible 
and near-IR light. These substrates may include those useful 
in multilayer and tamper-evident documents such as pass 
ports, credit cards, smart cards, and the like. Substrates may 
also include multilayer or metalliZed re?ective ?lms, such as 
those useful in optical systems. In addition, the method of 
the invention can be used for lamination or curing of 
structural materials such as ?berglass-reinforced polymers 
that may be useful in the manufacture of sporting goods such 
as boats, aircraft, or other vehicles. The method of the 
invention can be used to attach, for example, automobile 
rearvieW mirror assemblies to UV-absorbing Windshields by 
irradiation through the Windshield. 

[0190] Objects and advantages of this invention are further 
illustrated by the folloWing examples. The particular mate 
rials and amounts thereof, as Well as other conditions and 
details, recited in the examples should not be used to unduly 
limit this invention. 

Jul. 15, 2004 

EXAMPLES 

[0191] Unless otherWise speci?ed, all materials Were 
obtained, or are available, from Aldrich Chemical Co., 
MilWaukee, Wis. 

Example 1 

[0192] TWo visible light polymeriZable compositions Were 
prepared as shoWn in Table 1, beloW: 

TABLE 1 

Adhesive Compositions 

1A 1B 
Component (parts by Weight) (parts by Weight) 

Bis(phenol A) diglycidyl 50.00 50.00 
dimethacrylate (Bis GMA) 
Triethyleneglycol 50.00 50.00 
dimethacrylate (I‘EGDMA) 
Camphorquinone (CPQ) 00.17 00.10 
Ethyl p- 01.00 01.00 
dimethylaminobenzoate 
(EDMAB) 
Diphenyl iodonium 00.60 00.60 
hexa?uorophosphate 
(DPIPF6) 
Rose Bengal (RB) 00.00 00.10 

[0193] Composition 1A containing the sensitiZer CPO had 
a light absorbance betWeen 400 and 500 nm Whereas 1B 
containing both CPQ and RB absorbed betWeen about 400 
and 580 nm. One drop of 1A Was applied to a region of an 

FR4 epoxy printed circuit board (PCB) (available from TRC 
Circuits, Minneapolis, Minn.) free of conductive metal 
contacts on either side. The board Was approximately 1.5 
mm thick. The light guide of 3M XL3000 dental curing light 
(With a light output betWeen 400-500 nm, 3M, St. Paul, 
Minn.) Was placed in direct contact With the PCB on the side 
directly opposite the drop of adhesive. The light Was acti 
vated for approximately 10 seconds, Whereupon the liquid 
polymeriZed to a hard solid that Was Well adhered to the 
PCB. Composition 1B Was evaluated in a similar manner 
and also Was found to cure rapidly to a hard adhesive ?lm. 

In addition, composition 1B, Which Was initially colored red, 
exhibited a visual change to near colorless upon light 
exposure and curing. 

[0194] In a second trial, compositions 1A and 1B Were 
applied to tWo distinct regions of the PCB, the regions 
bearing copper metal traces. One region had traces of 
approximately 25 evenly spaced lines per cm, and the other 
had traces of approximately 1 mm in Width spaced 1.5 mm 
apart. A bead of the adhesive to be examined Was applied 
across the traces so as to cover both metalliZed and non 

metalliZed surface. The various regions Were irradiated from 
the reverse side of the PCB for about 20 seconds, as 
described for compositions 1A and 1B, above. Surprisingly, 
the liquid resins polymeriZed over all points of the PCB, 
including the metalliZed traces. 

[0195] The above data shoW that a methacrylate functional 
composition readily photopolymeriZed through an FR4 
epoxy printed circuit board at room temperature With visible 
light betWeen 400-500 nm. 
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Example 2 

[0196] A variety of UV and visible light photopolymeriZ 
able compositions Were prepared as illustrated beloW. 

[0197] Stock Solution 1 

[0198] A stock solution (Stock Solution 1) Was prepared 
by combining 100 grams each of Bis GMA and TEGDMA, 
folloWed by thorough mixing until homogeneous. 

[0199] Ten photopolymeriZable compositions Were pre 
pared by mixing 10.0 parts by Weight of the stock solution 
With a photoinitiator or photoinitiator system, as shoWn in 
Table 2A, beloW. Each composition contained a different 
photoinitiator capable of initiating free radical polymeriZa 
tion at a particular range of Wavelengths. 

TABLE 2A 

Adhesive Compositions 

Amount 
Parts by 

Example Photoinitiator Weight Wavelengths 

2A (comparative) IRGACURE TM 1841 00.30 (254-365 nm) 
2B (comparative) IRGACURE TM 5002 00.30 (254-360 nm) 
2C (comparative) IRGACURE TM 6513 00.30 (254-380 nm) 
2D (comparative) IRGACURE TM 9074 00.30 (254-375 nm) 
2E IRGACURE TM 3695 00.30 (254-425 nm) 
2F IRGACURE TM 17006 00.30 (254-425 nm) 
2G CPQ 00.05 (400-500 nm) 

EDMAB 00.07 

DPIPF6 00.06 
2H Rose Bengal 00.015 (450-580 nm) 

EDMAB 00.07 

DPIPF6 00.06 
2I Toluidine Blue O 00.01 (450-690 nm) 

EDMAB 00.05 

DPIPF6 00.05 
2] Methylene Blue 00.01 (500-700 nm) 

EDMAB 00.05 

DPIPF6 00.50 

1IRGACURE TM 184 is 1-hydroxycyclohexyl phenyl ketone (HCPK), com 
mercially available from Ciba Specialty Chemicals Additives, TarrytoWn, 
NY 
2IRGACURE TM 500 is a mixture of 1-hydroxycyclohexyl phenyl ketone 
and benzophenone, commercially available from Ciba Specialty Chemicals 
Additives 
3IRGACURE TM 651 is 2,2-dimethoxy-2-phenyl acetophenone (BDK), 
commercially available from Ciba Specialty Chemicals Additives 
4IRGACURE TM 907 is 2-methyl-1-(4-methylthio)phenyl)—2—morpholino 
propan-1-one (MMMP), commercially available from Ciba Specialty 
Chemicals Additives 
5IRGACURE TM 369 is 2-benzyl-2-N,N—dimethylamino-1-(4-morpholi 
nophenyl)—1—butanone (DBMP), commercially available from Ciba Spe 
cialty Chemicals Additives 
6IRGACURE TM 1700 is a mixture comprising 25% bis(2,6—dimethoxyben— 
Zoyl)—2,4,4—trimethylpentyl phosphine oxide (DMBAPO) and 75% 2-hy 
droxy-2-methyl-1-phenyl—propan—1—one (HMPP), commercially available 
from Ciba Specialty Chemicals Additives 

[0200] The above photopolymeriZable compositions Were 
evaluated for photopolymeriZation gel times With three 
different light sources: 1) EFOSTM Ultracure 100 medium 
pressure mercury arc lamp (254, 313, 365, 405, 430, 530, 
545, 575, 590, 610 nm; EFOS, Inc., Mississauga, ON, 
Canada), 2) GE Light EngineTM (broad band visible 380-700 
nm; GE Lighting Div. of GE Company, Cleveland, Ohio) 
and 3) 3M XL3000 dental curing light (400-500 nm). 

[0201] One drop of each of the above resins Was trans 
ferred to a sheet of polyester ?lm and irradiated With each of 
the three light sources from a distance of about 10 mm until 
a polymeriZed solid Was obtained, up to a maximum of 60 
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seconds. The results of this trial established the ability or 
inability of each composition to be photopolymeriZed With 
each light source in the absence of the various printed circuit 
board materials. The results can be found in Table 2C, 
beloW. Careful selection of both the light source and pho 
tointiator system Was important for a successful polymer 
iZation to occur. 

[0202] The above compositions Were further examined for 
photopolymeriZation through several different printed cir 
cuit board materials including: 1) alumina (White), 2) FR4 
epoxy (yelloW), 3) FR4 epoxy+green solder mask (green), 4) 
FR0406 epoxy (yelloW), 5) BT-epoxy (broWn) and 6) poly 
imide (broWn). PCB substrate 1 is commercially available 
from MMC Americas, Inc., Rolling MeadoWs, Ill. PCB 
substrates 2, 3, 4, and 5 are commercially available from 
TRC Circuits, Inc., Minneapolis, Minn. PCB substrate 6 is 
commercially available from 3M, St. Paul, Minn. The PCB’s 
ranged in thickness from approximately 1 to about 2 mm. 
Each photopolymeriZable composition Was evaluated for 
photocuring With each curing light and each PCB material 
according to folloWing procedure: One drop of the photo 
polymeriZable composition Was applied to a thin ?lm of 
polyester Which Was placed directly on the PCB. The light 
guide of each respective light source Was placed in direct 
contact With the PCB on the side directly opposite the drop 
of adhesive. The light Was activated for approximately 20 
seconds. FolloWing the light exposure, the composition Was 
examined and the physical state established as uncured 
(NC), slight gel (some solid formed in liquid), soft gel (soft 
solid formed), gelled (solid formed), or cured (hard solid 
formed). The results are compiled in Table 2C, beloW. 

[0203] Total Light Transmission Spectra of Various 
Printed Circuit Boards 

[0204] Each printed circuit board material described 
above Was evaluated for total light transmission from 200 
2500 nm according to the folloWing procedure: All mea 
surements Were made on a Perkin Elmer Lambda 19 Spec 
trophotometer ?tted With an RSA-PE-19a integrating sphere 
accessory (Perkin Elmer Corp., NorWalk, Conn.). The 
sphere Was 150 mm (6 inches) in diameter and complied 
With ASTM methods, e.g., D1003-97, and E308-96, as 
published in ASTM Standards on Color and Appearance 
Measurement, Third Edition, ASTM, West Conshohocken, 
Pa., 1991. The instrument Was Zeroed against air With a 
White plate in the rear sample position. A mask With a 
WindoW of 0.32 cm><1.6 cm Was placed directly in front of 
each circuit board sample. Set out beloW in Table 2B are the 
signi?cant transmission Wavelengths for each of the printed 
circuit board materials evaluated. 

TABLE 2B 

Useful Visible Light 
Transmission 

Wavelengths (nm) Substrate Material Observed Color 

1) alumina (White) >400 nm 
2) PR4 epoxy (yelloW) >400 nm 
3) PR4 epoxy + green solder (green) 475-575, 
mask >650 nm 

4) FR0406 epoxy (yelloW) >475 nm 
5) BT-epoxy (broWn) >525 nm 
6) polyimide (broWn) >525 nm 
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[0205] 
TABLE 2C 

16 

Irradiation Photopolymerizable Compositions Through Various Printed Circuit Board 
Materials With Three Light Sources 

Light Sources 

EFOS TM UV/VIS 

Med. Pressure Hg 
Arc 

254, 313, 365, 3M Dental 
405, 430, 530, Light Tungsten 
545, 575, 590, GE Light Engine TM Halogen 

Initiator System 610 nm Visible 380-700 nm 400-500 nm 

Absorption Printed Circuit Photopolymerization 
Compounds Wavelengths Board Material (20 seconds or less exposure) 

IRGACURE TM 254-365 nm None <2 sec NC® NC 

184 (3%) 
(comparative) 

alumina Cured(a) NC NC 
FR4 epoxy (no NC NC NC 
mask 
FR4 epoxy NC NC NC 

(green mask) 
FR0406 epoxy NC NC NC 
BT-epoxy NC NC NC 
polyimide NC NC NC 

IRGACURE TM 254-360 nm None <2 sec 5 sec NC 

500 (3%) soft gel(°) 
(comparative) 

alumina soft gel slight gel“) NC 
FR4 epoxy (no NC NC NC 
mask 
FR4 epoxy NC NC NC 
(green mask) 
FR0406 epoxy NC NC NC 
BT-epoxy NC NC NC 
polyimide NC NC NC 

IRGACURE TM 254-380 nm None <2 sec 5 sec gel(b) NC 

651(3%) 
(comparative) 

alumina cured NC NC 
FR4 epoxy (no NC NC NC 
mask 
FR4 epoxy NC NC NC 
(green mask) 
FR0406 epoxy NC NC NC 
BT-epoxy NC NC NC 
polyimide NC NC NC 

IRGACURE TM 254-375 nm None <2 sec 10 sec 20 sec soft gel 

907 (3%) 
(comparative) 

alumina cured soft gel NC 
FR4 epoxy (no NC NC NC 
mask 
FR4 epoxy NC NC NC 
(green mask) 
FR0406 epoxy NC NC NC 
BT-epoxy NC NC NC 
polyimide NC NC NC 

IRGACURE TM 254-425 nm None <2 sec <2 sec <2 sec 

369 (3%) 
alumina cured cured cured 
FR4 epoxy (no cured cured cured 
mask) 
FR4 epoxy NC soft gel cured 
(green mask) 
FR0406 epoxy NC NC NC 
BT-epoxy NC NC NC 
polyimide NC NC NC 

IRGACURE TM 254-425 nm None <2 sec <2 sec <2 sec 

1700 (3%) 
alumina cured cured cured 
FR4 epoxy (no cured cured cured 
mask 
FR4 epoxy NC cured cured 
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TABLE 2C-c0ntinued 
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Irradiation Photopolymerizable Compositions Through Various Printed Circuit Board 
Materials With Three Light Sources 

Light Sources 

EFOS TM UV/VIS 

Med. Pressure Hg 
Arc 

254, 313, 365, 3M Dental 
405, 430, 530, Light Tungsten 
545, 575, 590, GE Light Engine TM Halogen 

Initiator System 610 nm Visible 380-700 nm 400-500 nm 

Absorption Printed Circuit Photopolymerization 
Compounds Wavelengths Board Material (20 seconds or less exposure) 

(green mask) 
FR0406 epoxy NC NC NC 
BT-epoxy NC NC NC 
polyimide NC NC NC 

Camphorquinone 400-500 nm None <2 sec <2 sec <2 sec 

(0.50%) 
Ethyl alumina cured cured cured 
dimethylamino 
benZoate (0.70%) 
Diphenyl FR4 epoxy (no cured cured cured 
Iodonium PF6 mask) 
(0.60%) 

FR4 epoxy cured cured cured 
(green mask) 
FR0406 epoxy soft gel cured cured 
BT-epoxy NC NC soft gel 
polyimide NC NC NC 

Rose Bengal 450-580 nm None <2 sec <2 sec <2 sec 

(0.15%) 
Ethyl alumina cured cured cured 
dimethylamino 
benZoate (0.70%) 
Diphenyl FR4 epoxy (no cured cured cured 
Iodonium PF6 mask) 
0.60% 

FR4 epoxy cured cured cured 
(green mask) 
FR0406 epoxy cured cured cured 
BT-epoxy soft gel cured cured 

(bottom only) 
polyimide soft gel cured NC 

Toluidine Blue O 450-690 nm None cured cured gelled 

(0.10%) 
Ethyl alumina gelled cured NC 
dimethylamino 
benZoate (0.50%) 
Diphenyl FR4 epoxy (no gelled cured NC 
Iodonium PF6 mask) 
(0.50%) 

FR4 epoxy gelled cured NC 
(green mask) 
BT-epoxy gelled cured NC 
polyimide gelled cured NC 

Methylene Blue 500-700 nm None cured cured NC 

(0.10% 
Ethyl alumina gelled gelled NC 
dimethylamino 
benZoate (0.50%) 
Diphenyl FR4 epoxy (no NC gelled NC 
Iodonium PF6 mask) 
(0.50%) 

FR4 epoxy gelled cured NC 
green mask 
BT-epoxy NC gelled NC 
polyimide gelled cured NC 

(“)cured = hard solid formed 
(b)gelled = solid formed 
(°)soft gel = soft solid formed 
(‘Dslight gel = some solid formed in liquid 
(e)NC = not cured 










