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ULTRAVIOLET LIGHT SOURCES FOR PHOTOPOLYMERIZATION

Dr. H. R. Day and E. T. Leppelmeier

Lighting Research Laboratory

Genefal Electric Co.

Cleveland, Ohio

ABSTRACT

A large number of lamp types having significant ultraviolet emission is
presently available. The variety of spectral characteristics is great and is in-
creasing. The spectral distribution of the emission from incandescent, gas-
discharge, and fluorescent lamps can all be adjusted by varying the lamp construc-
tion, by changing the constituents or using various additives, and by altering the
operating parameters, ’

N —>This paper discusses the factors influencing the selection of lamps for ul-
traviolet photopolymerization, the characteristics of presently available lamps,
and the possibility of new lamps with different characteristics. Also diseussed
witl-be Some non-standard modes of operation which alter the spectral distribution '
as well as increasing the emitted energy.r . i o o twtwvf'(. if}Uﬁ‘ﬁfw?ﬁykk ,J

Although not available commercially, lamps are described which are being de-
veloped to match the spectral sensitivity of several specific reactions.

* Kk K K %

A plastics engineer who requires an ultraviolet lamp can very well find it
much easier to describe the lamp's task in chemical terms than to relate these
needs to the technical performance details he finds in the catalogs and to identify
the specific lamp type that is best for the job.

The scientist or engineer isn't necessarily most interested in getting a lamp
exactly optimized for the job. He simply wants one that emits a lot of radiation,
at least some of it in the right place, and he wants it quickly. Often price and
cost of operation are not vital factors. ‘

Later, if the process finds regular commercial use, optimization becomes a
concern. Selective radiation at effective wavelengths, price, cost of operation,
simplicity and reliability all become important.

It is the purpose of this paper to review the kinds of lamps which can serve

as sources of ultraviolet energy for photopolymerization, to point out a few good
general purpose lamps, discuss the relative effectiveness of some typical lamps

-l -
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for a few typical photosensitive systems, and to indicate some of the things that
can be done to optimize a source for a specific reaction.

I should point out that I work in a Lighting Research Laboratory and view
this subject through the eyes of a physicist-turned-engineer. I will be speaking
about general lamp categories, including some experimental ones that are not yet
available, I won't discuss lamp numbers or specific application details, but
Mr. Leppelmeier and I will be pleased to answer later questions of an application
engineering nature. '

The effectiveness of a given lamp for an application in photopolymerization
depends largely upon the degree to which the spectral distribution of its emission
matches the spectral sensitivity of the polymer system - the energy has to be radi-
ated at the wavelengths where the chemicals like to have it.

To illustrate, consider the Kodak series of photo-resist materials. The Kodak
series has been chosen for illustration as a matter of convenience, since these ma-
terials are fairly representative and information about their spectral sensitivities
is readily available,

Figure 1 shows the curve for Kodak Metal Etch Resist and Kodak Thin Film
Resist. It peaks at 400nm and drops to 10% at 330 and 470nm. The sensitivity of
other resists, such as fish glue, albumen, chromated colloids, have curves very
similar to this one, except that they are sometimes a little broader, reaching a
little farther (perhaps 10 or 20nm) on both ends - and shifted slightly to short
wavelengths, peaking at 370 or 380.

It is eclear that to be effective lamps must have significant radiation in this
region, the nearer to the maximum the better - and to be efficient, should have most
of their radiation there. :

In Figure 2 the curve for Kodak Photo Resistis shown. This one has two peaks,
and a hole right where the previously mentioned ones are most sensitive. It
wouldn't be surprising if a light source optimized for the other system turned out
not to be too good for this one. It is interesting that this hole coincides with
the 365 line in which, under certain conditions, mercury radiates most of its en-

ergy.

Figure 3 is the curve for Kodak Ortho Resist. The hole is shifted somewhat
to the longer wavelengths, just enough to allow the 365 line to be fairly efficient.
Also, while the previous ones were down to 10 per cent at 460 or so, this one is
still rising, and holds up for another 100nm, clear to 550nm. This is important
since it permits selection from a wider variety of lamps - on the other hand, since
it extends quite far into the visible, it requires the use of more severely re-
stricted safelights.

Now let®s look at the emission spectra of several kinds of lamps. In this -
series of illustrations of emission spectra, the ordinates are marked in units of
relative energy in order to avoid some pitfalls that absolute units always present.
However, so that one lamp may be compared to the next, the same nameless units have
been used for all the illustrations, -

First, one that shouldn't be overlocked is the old reliable incandescent
lamp (Figure 4). With the advent of halogen-filled regenerative cycle incandes-
cent lamps it has become possible to operate tungsten filaments at higher tempera-
tures than previously would have been consistent with good lamp life.

- 2 -




You will recall that the Kodak Ortho Resist had its peak sensitivity at 470nm
and dropped 10 per cent at 550nm. This illustration does not indicate absolute
values but it does illustrate that a really significant part of the radiation of a
halogen incandescent lamp is effective in exposing certain photoresists, and be-
cause of its simplicity, it shouldn't be overlooked for less demanding applications,

In Figure 5 are shown the curves for some standard Daylight and Blue fluores-

‘cent lamps. As with the tungsten, a significant part of their radiation is effec-

tive for exposing Kodak Ortho Resist, = The mercury lines have been omitted for the
sake of clarity. :

Figure 6 shows the curves of several fluorescent lamps which were designed es-
pecially for UV work. The one labeled "Blacklight" is typical of the emission of
the older UV phosphors which are Sr, Ba and/or Mg silicate-lead activated. The
other two curves indicate what can be done to optimize a source for a particular
application.,

Since most photocopy papers have their maximum sensitivity between 350 and
450nm, they fall between the emission of the blacklight phosphor and the blue one
in Figure 5. Several "improved” phosphors have been developed recently. They are
alkaline earth phosphates activated with divalent europium. The spectral emissions
of two of them are represented by the curves labeled "Deep Blue" and "Diazo". To
prevent confusion, the mercury lines have been eliminated,

Although fluorescent lamps are relatively very efficient, cool sources, they
are sometimes unsuitable because higher power or a more compact source is required.,

A well-known source for photopolymerization is the open carbon arc (Figure 7).
It is efficient and bright and can be doped to emphasize a number of different
areas of the spectrum. The one shown here is cerium cored and has a very nice peak
near 390nm,

Figure 8 is a picture of a very common mercury lamp., The discharge is con-
tained in the quartz tube that you see inside the lamp. This tube is surrounded
by an atmosphere of inert gas contained by a hard glass outer bulb. One of the
purposes of the outer bulb is to insure that the temperature builds up enough to
provide adequate mercury pressure when the lamp is used outdoors. For laboratory
work under more controlled conditions, it is possible to omit the outer jacket.
The lamp on the right has been color corrected by the use of a phosphor on the
outer jacket. Although this lamp was designed for the visible, the same kind of
thing can be done in the ultraviolet if desired.

Without the outer jacket they look like this (see Figure 9). These are
rated at 400 and 750 watts.

Figure 10 is an assortment of some of the mercury lamps now commercially
available. They range from 100 watts to 1500 watts. Mercury lamps are often
categorized according to their operating pressure. There are roughly four cate-
gories. The first is the very low pressure, well below an atmosphere, which are
glow discharge lamps. The emission consists of a few sharp lines and they are
often low power lamps. The lamps on this slide are all in the next range, from
2 to 8 atmospheres,

Figure 11 is a helical mercury lamp, rated at 1550 watts, which is used ex-

tensively in the printing industry. It operates at approximately one atmosphere.

-3 -




Figure 12 is a compact mercury arc which falls in the next range, around 20 to
30 atmospheres.

The high pressure range is 100 to 130 atmospheres, Figure 13 is one of those.,
This lamp is 3" long and is rated at 900 watts. Its light emitting area is
1.5mm x 25mm,

Figure 14 is the emission from a mercury lamp in the 2 to 8 atmosphere range.
The lines are shown as bars as a way to indicate the energy they contain relative
to the continuum. Also shown is the effect of the transmission of the envelope
material.

A number of tricks are availlable to the lamp designer to modify the spectral
distribution of a mercury lamp. I call your attention to the principal mercury

lines at 365, 406, 435, 546, 578.

One of the tricks is to dope the discharge with other metal vapors (Figure 15).
A number of such lamps are on the market. Here is the curve for one of them.
Notice that the mercury lines are suppressed and replaced by other major lines at
415, 456, 538 and 589. In this example, the designers were shooting for a better
white lamp but it is possible to do the same kind of optimization in the ultra-
violet.

It is also possible to alter the emission from standard lamps by non-standard
operation,

Figure 16 shows what happens when a mercury lamp is flashed repetitively
rather than operated continuously. All the shorter wavelength lines are reduced
and the energy appears in the 365 line, This could be very useful if the reaction
of interest is sensitive at 365.

As I mentioned earlier, the pressure of the mercury is also a factor,

Figure 17 illustrates the curves for two lamps of about the same power but
different pressures. In general, as the pressure increases, the radiation shifts
toward longer wavelengths. Notice that below 320nm the lower pressure lamp is a
better performer at 750W than the 900W high pressure lamp.

The portion of the spectrum below 300nm can be very important for photo-
polymerization. The photoresists mentioned earlier are photosensitive materials
in which the light produces crosslinking of one kind or another, growing short
chains into longer ones. This can be accomplished with low energy photons. One
really isn't making the polymers, but rather, crosslinking them. To really make a
polymer, it is necessary to break carbon-carbon, or equivalent, bonds. To do this
requires something like 100 kilocalories and, therefore, wavelengths of 280nm or
less.,

Dr. A, N. Wright will describe at this conference his work in surface photo-
polymerization in which hydrocarbon and other polymers are formed right on the
spot by photons. The spectral sensitivity of these reactions is extremely narrow.
The one for hexachlorobutadiene for example, is only 20 to 30nm wide, located at
approximately 230nm. The one for TFE is probably even narrower,

Looking at this chart, one can see that the medium pressure lamp would be
about ten times as effective for the hexachlorobutadiene reaction as would the
high pressure  lamp.
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Here is a 2000-watt xenon lamp (Figure 18).

Figure 19 is a 4000-watt pulsed xenon lamp which is used extensively in the
graphic arts industry. Important advantages are its "instant on" operation and ac-
curately controllable exposure,

Figure 20 is the emission from the high pressure xenon which is a very bright
compact arc. The curve shape is about the same for linear and pulsed lamps.

A number of questions have been received concerning the usefulness of the new
high pressure sodium lamps for photopolymerization (Figure 21).

We have included it here for completeness, but as you can see from the curve
(Figure 22), it's a fine visible light source but it does not emit much ultraviolet,
As a matter of fact, that®s part of the reason it is such a good visible source. It
can be very useful for reactions dye-sensitized to visible light. This lamp is al-
so interesting in that its envelope is made from translucent aluminum oxide which
can withstand the attack of the high pressure sodium hundreds of times better than
quartz., The availability of this new envelope material (which has good ultraviolet
transmission) would permit consideration of discharge materials which would be com
pletely incompatible with quartsz.

To illustrate how different lamps can be optimum for different systems we have
rated the performance of a number of lamps mentioned for exposing the various photo
resists (Figure 23)., This is how it's done. The effectiveness of a carbon arc is
taken as reference and the other sources compared to that. The incremental emis-
sion of the source is multiplied by the sensitivity of the material at each wave-
length and the product is integrated from 300 to 550nm. The integral is the ef-

' fectiveness of the source is exposing that material. If the source is more effec-

tive than carbon, the exposure time ratio will be less than unity. If it is less
effective than carbon, the ratio is greater than unity and a longer exposure is re-
quired.

These values are shown in Figure 24 for equal lamp watts for comparison, but
it should be kept in mind that the geometries of the sources are quite different.
A thousand watts of fluorescent lamps take up more space than a thousand watt arc.
Nevertheless, phosphors are often more effective than arcs where an extended source
is required or where heat is a serious consideration.,

In cases where large areas must be uniformly irradiated, fluorescent lamps
are a natural choice. To achieve uniform large area irradiation from concentrated
sources requires long throw distances and the inverse square law soon dilutes
their efficiency.

In the case of Kodak Ortho Resist, the Diazo, Blue and Daylight fluores-
cents are about equally effective but a ratio of as high as 5:1 is found for these
lamps on other materials,

It is evident that incandescent lamps are less effective but they are also
inexpensive and very simple to operate.

All the numbers in Figure 25 are based upon a system which includes 4mm of
glass between the source and the material, to account for hold-down plates,
lenses, covers, etc. If one would go all out and use an all quartz system, the
improvement would range from negligible for the Kodak Metal Etch Resist to 15%
improvement for the Kodak Ortho Resist (which extends farthest into the ultraviolet)

-5 -




exposed by a mercury lamp.

The exposure efficiency of mercury sources is affected by lamp operating pres-
sure and envelope material. All-quartz lamps in the 2-8 atmosphere range are from
10 to 35% more effective in exposing these materials than lamps operating at 20 to
30 atmospheres. The lower pressure sources also offer 3 to 4 times the useful life
of the medium pressure lamps and are usually less expensive for equal lamp wattis.
The most efficient mercury source for the 300 to 400nm range is the one at 100 at-
mospheres. Another advantage is its short warm-up time of 10 seconds and lamp
cost is moderate. The penalty for these advantages is a relatively short life of
50 te 300 hours,

Comparing the second line from the top and the second line from the bottom, we
see that the use of a hard glass outer jacket reduces speed by 20 to 504, Offset-
ting this disadvantage is the longer life -~ 10 to 20 times longer - that results,

Comparing the bottom two lines we see that present mercury sources with metal-
lic additives can be from 25 to 60% faster than comparable plain mercury lamps.
This advantage is partially offset by short life - 1/3 to 1/4 that of plain mer-
cury - and higher cost. ,

Xenon sources are 2 to 3 times less effective for these materials than equiva-
lent mercury sources, but they do have the advantage of instant starting with no
warm-up time,

It is possible to selectively enhance portions of the emission spectra (Figure
26). This slide shows how the energy in part of the Xenon spectrum can be boosted
with additives to improve its effectiveness for a certain reaction,

Figure 27 is the curve for a lamp designed to match a reaction with a narrow
band at 330nm. ‘

Figure 28 is one for a reaction 20nm wide at 210nm. Of course, it would not
be possible to tailor-make special lamps for each customer, but the variety of ma-
terials available to the lamp designer is now fairly large and, with aluminum
oxide and other new envelope materials being developed, many new discharge media
can be considered. As new photochemical processes become commercially important,
chances are excellent that new lamps can be developed to optimumly satisfy their
requirements.,

LIGHTS
In summary:

1. Fluorescent lamps are very efficient sources of ultraviolet
light and produce a minimum of heat. They are useful where
extended sources of medium power are required but are restricted
to wavelengths longer than 300nm,

2., Xenon and mercury compact arcs have high brightness and approxi-
mate point sources. Xenon systems are considerably more ex-
pensive than mercury but have the advantage of instant starting.

3. High pressure mercury capillary lamps are the most efficient
emitters of ultraviolet energy between 300 and 400nm. They are

- 6 =




compact and can be apertured to approximate point sources, They
have medium cost but relatively short life. Their start-up
time is ten seconds or less; faster than other mercury lamps.

Low and medium pressure mercury arc lamps are convenient, ef-
ficient ultraviolet sources which are useful as general pur.
pose photochemical lamps where medium compactness and medium
to high power is required. They provide useful radiation at
wavelengths longer than 200nm and are the most efficient ones
in the 200 to 300nm range.

Halogen regenerative cycle tungsten lamps can be used for ma-
terials such as Kodak Ortho Resist. While they are less ef-
ficient, their simplicity and availability in high wattage com-
pact sizes makes them useful in some applications.

And finally - experience teaches us that the spectral charac-
teristics of high intensity discharges may be optimized for
specific photopolymerization applications by adjusting doping,
pressure, electrical loading, envelope materials, envelope
size, pulsing and other parameters.
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RECTIPROCITY FAILURE IN FILMS OF FLASH EXPOSED DICHROMATE

SENSITIZED POLYVINYL ALCOHOL

Algird G. Leiga and Roy A, Walder

Research Laboratories

Xerox Corp.,

Rochester, N. Y,

ABSTRACT

‘The validity of the Bunsen-Roscoe reciprocity law in flash exposed dichromate
sensitized polyvinyl alcohol "(PVA)C films was investigated. It was found that the
%mdflashlamp operating conditions wePs an important parame&gr in an exposure system,
since a spectral distribution shift of the lamp output ouid be obtained by chang-
ing the pulse duration from 0.3 to 2.0 msec. The apparent reciprocity failure ob-
- tained by varying the pulse duration while maintaining the energy stored in the
capacitor bank fixed was consistent with the spectral d%%yribution shift in the
lamp output. When this shift was accounted for, there w&s only a negligible reci-
procity failure found over the range of these flash exposuresg however,-cemparison
. witlhra~steady mercury arc.lamp showed that the flash exposure crosslinked the PVA
about 200 times more efficiently.

INTRODUCTION

~The application of dichromate sensitized polyvinyl alcohol (PVA) as a
photoresist material is well knownl and even though better materials, such as the
Kodak photoresists, are now available, this system is still used in some applica-
tions, Traditionally, the usual light sources for exposure of resists have been
carbon arcsi however, now that other high intensity light sources are available,
carbon arcs can be replaced by more reliable and convenient sources such as the
xenon flashlamp, This source has the advantage of supplying a large amount of
actinic radiation in a single flashj therefore, the exposure of the resist can be
" accomplished in a fraction of a second rather than several minutes. Since one of
the problems encountered with many photographicsystems2 is the failure of reci-
procity, at either long or short exposure times, it was thought significant that
the effect of flash exposure be investigated. The definitien of the reciprocity
law used in this work is based on the original law of Bunsen and Roscoe? and means
that the mass of photoproduct produced is dependent upon the product of the
intensity and time, and is independent of these two factors separately. It was
not possible to find a reference to any reciprocity study for this system in the
published literature; however, in his book on "Light Sensitive Systems",l
J. Kosar mentions that it is not certain if the dichromated colloids follow the
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the reciprocity law. The flash system was operated with values of inductance,
capacitance and lamp loading compatible with a long lamp lifetime and a high energy
output. The inductance was varied to achieve a desired intensity and to obtain
pulse durations between about 0.3 and 2.0 msec,

EXPERIMENTAL

In the usual experimental determination of reciprocity failure,? a steady
light source is used and the light sensitive material is exposed for an appropriate
time yielding the preselected image density. It is possible to vary both the in-
tensity, I, or the time,t, to achieve the same image density. Usually the intensity
is increased in steps and the results are plotted as exposure for a predetermined
density, i.e., It, versus intensity, I. The reciprocity law is considered to hold
when this plot shows a line parallel to the intensity axis and is said to fail when
there is a change of slope. With a steady source the shape of the intensity versus
time curve is really a step function, but the output from a flashlamp in normal use
is close to a Gaussian curve with a small tail. With the flashlamp the total ex-
posure is the area under the curve as before, but the intensity varies with time.
Since our objective was to study the effect of a standard flash system, we chose
the average intensity, obtained by dividing the area under the curve by the time of
the flash at 1/3 peak height, as the appropriate intensity of the flash.

A, Flashlamp System and Output Calibration

The exposure light source was a 3" arc length xenon filled flash-
lamp (PEK Laboratories, XE16-3) mounted in a box containing a
parabolic reflector and a 2" round hole. A schematic circuit dia-
gram of the lamp power supply is shown in Figure 1l.. The clamping
diodes were used to prevent voltage reversal across the capacitors
and to limit the radiation output to one pulse., The experiments
were usually conducted with 300, 400 or 600 joules of energy
stored in the capacitor bank and the variable choke was used to
change the pulse duration and the average intensity of the lamp
output, The box with the lamp was mounted on an optical bench

and an EG&G Lite Mike was used to determine the shape of the rela-
tive radiant energy curve as a function of distance from the lamp
showing the deviation from the inverse square law at short dis-
tances, The relative output of the lamp in the actinic ultraviolet
at each choke setting and stored energy was obtained by using an
RCA IP28 photomultiplier tube fitted with a Corning 7-54 glass fil-
ter (as well as several screens for a neutral density filter). The
peak current through the lamp was measured with a Power Designs.
current proble and the current density was obtained by dividing
this current by the area of the flashtube bore. It was found that
there was an appreciable spectral distribution shift with a change
in pulse duration and current density and some typical results are
shown in Table I. The spectral distribution shift towards the
ultraviolet3 results from an increase in the current density
through the flashlamp as the pulse duration is changed by adding
inductance to the circuit. The calibration curves for the relative
total actinic energy radiated as a function of distance from the
lamp were obtained by using the Lite Mike derived curves to deter-
mine the general shape of the curve at short distances and the
filtered photomultiplier results to determine the spacing between
the curves.,
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B.

C.

Sample Preparation

The sensitized polyvinyl alcohol samples were prepared fresh for
each run. A 5% solution of Baker PVA (99-1004 hydrolyzed having
an indicated viscosity of 28-32cp at 20°C for a 4% solution) was
prepared in quantity and used to make the individual sensitized
coating solutions by adding 0.25ml of a 0.2M ammonium dichromate
solution for every 5Sml of the 5% PVA sclution. Microscope slides
were dip-coated with the sensitized PVA solution, dried in an

- oven maintained at 40°C for thirty minutes, and cooled at room

temperature (20-21°C) for ten minutes. The age of any of the
sensitized solutions did not exceed 90 minutes from the time of
preparation until the final use of the dried slide. The dried
coating resulting from this preparation procedure was about logﬂ
thick in the useful area of the slide.

Exposure Procedure

For exposure, the coated slides were contacted to a test pattern
formed on a suprasil quartz square with a Corning 7-54 filter be-
tween the flashlamp and the test pattern and mounted on the opti-
cal bench in alignment with the flashlamp as shown on Figure 2.
The useful radiation actually received by the resist sample can
be seen from Figure 3, which contains the absorption curve of
sensitized PVA obtained from Duncalf and Dunm4 a typical flash-
lamp output3 and the transmission of the 7-54 filter.

A series of coated slides were exposed at each fixed total stored
energy and at each inductor setting by varying the lamp to PVA
coated slide distance in centimeter steps. The series of slides
at different distances from the lamp at fixed energy and fixed
inductance produced a set of images that progressed from no image
to an obviously overexposed image. For a fixed stored energy the
total relative energy delivered to the sample at each distance
and inductor setting could be obtained by using the Lite Mike de-
rived calibration curve adjusted for the output variation ex-
pected at the different pulse durations., The relative intensity
for this same distance could be obtained by dividing the relative
energy by the pulse duration at one-third peak height.

After exposure, the slide was dipped into a béaker of running
water maintained at 30°C for a thirty second wash., Immediately
after the wash step, the slide was dipped for two seconds into a
solution of Rhodamine B dye to stain the remaining PVA and was
ailr dried.

Image Evaluation

The images were evaluated to determine the energy needed for ex-
posure to the preselected "density" which was chosen as the image
that was just marginally acceptable. The acceptability did not
depend on whether the image could be used to produce a useful
product such as an etched printing plate, but simply depended
upon whether the target was successfully reproduced without being
washed away. Ideally, the slide taken one centimeter closer to
the lamp had a better image and the slide taken one centimeter
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further away yielded an image that was starting tc be washed away
badly. This criterion seemed reasonable since a large difference
in image quality was expected between an image that had PVA cross-
linked at the glass-PVA interface compared to one at which the
crosslinking reaction had not progressed to this interface. The
exposed slides were all evaluated on this basis by viewing a ser-
ies of exposures at different distances for a constant total
stored energy and pulse duration. Since this evaluation method
depends on a subjective estimate of image quality, all the slides
were evaluated independently by two observers., Although there
were differences between the two observers, the trends of the
results were the same since differences resulted essentially
from a different choice of image quality as a basis for decision.
About 4-6 series of images were made at each total stored energy
and pulse duration at appropriate distances and after evaluation
the results were averaged to obtain the distance required to
achieve the desired image quality. For a given observer, the
distance from the lamp required to achieve the desired image
could be reproduced by + one centimeter which is about + 7% in
total energy delivered to the sample film, The total range of
distances needed to cover the results for a given run was only
about 8-10 centimeters; therefore, an error of + one centimeter
at each point was quite significant. Nevertheless, the trends

of the results were always distinguishable from any random vari-
ation in data,

After selecting the appropriate image at each pulse duration for
a fixed stored energy, the distance from the lamp could be used
to obtain the relative energy and the relative intensity for the
exposure by using the calibration curves. For each total stored
energy, the intensity and energy required for the desired image
at different pulse durations was normalized to the values at the
shortest pulse duration (highest intensity) producing a relative
comparison of the exposure required for the same image density
at various flash intensities and flash energies.

RESULTS AND DISCUSSION

A,

Effect of Spectral Distribution Shift

Since the sensitized PVA is ultraviolet sensitive, the spectral
distribution shift of the flashlamp output can be an important
parameter in an exposure system. For example, on Figure 4 the

“results of some crosslinking experiments are shown in which the

data were obtained without using the Corning 7-54 filter. (The
line drawn on the figure only represents a trend and is not
meant to be the best line through the points). For the same
total stored energy, the intensity and the current density
through the flashlamp are both high when the pulse duration is
short and at long pulse durations the current density and in-
tensity are low, These results clearly show that the exposure
needed with a high current density flash (high radiant intens-
ity) is about a factor of three less than with the lowest cur-
rent density flash, consistent with the trend expected on the
basis of a spectral distribution shift in the lamp output as
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shown in Table I. The practical importance of this result is

that in any flash exposure system designed for ultraviolet sensi-
tive resists, the flashlamp should be operated at the highest cur-
rent density, assuming reciprocity holds, to achieve the greatest
shift of the lamp output into the ultraviolet region of the spec-
trum. Unfortunately, the lifetime and size of the components of
the exposure system are affected at high current densities and a
compromise would have to be made.

Filtéréd Flash Résults

The results of experiments using the filtered flash are shown on
Figure 5. This illustration contains all the results at 300,

400 and 600 Joules stored energy and pulse duration between 0, 3
to 2.0 msec obtained by the two observers. There were no dis-
cernible trends in the data showing a specific effect of total
energy or in the evaluation by the observers; therefore, no such
distinction has been made in the data points on the Figure.

When the spectral distribution shift of the flashlamp is taken
into account by using the 7-54 filter, only a small reciprocity
failure seems to occur over the range of these experiments.

There is at most only about a 20% difference in exposure required
at low intensity compared to a high intensity flash; however, be-
cause of the scatter in the points, the data really could indi-
cate that there is a negligible reciprocity failure. These re-
sults indicate that if a flash exposure system is desired, there
is little need to worry about reciprocity failure effects' how-
ever, to take advantage of the spectral distribution shift it is
desirable to operate the lamp with intense, short pulses.

Tentative Comparison of Steady Source Versus Flashlamp Exposure

No complete attempt has been made to relate these results for
flash exposure to exposures with steady sources; however, to es-
tablish a general idea of the effectiveness of a steady source
compared to the flashlamp a 100 watt S4 General Electric Mercury
Arc lamp was used as an exposure source. The experiment was car-
ried out as before at a distance of 30cm from the lamp and it was
found that an exposure of 35 sec. was required to produce a good
image. Based on this information and the measured relative in-
tensity of the flashlamp versus the mercury lamp, it seems that
crosslinking of the polymer occurs about 200 times more efficiently
with a flash than with a steady source as indicated by the slope
of the line on Figure 5, By analogy with the oxygen sensitive
Kodak resists (KPR, KMER, KTER) it may be possible that oxygen
affects the dichromate-PVA system at low intensity exposures by
removing the reactive intermediates before crosslinking can take
place. With either a flash or other very high intensity exposure
a large number of intermediates are formed very quickly and some
of these may react with the locally present oxygen while the re-
mainder can react to produce crosslinking before any more oxygen
can diffuse into this area and remove the active species. This
technique could be applicable to all oxygen sensitive resist
materials and not just PVA.
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Pulse Duration,
msec

TABLE I

SPECTRAL DISTRIBUTION SHIFT OF FLASH

OUTPUT

0.29
0.46
0.76
0.95
1.35

Relative Energy
(with 7-54 filter)

1.00

0.950
0.738
0.703
0.547

Current Density (300 J)
(PEK XElé_g lamp),
amp/ cm

2800

1720

1160
918
714
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SENSITOMETRIC MEASUREMENTS ON KODAK ORTHO

RESIST AT MICROSECOND EXPOSURE TIMES

\ Daniel L. Ross

RCA Laboratories

Princeton, New Jersey

Within the past few years, a number of systems have been developed which permit
high-speed, computer-controlled electronic photocomposition of high quality. Nearly
all of these depend on conventional silver halide-based photosensitive materials as
the printout medium. This requirement dictates that one or more steps of stripping
and re-photographing of the output of such photocomposition equipment must inter-

vene before plate-making can begin.

With the availability of appropriate electronic signals from computer memory
on the one hand, and high-intensity laser light sources and means to modulate and
deflect them on the other, the ability to expose directly photosensitive plate-
making materials under computer control appears to be an attractive time and cost-
saving possibility.

One of the light sources which is most promising for an application of this
kind is the ionized argon laser, It can be constructed at reasonable cqgst to pro-
duce up to 10 watts of light at several wave lengths (i.e., 45&5 , 4580A, 48804 and
51&52) in the visible spectrum with long life and high reliability.

Kodak Ortho Resist (KOR) is a negative.working resist (hardened by. light)

which has "3 useful spectral sens1t1v1ty extending from about 270-530.ml Because

this region includes the wave lengths emitted by the argon laser (Flgure ), KOR
would appear to be a material of potential value for the generation of prlntlng
plates using laser radiation, .

Inquiries directed to Kodak established that they had performed no quanti-
tative measurements of the absolute sensitivity ("speed") of this material,
partly because of the difficulties in defining what a "correct exposure" really is,
this being a parameter which depends both on the end use of the image and on a
personal judgment. Another difficulty which limits the utility of such measure-
ments is the fact that, for a given result, the integrated exposure required is a
non-linear function of the resist thlckness7
o | ,}*‘J ! L (L LC{"I\,(\’(_'W
: thlsARQkahnrdeterm;neSa "bench mark® figure for exposure
 permit-irs-to- ~judge the usefulness of KOR in applications where JJ

needed whicﬂ

\"an exposure of l lO/Asec/spot is contemplated

MEASUREMENTS AT "NORMAL" LIGHT INTENSITY

Coatings of KOR B-ththick were applied to copﬁer and glass substrates. The
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samples were exposed through a mask carrying a resolution test pattern to the
light from a xenon arc lamp, filtered through infrared-absorbing filters and then
through quphalf;bandwidth interference filters at 4600, 4900 and 5200ﬂ° The light

intensity was measured with a calibrated thermopile and was in the range of 1-2
mwatt/cm?. Exposure required to obtain "satisfactory" images (those producing
raised images obtained after development, etching and stripping, whose dimensions
approximated those of the mask) were ca. 40 mwatt-sec/cm? at 49001, ca. 50 mwatt-
sec/cm? at 46008, and ca. 100 mwatt-sec/cm? at 52008. Images obtained using
52003 light were not very satisfactory, showing considerable spreading and reticu-
lation. We believe that the photochemical reaction which occurs at this wave

length may be qualitatively different from the one operating at shorter wave lengths,
which suggests that the 5145A line from the argon laser may not be as useful for
this material as those of higher energy. The results are summarized in Table I,

MEASUREMENTS AT HIGH LIGHT INTENSITY-SHORT EXPOSURE TIMES

Glass slides bearing'BeM%Lthick~layers of KOR were dropped through a 48808
light beam brought from an argon laser; The beam was focused to a diameter of
ca. 54 and was reflected off a mirror which was deflected sinusoidally through a
small angle at a rate of 7.8 ke. The amplitude of the mirror was damped during the
passage of the slide through the beam (Figure 2). Because the integrated light ex-
posure is inversely related to the amplitude of the sinusoidal trace obtained in
this way, an image such as shown in Figure 3 was expected. The "peaks" of such a
trace were always exposed because the linear motion of the light beam was slowest
(greatest integrated exposure) at these points. :

Measurement of the amplitude and line width associated with those portions of
the traces in which the center, nearly linear, portion showed the correct hardening
of the resist allowed the calculation of the corresponding exposure time, as shown
in Figure 4. S o : :

The measured intensity of the beam at the surface of the resist in our experi-
ments was of the order of 10-35mwatt, corresponding to power densities of 0.5-2 x
108 mwatt/cm?, Photographs of actual traces obtained are shown in Figure 5. The
technique was found to be a sensitive measure of exposure times required for a
given light flux inasmuch as the change from a ragged, broken center trace to a
satisfactorily hardened one was associated with a rather small change in trace am-
plitude. The experimental conditions used in the laser exposure are summarized in
Table IT.

Analysis of the results for the exposure needed for satisfactory hardening of
KOR by 4880A light showed that 25 mwatt-sec/cm? at an exposure time of 0.5 psec.
was just too low while exposures of 80‘mwatt=sec/cm2 at both 0.4 and 1.3 uSec gave
satisfactory traces. Thus, essentially po "reciprocity law failure" was observed .
for KOR down to less than a psec at 14880§a

These figures suggest that, in order to obtain a satisfactory exposure of a
spot 0.Q02"™ in diameter ' in 1 usec on a KOR layer M%Lthick, =~1.5 watts of radiation
at 4880A would be adequate. The corresponding power for a 10 sec exposure would,
of course, be 0.15 watt. Another way of stating these results is that, with appro-
priate means of deflection and modulation, a 1 watt laser could completely harden an
area of KOR corresponding to a 14 x 22" newspaper page (1960 cmz) in 100 seconds.
Inasmuch as the proportion of the plate which actually transfers ink to a typical
page of print is considerably less than the full area, the time involved for high-
speed "dotwise" plate composition would be considerably less.
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TABLE I

SENSITOMETRIC DATA FOR KOR AT “CONVENTIONAL® LIGHT LEVELS

Wave Length, Exposg;e Requirgd,
ma millijoules/cm
460 50
490 40
520 100

Samples were 3-4 microns thick on copper or glass slides.
Incident light intensity was 1-2 milliwatt/cm2,

TABLE II

EXPERIMENTAL PARAMETERS FOR LASER EXPOSURE OF KODAK ORTHO RESIST

Substrate: Glass slides
Coating thickness: 3-4 microns
Wave length: 48808

Power in Laser beam: 10-30 milliwatts
Spot diameter: ca. 5 microns
Power density at surface 0.5 - 2 x 108 mwatt/em?

Exposure times: 0.4 - 1.3/¢sec.
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FIGURE 2: Schematic description of the experimental ap-
paratus for high-intensity, short-time exposure
of KOR. The amplitude of the mirror oscilla-
tion was damped as the slide was moved
through the beam.

EXPECTED TRACE

FIGURE 3: idealized trace of hardened resist obtained
from experiment shown in Figure 2.

ANALYSIS OF TRACE

) k=a
Velocity { max) of SPOT
=v [w2a24p2] /2

Whe(é: v 1s the Frequency

x
P
K2

Aisthe Amplitude
P is the Period

Pis Small Compared with A,
so Velocity s TV A.

)

If Dis SPOT Diameter,the Exposuvé Time is
D/ velocity. thus )

Exposure Time = D/ ya

FIGURE 4: Showing how the equivalent exposure time
may be calculated for the center portion of
the trace of hardened resist. The Frequency,
v, is the frequency of the oscillating mirror
shown in Figure 2. The Period, P, depends on
the rate with which the slide is passed through
the beam of light.

FIGURE 5: Photomicrographs of traces of hardened KOR
on glass slides.




CHARACTERISTICS OF IMAGES FORMED IN KODAK THIN FILM

RESIST BY PROJECTION EXPOSURES

J. H. Altman and H. C. Schmitt, Jr.

Research Laboratories
Eastman Kodak

Rochester, N. Y.

ABSTRACT

The speed of Kodak Thin Film Resist (KTFR) is such that it is normally recom-
mended for use as a contact-print material. Furthermore, thin layers of this re-
sist, such as are required for high resolution, essentially cannot be exposed in
the presence of oxygen. Thus, the normal procedure for using this material is to
make contact prints in a vacuum frame., However, KTFR can also be exposed conven-
1ent1y in a camera, by 51mply flooding the surface with nitrogen during exposure.

——>Experiments are reported in which the Kod otpsen51t1ve Metal-Clad Plate, which
is coated with KTFR, has been exposed 1n/§%%6w£€ o, The equipment, optics and
llght sources used, as well as the exposure levels required, are described. Sub-
micron imagery in the final etched pattern has been obtained, and is illustrated.
The characterlstlcs of the 1Tj§§s formed, and the exposure latitude of the process,

are discussed. /‘ g
( o wthn ?}*Lzﬁud)

* Kk ok ok %

The purpose of this paper is to describe a method for making direct in-camera
exposures on Kodak Thin Film Resist (KTFR), and also to describe the results of
various image-structure tests made on that resist by means of such projection ex-
posures, The use of the projection technique is interesting because it allows the
resists to be tested at higher spatial-frequency ranges than is possible by con-
tact-printing. This is so because if the resist is to be tested by printing, it be-
comes necessary to prepare suitable contact test-objects, and to devise an adequate
prlntlng procedure. However, because the potential resolution of almost any resist
is very high, the preparation of test objects and the printing procedure become
very difficult. At the resolution levels required, optical projection is a much
more manageable technique.,

In the course of the work to be described here, direct exposures were pro-
duced not only on KTFR, but also on all three types of Kodak Photo Resist. How-
ever, Barowsky,* of Spectra-Physics, has already reported camera exposures of KPR.
In addition, it is well known that the sensitometric and image-forming properties
of resist layers vary significantly with the thickness of the layer. For these
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reasons, we shall restrict ourselves here to reporting the results obtained with
the Kodak Photosensitive Metal-Clad Plate, which is a uniform material of known
and constant characteristics, and which is conveniently available, This plate is
coated with a layer of KTFR about 0.6 micron thick.

In the particular case of KTFR,'a Spécial problem must be overcome before
in-camera exposures are convenient. The problem is the oxygen-sensitivity of the
material. This term is used to describe the fact that the photographic speed of

KTFR is seriously reduced if oxygen is present during the time of exposure .2
The exact magnitude of the speed loss caused by the presence of oxygen depends to

some extent on the thickness of the res1st layer; for an O. Q/Llayer it is of the
order of 60 times.

Nevertheless, there is a simple way to avoid this speed loss, and that is to
flood the resist with rmitrogen while the exposure is being made. This is particu-
larly convenient in our camera, which uses . pneumatic gauging for control of focus.
Such gauges operate by blowing compressed air through a jet at the surface to be
gauged. The jet is placed close to, but not touching, the surface, as a result
of which pressure builds up in the line. -The pressure level varies with the dis-
tance from the jet to the surface, and thus provides a measure of the distance.

To use such a device for focus control, the jet is fixed to the camera ob-
jective, and the airstream is directed toward the plate being exposed. The pres-
sure corresponding to the position of best focus is established by trial and er-
ror, and can thereafter be reset quickly and accurately. It has been found that
such a gauge gives the same results with an input of compressed nitrogen as it
does with compressed ‘air. Therefore, the only modification requlred to expose
KTFR is to change the supply.

The equipment installed in our camera con51sts of a commercially avallable
air'gauge with a specially designed probes. The probe, which is shown in Figure
1, consists of a hollow circular chamber which fits around the microscope objec-
tive, with the input at one side. The actual gauging jets are above and below
the objective. This jet configuration is used to help balance out any departure
from flatness in the surface of the plate, and it should be noted in passing that
it may not be optimum for the purpose of flooding the resist surface with nitro-
gen. The consumption of gas by the gauge system is 1.5 cubic feet per minute, so
that the cost of full operation with nitrogen is about one dollar per hour. How-
ever, if for some reason the supply of nitrogen is limited, equally good results
can be obtained by adjusting the focus with air, turning off the air, and flood-
ing the plate surface from a secondary supply of nitrogen during the actual eX-
posure.,

The complete optical system of the camera is shown in Figure 2. The source
is a General Electric AH-4 mercury arc, which is used unfiltered. Therefore,
resists such as KPR and KIFR are exposed with the 436, 404 and 365 wftllnes of
the mercury spectrum. .

The light from the mercury arc is focused on the entrance pupil of a com-
plete compound microscope by a condenser lens. Condenser illumination is used be-
cause for a given source it puts considerably more light in the reduced image than
would a diffuser system. The test object or other original to be reduced is
placed immediately in front of the condenser lens.

The reduced image is formed by the compound microscope, worked backwards, as
described in many publications, Apochromatlc microscope objectives are used
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because a very high degree of correction for blue light is required. In the work
to be described,; two objectives having numerical apertures of 0.32 and 0.65, respee-
tively, were used.

The sample to be exposed is placed in the focal plane of the objective, and the
exposures are timed by a simple shutter. In the present work, direct one-stage re-
ductions ranging from 200 to 400 times were made. The pattern which was reduced was
a standard three-bar resolution test object, of which exposure series were made. The
plates were processed as recommended.

The energy required to expose the plates was measured by placing a thermopile
behind the focal plane of the camera. For optimum exposures with the three wave
lengths indicated, the required energy was about 0.1 joule/centimeter,2 This value
compares favorably with that reported by Barowsky for KPR. The actual times of ex-
p7sure required in our camera with the AH-4 arc as a source were of the order of
1/2 sec.

The results can be illustrated by micrographs made from the images which were
obtained. These micrographs show the final etched image and not the resist image.
Figure 3 shows a sample made with the 0.32 N.A. objective., The spatial frequency of
the last resolved group is 1000 lines/mm, corresponding to lines and spaces whose
width is 0.5 microns. This last group is clearly resolved in accordance with the
classical definition, which states essentially that a pattern is considered resolved
so long as any line structure can be detected visually. However, the group is some-
what degraded, and might not be usable for the manufacture of integrated circuits.
The next larger group, whose spatial frequency is 900 lines/mm, is reproduced fully
and with no loss in modulation, and is, therefore, judged to be operationally use-
ful. In this case, the element width is 0.55 . It is interesting to compare this
image with that produced by a High Resolution Plate and the 0.32 N.A. objective.
Such an image is shown in Figure 4. It can be seen that, although the limiting
resolution is actually higher, the modulation is decreasing as the spatial fre-
quency increases. As a result, the higher-frequency images, although resolved by
definition, are not operationally useful for micro-electronics. Thus, the limiting
resolution of the HR plate, when exposed with the 0.32 objective, is 1100 lines/mm,
while what we may term the "maximum useful resolution" is about 600 lines/mm. The
comparable values for the Metal-Clad Plate, as given above, are 1000 and 900 lines/
mm, respectively.

It is interesting to speculate on the modulation transfer function of a system
which reproduces 900 lines/mm at full modulation. However, the system is so non-
linear that transfer-function concepts cannot be applied in the usual way. There-
fore, only the resolution values can be reported at this time.

Actually the limiting resolution of the 0.32 N.A.objective itself is only
about 1250 lines/mm, and it was, therefore, considered probable that the objective
was limiting plate performance. Accordingly, similar tests were made with an ob-
Jjective whose numerical aperture was 0.65; the resolution of this objective is
about 2500 lines/mm. Using this lens, we have observed images whose limiting res-
olution was 1800 lines/mm, and whose maximum useful resolution level was 1400
lines/mm. The corresponding line width is 0.36 However, it should be added that
in order to achieve such imagery, the adjustment of such parameters as focus and
exposure is exceedingly critical. A High Resolution Plate exposed with the 0.65
N.A., objective records a limiting resolving power of about 2000 lines/mm, but the
maximum useful resolution is only about 1000 lines/mm.

The property of the resist-chrome system which permits such small images to be
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made at full modulation is the extremely sharp sensitometric toe, which results in
very nearly a "go-no-go" system. That is, below the critical exposure threshold,
the resist does not polymerize, and the chromium is completely removed by the
etchant. On the other hand, once the exposure threshold is exceeded even slightly,
enough resist is polymerized to protect the chrome, and a complete image results.
There is essentially no intermediate exposure range in which transmittance is
prcportional to exposure; this is what was meant by the term "nonlinear".

The go-no-go property is one of the principal factors which determines the
image-forming characteristics of the chrome plate. It has already been shown that
it permits the production of very fine patterns at full modulation. In addition,
for the same reason, chrome-resist systems are very sensitive to small exposure
variations, and exposure levels must be controlled accurately.

This may be especially troublesome when a range of image sizes is to be re-
produced in a single picture. It is well known from optical theory that in the
size range of importance in microelectronics, the actual amount of energy present
in an element of a micro-image depends upon the size of that element. If diffrac-
tion-limited lenses and a specific wave length of exposing light are assumed, the
variation of illuminance can be calculated as a function of image size, and the
results of such calculations have been published in the literature. The matter is
discussed, for example, in the Kodak Data Book "Techniques of Microphotography", in
which curves are shown for the case of an isolated fine line of varying w:i.d‘th‘,LL
Figure 5, which is taken from that book, shows that the decrease of exposure for
fine lines can be very significant compared to wide lines which have received the
same input exposure.

In a practical sense, if both wide and narrow lines are to be reproduced in
the same pattern, and if the exposure is adjusted to be correct for the wide lines,
the narrow lines may disappear entirely. Furthermore, an additional problem may be
encountered in such a case. As can be seen from Figure 5, there will be a contin-
ual decrease of actual exposure from the proper level in the wider lines to the ef-
fective zero-exposure level in the fine lines. Between these endpoints, a region
may be encountered in which the resist at the surface of the layer has received
enough exposure to polymerize, while that at the bottom of the layer is still not
properly exposed. Under these conditions, bits of polymerized resist may pull
free from the chrome during the processing and settle elsewhere. If they remain
on the plate through the processing cycle, and dry down on the chrome, they will
then protect that particular area from the etchant. The result is unwanted micro-
scopic dense areas in the plate. If this problem is encountered, it can be ameli-
orated by careful balancing of the effective exposure in the variously sized lines.
This procedure is called "masking", and it is also discussed in "Techniques of
Microphotography". It may also be desirable to use a stronger developer, such as
xylene, to ensure that all loose resist is removed from the plate.

Another characteristic of the chrome plate which should be noted is the man-
ner in which the image spreads as exposure increases. This has been evaluated by
filar-micrometer measurements on an exposure series, and the results are shown in
Figure 6. The center line of a triad of 2.5-M lines was measured. OSimilar
- measurements made on a High Resolution Plate exposed in green light are also plot-
ted in this figure. It can be seen that the rate of change of image width with
exposure is significantly greater for a chrome plate than for a High Resolution
Plate. For this reason, also, the exposure levels for chrome plates are very
eritical, In addition, it is evident that when wide lines and narrow lines are
present in the same pattern, the wider lines may spread objectionably if the ex-
posure is adjusted for the very narrow lines.
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Finally, the question has been ralsed in a number of resist applications as to
the density difference required in the original for a good image to be formed in the
resist., This was evaluated for the projection case by preparing a series of low-
contrast test objects similar to the standard high-contrast pattern. The density
differences in these test objects varied from 0.5 to 1.3, whereas the density dif-
ference in the standard test object is greater than 3.0. Exposure series were
made of these special test objects, and the resulting images were studied to deter-
mine the minimum usable contrast. From this standpoint, the g0-no-go characteris-
tic of resists is an advantage, and exceedingly hlgh contrast in the original is
not necessary to produce a good reduction. Good images were formed when the density
difference in the test object was only about 1.0, and in fact, it was found that in
certain cases where the exposure could be adjusted very exactly, even lower density
differences could be used. However, the minimum useful contrast level for our
camera may be different from that of other cameras having different optical proper-
ties. In any case, it should not be difficult to maintain density differences in
the original which are well above the minimum useful amount.

In summary then, procedures have been described for making direct in-camera ex-
posures on chrome plates overcoated with resist. By such techniques it is easy to
produce finer images than can be made by contact-printing from other masters; this
allows some of the image-forming characteristics of resist systems to be studied.
Usable line pairs have been produced having widths of the order of Ooju. This cor-
responds to a spatial frequency of 1000 lines/mm. The images have low exposure
latitude, and, therefore, the exposure must be adjusted exactly to avoid unreason-
able image spread, and problems with bits of polymerized resist which do not adhere
to the chromium substrate. Under some conditions, masking of the original may be
required. The chrome-plate system possesses what would be termed in ordinary
photographic technology a very sharp sensitometric toe and a very high gamma. There-
fore, the density difference required in the original to produce a satisfactory
final etched image is relatively low, being of the order of 1.0.
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FIGURE 1: -
Probe of pneumatic gauge used for control of
focus. The actual head is the circular chamber
at the left; the jets can be seen above and
below the microscope objective.

Arc Test Pattern Microscope
FIGURE 2:
Optical diagram of the camera used to make I | -
direct exposures on Kodak Thin Film Resist =SSIE=__o 4 g:D -
Condenser Shutter Plate ;
Lens

FIGURE 3: Micrograph of etched image on a Kodak FIGURE 4: Micrograph of an image on a Kodak High

Photosensitive Metal-Clad Plate, made with an Resolution Plate, made with the same objec-
objective whose numerical aperture was 0.32. tive as used for Figure 3. Dimensions, same as
The width of a line in the largest group is Figure 3.

approximately 1.6, decreasing in successive
groups by a factor of 6,/72.
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FIGURE 5: Variation of maximum slip illuminance for a lens of given aperture as a func-
tion of relative slip width.

6.0 T I T T T T T I | 1

40

20—

0 [ I S N TN A I I

| 2 4 7 10 20 - 40

Relative exposure

FIGURE 6: Increase in width of images etched in a Kodak High Resolution Plate, as a
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PHOTOPOLYMERS FROM MONOMERS - GENERAL SURVEY OF RECENT DEVELOPMENTS

Norman G. Gaylord

Gaylord Associates, Inc,

Newark, N. Jo.

PHOTOPOLYMERIZATION VERSUS PHOTOCROSSLINKING

The photochemical polymerization of monomers and the photocrosslinking of
polymers are usually considered to fall under the general subject of photopolymeri-
zation processes. However, this is an oversimplification since the only common de-
nominators between these two subjects are the use of light as a means of initiating
a reaction and polymeric materials as the objects of interest, albeit in photo-
chemical polymerization they are the end products of the process, while in photo-
crosslinking, they are both the starting and end materials.

Many of the handling and product requirements in the use of polymerization for
the preparation of polymers are distinctly different from those where photocross-
linking is utilized, e.g., in the fields of photography and microelectronics.
Whereas, polymerization involves the conversion of simple monomeric compounds into
higher molecular weight products by a successive, multistep process, photocross-
linking for the most part converts preformed polymers into higher molecular weight
products by a number of independent, single steps, generally dimerization rather
than polymerization. Thus, premature termination of chain growth by impurities or
oxygen may yield a low molecular weight polymer, which is undesirable as a coating
or as a molding compound. On the other hand, photocrosslinking is not concerned
with extensive propagation since it involves independent individual dimerization
steps. The major effect of impurities is not to terminate chain growth but rather
to absorb light selectively and prevent it from catalyzing the dimerization pro-
cess.

In addition, photocrosslinking, as indicated by its name, has as its major
objective the rapid formation of an insoluble, generally infusible, substrate upon
exposure to light. Polymerization per se has as its objective the conversion of a
monomer into a polymer. Photopolymerization simply describes the method of initia-
tion of polymerization. If the polymer so produced is later to be processed or
fabricated into a shaped object, whether it be a thick molded profile or a thin
coating, it is mandatory that it be a soluble or fusible product. If insolubility
is desired in the final product it is necessary that the monomer be placed in the
final shape or form and that a polyfunctional crosslinking monomer be incorporated
into the mixture of monomers exposed to the polymerization initiating light.

PHOTOINITIATED POLYMERIZATION

Having indicated the differences between photoinitiated polymerization and
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photocrosslinking, it should be noted that the former process is utilized in the
field of photography as well as in the preparation of polymers. Although both
photography and polymer synthesis utilize light as an initiating species, in
photography in contrast to synthetic applications it is an imagewise process gen-
erally restricted to thin films. In both cases, however, it is possible to carry
out reactions at lower than usual temperatures in a controlled manner.

. Light, as utilized in polymerization processes, generally means ultraviolet
light. The major advantages of ultraviolet radiation is its ability to excite a
molecule to a state in which it can participate in reactions other than those
which one would find in a normal environment. In photography, the concern is with
making substrates sensitive to visible light. In polymerization it is preferable
to have materials quite stable in visible light, as it is seldom practical to
handle materials in the dark as is done in photography.

The addition of a photosensitizer to a photographic system has as its objec-
tive an increase in the range of effective wave lengths of light. In other words,
the photosensitizer increases the amount of energy which is absorbed from a given
quantity of light. The photosensitizer in the polymerization field has a differ-
ent significance in that most of the materials that are used as so-called photo-
sensitizers are radical precursors. In other words, the effect of light is to
generate from the sensitizer a species which is capable of initiating polymeriza-
tion directly or through attack on another molecule.

- There are two separate aspects of light catalyzed reactions in polymerization.
On the one hand, there is activation of molecules resulting in a light catalyzed in
contrast to a chemically catalyzed polymerization. Such a process was known almost
120 years ago. As early as 1840, compounds were found to polymerize when put on a
window sill exposed to ultraviolet light from the sun. This is an activation pro-
cess, apparently with no added sensitizer. Subsequent study has indicated, however,

- that in many instances even such reactions are actually chemically initiated due to

» the fact that the action of UV has been to abstract a hydrogen atom and the result-
ant free radical reacts with oxygen in the air to produce hydroperoxides or per-
oxides which then cleave to yield an initiating species for polymerization.

The amount of work in the polymer field that has actually been done with
photoinitiation is rather limited insofar as any intensive study is concerned, and
much of it has resulted from the interest in photography. This results from the
major shortcomings of ultraviolet light, i.e., low degree of penetration of UV
range and the scattering of light by precipitated or insoluble polymer.

The second aspect when ultraviolet light is considered in connection with the
initiation of polymerization, generally, is as a means of generating free radicals.
The generation of radicals per se is not necessarily a step in the right direction
in that stable radicals which may be produced under the influence of UV light may
not be very good initiators. ;

‘ An advantage of light in polymerization is the opportunity to carry out re-

‘ actions at low temperatures. Normal polymerization procedures are thermally ac-

‘ tivated, either per se without any added catalyst or else are thermally activated
| M by virtue of the input of heat decomposing a free radical catalyst or precursor to
} generate a polymerization initiator. With llght, it becomes possible to carry

| our reactions at temperatures as low as -60°C., where one can change the nature of
|

|

|

\

|

a. polymer.

At low temperatures, side reactions such as chain transfer and chain
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termination are minimized, and higher molecular weight polymers are obtainable.
Recently low temperatures have become important as a means of providing control of
the structure of a polymer through stereo control, i.e., the change in the mode of
addition of a monomer to a growing chain from one conformation to another will re-
sult in a structure which will have different properties. Normal free radical
polymerization of methyl methacrylate at 50-150°C. yields an atactic polymer (I)
in which the substituents are randomly distributed on both sides of the backbone.

CH3 ‘ CH3 COOCH3 . CH3
I I |
COOCH3 ~ COOCHj CHy  COOCHj
atactic

An organometallic-catalyzed polymerization of the methacrylate monomer yields an
isotactic structure (II) in which all of the substituents are on the same side of
the backbone. A free radical reaction carried out below 0°C. yields a syndiotactic
structure (III) with alternating substituents. The lower the temperatures, the
greater the degree of stereoregularity and it is possible to obtain a virtually
completely syndiotactic poly(methyl methacrylate) at -60°C.

o
~— CH,C CH,C CHyC ———— CHyC ——~ (11)
COOCH, COOCH, COOCH4 COOCH,
isotactic
.?HB lcoocz{3 TH3 COOCH
oy CHZ? CH, CH,C ——— CH,C —— (I11)
l |
COOCHy  CHj COOCH, CHy
syndiotactic

A, Photosensitized Radical Initiated Polymerization

Numerous compounds have been utilized as photosensitizers. in
polymerization in order to permit low temperature reactions.
Representative types are shown in Table I,

Many photosensitizers are actually polymerization initiators.
Thus, when biacetyl is used in a photoinitiated polymerization
the acetyl radicals are generally found in the polymer structure.
however, a major use of biacetyl in photopolymerization is as a
sensitizer for the decomposition of azobisisobutyronitrile at low
temperatures.
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There are differences among the types of carbonyl compounds, specifically the
wave length of light to which they are sensitive and their efficiency. <X-Halo-
carbonyl. compounds are much more sensitive and decompose into radicals upon ex-

R posure to light more readily than compounds such as acetone. On the other hand,
compounds such as benzophenone, in lieu of decomposing into radical species, act
to absorb light at a particular wave length and then emit such light at a differ-
ent energy level. Benzophenone, excited to a higher energy level by light, thus

- acts as an activator rather than as an initiating species.,

Peroxides represent an interesting class of photosensitizers. Benzoyl
peroxide will decompose under the influence of light to give benzoyloxy radicals.
Depending upon the temperature, the ultimate species found in the polymer are
phenyl radicals or benzoyloxy radicals. It has not been determined whether the de-
carboxylation occurs prior to or at the time of interaction with a substrate such
as a monomer, ’

0 0 0
I Il ll
C6H5C-O—O—CC6H5 e 06H5C-0' (1)
0
| (2)
CéﬂsC“‘O CHZ-CH

0 X L
’ I

CgHsC-0° + CHy==

CH
l

Di-tertiary-butyl peroxide is a far less effective catalyst for photosensi-
tized initiation than for thermal initiation. Thermal decomposition results in
cleavage of the oxygen-oxygen bond and yields reactive tertiary-butoxy radicals.,

(0}13)30.,0.0.0(&{'3)3 VAN 2 (CHq)4C-0- (4)

Under the influence of light, cleavage occurs at the carbon-oxygen bond.,

(CH3)56-0-0-C(CH3) 322> 2 (CHy)5C- + 0 (5)

The result is the formation of the less reactive tertiary butyl radicals and, at
the same time, the generated oxygen inhibits polymerization. Consequently one
has to be selective in the choice of initiators since not all peroxides are going
to be desirable.

Hydrogen peroxide under the influence of light is effective in iniating
polymerization and presents the opportunity to carry out reactions in an aqueous
system. While this is valuable for water-soluble polymers, when the polymer is
insoluble in the aqueous phase, it precipitates from the reaction mixture., The
efficiency decreases as a result of light scattering and the maxumum conversion
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may be less than 5%, unless the polymer in the system settles and additional
monomer can be polymerized. These are the types of processes which would
work most efficiently only on a continuous basis where the polymer is removed
as it is formed and the reaction mixture is recycled. In this manner it is
possible to avoid the scattering of light and advantage may be taken of the
function of the light, namely, low temperature initiation.

Sulfur-containing compounds such as disulfides are analogous to the
peroxides and are also used as photosensitizers. Here another problem arises
in that while the sulfur-sulfur linkage cleaves under the influence of light
to yield radicals for the initiation of polymerization, such radicals are
also very effective as far as coupling is concerned and may act to lower the
molecular weight of the polymer produced.

Azobisisobutyronitrile is one of the most widely used initiators in poly-
merizations carried out at low temperatures under the influence of light.
While the azo compound is light sensitive, it is generally used in conjunction
with a photosensitizer such as biacetyl for polymerizations at temperatures in
the range of -60 to -20°C. |

In addition, the o{-halo carbonyl compounds which are photosensitizers,
halogens per se, e.g., chlorine, are effective polymerization initiators.
Under the influence of light a chlorine molecule cleaves into chlorine radi-
cals.

C1, A% 2 1o (6)

Acrylonitrile has been polymerized in an atmosphere containing a small
amount of chlorine under the influence of light. The chlorine radicals
initiated the polymerization which was carried out in water. The polymer
precipitated and the reaction stopped at 3% conversion. However, when the
reaction was carried out in aqueous calcium thiocyanate or calcium chloride
solutions which are solvents for polyacrylonitrile, it was possible to carry
out a light catalyzed reaction using chlorine, as the entire system remained
homogeneous and there were no light scattering effects. Thus, it may be
necessary to modify environments in order to carry out light initiated poly-
merization reactions.

Metal carbonyls such as manganese carbonyl Mnz(CO)1g are effective pho-
tosensitizers in the presence of carbon tetrachloride. There is apparently
an interaction between the metal carbonyl, CCly and the monomer with the re-
sult that a CCl3° radical is generated from this system. The CCly° radical
is the initiator for the polymerization of a monomer such as methyl methacryl-
ate and styrene.

The trichloromethyl group is apparently the reactive precursor. Thus,
poly(vinyl trichloroacetate) may be utilized in lieu of carbon tetrachloride
as the radical source. In this case, the photolysis of a mixture of poly -
(vinyl trichloroacetate), a vinyl monomer such as methyl methacrylate and a
metal carbonyl results in the generation of radicals on the polymer backbone
and a graft copolymer is produced. If the monomer is styrene, which termi-
nates predominantly by coupling at temperatures below 60°C,, crosslinking
occurs.

The use of zinc oxide as a photosensitive material has been known for
many years. It has also been shown to initiate vinyl polymerization under
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the influence of light in the presence of water and oxygen.

Among the metal compounds, there are several salts which are effective

N in initiating a two-step process which leads to polymerization. Thus, under
the influence of light ferric oxalate and ferric citrate are reduced to fer-
rous ions, While the oxalate and citrate ions are converted to radical spec-
les which may initiate vinyl polymerization, a more significant fact is that

- the formation of ferrous ions is the basis of a latent photographic image.
The ferrous ion, generated within a substrate containing a vinyl monomer such
as acrylamide, is not capable of initiating polymerization but can act as a
reducing agent in a redox system. Thus, exposure to light in an imagewise
manner results in the formation of ferrous ions in the exposed areas. If a
peroxide or hydroperoxide is present, radicals are generated and the vinyl
monomer may be polymerized in the area where the ferrous ion-peroxide reaction
occurs, i.e., in the areas where the ferrous ion was generated. Alternative-
ly, since the exposed, ferrous-ion containing areas represent a latent image,
it is possible to expose the substrate containing the vinyl monomer to an
oxidizing agent such as hydrogen peroxide, at a later time.

Dye-sensitization has been the subject of considerable investigation in
recent years, OSince it is the subject of several papers in this conference,
it is adequate at this point to briefly note that, in general, dye-sensi-
tized photopolymerizations involve a photoreduction of the dye and the for-
mation of a radical species. Oxygen appears to be a necessary component of
the system and may be the precursor of the radical which results from its
reaction with the photoreduced dye. However, the role of oxygen in dye-

- sensitized photopolymerization is still an unresolved matter,

B. Photosensitized Ion-Radical Initiated Polymerization

Photosensitized or photoactivated free radical polymerization is obviously
limited to those monomers which are susceptible to free radical attack.

In the field of photography, there are additional limitations, namely, the
need to use non-volatile, generally, solid monomers and the inhibiting ef-
fect of oxygen on the polymerization reaction. This latter effect becomes
significant when, as a result of oxygen interaction, amplification of the

light input is reduced or, low molecular weight soluble polymer is formed

in the exposed area and is removable along with the unpolymerized monomer

in the unexposed areas.

The generation of species under the influence of light, capable of ini-
tiating the polymerization of monomers insensitive to radical polymeriza-
tion but susceptible to ionic polymerization, would broaden the scope of
photopolymerization. Saturated monomers such as lactones, epoxides and
acetals as well as unsaturated monomers such as o¢-methylstyrene and vinyl
ethers could be added to the number of photopolymerizable monomers.

A further valuable asset would be the insensitivity of the polymerization
reactions to oxygen inhibition. Activation by oxygen would obviously be
even more significant, particularly, in photographic applications where
the presence of an air atmosphere is unavoidable.

As a result of investigations within the past few years, these goals can
be met, although at present, only to a limited extent. However, as our
understanding of the phenomena involved increases, the scope will also
increase,
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. The basic feature of these new light activated polymerizations involving
ionic species is the formation of a complex between the monomer and an
additive. The latter is not a catalyst per se. However, upon exposure
of the complex to light an electron-transfer reaction occurs and a poly-
merization-initiating species is formed. The complex, generally termed
a charge-transfer complex, results from the interaction of an electron
donor and an electron acceptor. The polymerizable monomer may be either
the donor or the acceptor. The co-reactant in the formation of the com-
plex may be an inorganic or an organic compound or even a polymerizable
monomer. The complex itself, resulting from a one electron transfer re-
action, is an ion-radical species,; ie., it consists of a paired anion-
radical and cation-radical.

The ion-radical species may polymerize by a radical or an ionic mechan-
ism, depending upon the nature of the monomer and the environment.
Reactions involving ion-radical intermediates are extremely solvent
dependent. It should be noted that charge transfer interactions may oc-
cur spontaneously or under the influence of some form of energy such as
heat, light, gamma radiation or chemical catalysts including free
radicals.

A brief review of charge transfer reactions will illustrate the
scope and limitations.

The classical example of a reaction involving charge transfer in-
termediates is the Diels-Alder reaction in which a one electron transfer
between an electron donor and an electron acceptor results in the
formation of the complex.

H> Hp

CHy c C
S5 " 0 S+ B0 S+ B0

HC® °*C— C_ HC® 20— C{ HC -C—C_ (7)

| [ o— | | — |l | o
HC> c—( HC: ¢ — ¢{ HC :0— ¢
N . H 0 AN H Y0 \.., H ~o

CHy C C

H2 : H2

For the sake of illustration, the electron donor, butadiene, and the
electron acceptor, maleic anhydride, are shown with electrons on the
carbon atoms in lieu of the double bonds. The one electron transfer re-
action converts the donor to a catien-radical and the acceptor to an
anion-radical., The resulting charge transfer complex is actually a di-
radical species which couples to yield the adduct, tetrahydrophthalic
anhydride.
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The reaction occurs slowly at room temperature but is accelerated at elevated
temperatures. It has recently been found that Lewis acids sueh as aluminum
chloride catalyze sluggish Diels-Alder reactions. The Lewis acid is an
electron acceptor and as a result of complexation with the carbonyl group of
the electron acceptor converts it to an even better electron acceptor. The
formation of the charge transfer complex occurs more readily and the reaction
is thereby catalyzed.

Although this reaction has been known for more than 30 years, it was found
only recently that under the influence of high energy species such as gamma
radiation from a Co-60 source or chemical catalysts it is possible to open

_ the diradical transition state, i.e., the charge transfer complex, and pro-
duce alternating copolymers through a diradical propagation step.

H
/02 H H
H 0 c=
HC \c——cf / X
I 0 —n H H
HC  c—c¢{  A-CH CHp~C —— Can (9)
N B Lo |
H 7\ /\
2 & o/ 0

This is an example of a charge transfer complex which normally undergoes in-
tramolecular coupling but opens under the influence of high energy forces,

The reaction of p-dioxene with maleic anhydride is an example of a charge
transfer intermediate which does not couple to form an adduct but is extremely
stable. However, in the presence of a free radical generated under normal
conditions from azobisisobutyronitrile an alternating copolymer is formed
through a diradical mechanism,

0 0
AN 0 // \H H 0
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N 2 » N
| oo+ O— 7 l 0
H,C CH  HC—¢ HoC ¢t c—cf
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H H H H

A~N—C—C —— C —C—A

¢ N ¢
ANV AVANWAN
c—¢ o 0 o

Hy Hy

(10)

An extremely reactive charge transfer complex which opens spontaneously

is formed in the reaction of bicycloheptene with sulfur dioxide. Whereas
the complex between an olefin such as l-butene or cyclohexene and sulfur
dioxide requires free radicals in order to initiate copolymerization, a
spontaneous copolymerization occurs when SO» is passed into a toluene solu-
tion of bicycloheptene at -40°C. '
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CHo= CH + S05 — X=C' 350, — 3+ ~~CH,=CH-S0pn (11)
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Sulfur‘dioxide is an extremely strong'electronvacceptor and the bicybloheptene
is apparently a strong electron donor. The one electron transfer reaction oc- )

curs readily and the complex opens spontaneously to yield a copolymer with a
molecular weight in the millions within a few minutes.

The objective in presenting these reactions has been to demonstrate that
charge transfer complexes have varying degrees of stability. Since the com-
plexes are ion-radical species, ionic polymerizations are possible. Thus,
the polysulfone formed by the free radical induced opening of the styrene-
sulfur dioxide complex is accompanied by polystyrene which results from the
cationic polymerization of styrene monomer initiated by the styrene cation-
radical. Similarly, the polymerization of N-vinylcarbazole under the in-
fluence of an electron acceptor such as chloranil, tetracyanoethylene, chlor-
ine or maleic anhydride results in the formation of poly(N-vinylcarbazole)
through a cationic mechanism. In some cases, the reaction is photosensitive,
i.e.,the reaction occurs only to a small extent, if at all, in the dark.

A number of ionic polymerizations have recently been reported to occur under
the influence of light. Uranyl nitrate is well known as a photosensitizer
for radical reactions such as the chlorination of toluene. However, under
the influence of ultraviolet light, uranyl nitrate catalyzes the polymeriza- .
tion of a number of monomers which are only polymerizable through a cationic
mechanism, e.g., /?-propiolactone, & -caprolactone, diketene, trioxane, etc.
0
CH, — C=0 : 4 | I
| |+ U0,(NO3)°6Hy0 2 |complex | —»w-0-CHyCHyC—v (13)
CH,— 0
2

These ring-opening polymerizations are actually activated rather than in-
hibited by oxygen. On the other hand, they are inhibited by diphenylpicryl-
hydrazyl and benzoquinone as well as ethanol, acetone and diethyl ether.
This illustrates a major factor in polymerizations which proceed through a
charge transfer complex, i.e., they are not sensitive to some of the normal
inhibitors but are inhibited by presumably inert materials such as simple
solvents. The inhibition is not the usual interference with the propagation
reaction but rather interference with the formation of the complex. Thus,
examination of the ultraviolet spectrum of a mixture of A& -propiolactone and
uranyl nitrate reveals a maximum indicative of complex formation. However,
in the presence of ethanol, acetbne or ether there is no evidence of complex
formation and no polymerization occurs on exposure to ultraviolet light.,

Although the photopolymerization of /?-propiolactone in the presence of
uranyl nitrate is a cationic reaction, the polymerization and copolymeriza-
tion of methyl methacrylate under the same conditions is a free radical re-
action., Thus, the nature of the monomer determines whether the ion-radical
resulting from the one electron transfer reaction initiates a radical or an
ionic polymerization.

- 40 -




Another example of a photopolymerization involving a charge transfer complex
is the triethylaluminum catalyzed polymerization of methyl methacrylate or
methyl acrylate. Although it was reported many years ago that aluminum
alkyls catalyze the polymerization of methyl methacrylate to a stereoregular
polymer, it was only recently found to be a photochemical reaction.

It has been proposed that the reaction of the acrylic monomer with tri-
ethylaluminum at -20°C. in toluene forms a yellow complex. Upon exposure
to light one electron transfer generates a cation radical from the monomer
and an anion radical from the organoaluminum compound. The initial and
the ionradical complexes are considered the lower and higher energy forms
of a charge transfer complex. Interaction of the ionradical complex with

additional monomer results in polymerization through an anionic insertion
mechanism,

?HB ?CH3 CH3 OCHB ?H3 ?CHB
c—=¢C C===C c——-C (14)
- A e -+
7\ 271 N\ PR
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+ —_— Al * éﬂi., Al
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Et Et Et Et Et BEt
Al &- &~ &- &~ 6- -
1N ,
Et Et Et Complex T Complex I1
/,Et
Mo °A1Et + M-——»-Et-M_Al (15)

/( Et
Complex II

A photoinitiated free radical polymerization of methyl methacrylate has
recently been reported to occur through a charge transfer complex involving
triphenylarsine, triphenylstibene and triphenylphosphine. The organometal-
lic compounds each have an ultraviolet absorption spectrum with a different
maximum. However, in the presence of methyl methacrylate they all have the
same maximum resulting from complex formation. When the monomer and an or-
ganometallic compound such as triphenylphosphine are exposed to light a com-
plex is formed, a one-electron transfer occurs converting the phosphine to
a cation-radical and the monomer to an anion-radical. As a result of res-
onance, a terminal free radical is produced and initiates free radical
polymerization.

CH, OCH CH4 OCH
|3|‘3 /g é3(1330 ‘p__g
CHZ: C — C— P:¢ CH2= ——o—_ + \¢ (16)
CH3 QCH3
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A charge transfer complex may be formed under the influence of light, without
involvement of a monomer, and generate a species capable of initiating the
polymerization of a monomer. Thus, the interaction of phthalic anhydride and
dimethylaniline forms a charge transfer complex. Under the influence of
light, a one electron transfer from the nitrogen atom converts the anhydride
to an anion-radical through the cleavage of the oxygen-carbon bond. The
resultant radical species initiates the polymerization of methyl methacrylate
and acrylonitrile.
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Although benzoic anhydride yields the same results as phthalic anhydride,
pyromellitic dianhydride fails to yield a polymerization initiating species
under these conditions.

Another interesting case involves the formation of a charge transfer complex
between tetrahydrofuran and maleic anhydride. The complex is yellow since
its absorption extends to the visible part of the spectrum. The complex

is stable in the dark. However, in the presence of light, an adduct is
formed.

HC ==CH H H H H
+ + - ° ——
N A o S

| —>

AN AN AN
0 O 0 o0 © 0 0 0

(19)

If a monomer is present during the irradiation, free radical initiated poly-
merization occurs. Thus, methyl methacrylate is polymerized to poly(methyl
methacrylate). However, vinyl acetate yields a vinyl acetate-maleic anhyd-
ride alternating copolymer and vinyl isobutyl ether yields a vinyl isobutyl
ether-maleic anhydride alternating copolymer. The failure to incorporate
maleic anhydride in the methyl methacrylate polymer results from the poor
copolymerizability of these monomers as they are both electron acceptors. The
formation of the alternating copolymer from the electron donor vinyl isobutyl
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ether is not polymerizable by an anionic mechanism, yields homopolymer through
a cationic mechanism and yields'a copolymer in the presence of a free radical
source,

MMA poly(methyl methacrylate)

P——
H H VAe alternating poly(vinyl acetate-
+-T ?° —> comaleic anhydride)
0
C c VIBE alternating poly(vinyl isobutyl (20)
4/'\\ /\ — ether-comaleic anhydride)
0 0 0

In contrast to the photoinduced free radical reactions resulting from the
interaction of tetrahydrofuran and maleic anhydride, dioxane and maleic an-
hydride initiate cationic reactions in the presence of light and other sources
of energy.

The reaction was originally discovered as a result of the exposure of a mixture
of trioxane and maleic anhydride to gamma radiation. The formation of poly-
formaldehyde indicated the occurrence of a cationic reaction. It was further
found that bis(chloromethyl)oxacyclobutane was also polymerized in the presence
of maleic anhydride and that ultraviolet radiation was an equally effective
initiator. However, the reaction was dependent upon the presence of oxygen,
Since this was unusual for a simple cationic initiation process, it was con-
cluded that radical species might be involved. This was confirmed by the
successful polymerization of trioxane and the oxacyclobutane in the presence
of maleic anhydride under the influence of free radiecals thermally generated
from benzoyl peroxide. The proposed mechanism involved hydrogen abstraction
from the methylene group adjacent to the ethereal oxygen under the influence
of free radicals or irradiation in the presence of oxygen. A one electron
transfer from the resultant free radical to the electron acceptor maleic an-
hydride yields a cationic species capable of initiating cationic polymeriza-
tions.

A—0-CHpy—A —> p0-CHn (21)
) H H + H O H
0= CH— C=¢ w—0-CH—w =C—C:
T e |
A N (22)

It was further reported that exposure of a solution of maleic anhydride in
dioxane to gamma or ultraviolet radiation in the presence of oxygen or heat-
ing the solution containing benzoyl peroxide gave a solution which was con-
ductive and, upon addition to vinyl isobutyl ether or N-vinylcarbazole,
initiated the cationic polymerization of these monomers. The cationic nature
of this reaction is confirmed by the formation of poly(vinyl isobutyl ether)
since radical species would have resulted in the formation of a vinyl isobutyl
ether-maleic anhydride copolymer, as demonstrated in the tetrahydrofuran-
maleic anhydride system.
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The same results have recently been shown in the peroxide or radiation
induced homopolymerization of vinyl isobutyl ether in the presence of a car-
bonyl compound such as propionaldehyde, benzaldehyde, acetone or methyl
ethyl ketone and an electron acceptor such as maleic anhydride, chloranil
or tetracyanoethylene. Here again, a radical generated on the carbonyl
compound is converted to a cation by one electron transfer to the electron
acceptor.

The influence of solvents is a recurrent theme throughout the chemistry
of polymerization reactions which proceed through a one electron transfer
step. The solvent may inhibit the formation of the charge transfer com-
plex, may compete with the electron acceptor in the transfer reaction, or
may participate in the reaction as the source of the initiating species.

SUMMARY

Photopolymerization, under the influence of ultraviolet light, may proceed
through radical or ionic mechanisms. The use of photosensitizers permits the low
temperature polymerization of vinyl monomers through the generation of free
radicals which are capable of initiating polymerization. Ion-radical species are
produced through donor-acceptor interactions, generally involving the formation
of charge transfer complexes. In some cases, the one electron transfer reaction
occurs prior to the exposure to light and the latter serves as an energy source
to open the resultant complex. In other cases, the one electron transfer occurs
as a result of the exposure to light. Ion-radical initiated polymerizations may
proceed through radical or ionic mechanisms depending upon the nature of the
monomer, the solvent and the presence of co-reactants. The photoinduced formation
of ionic species broadens the scope of photopolymerization to include saturated as
well as unsaturated monomers which are not subject to free radical initiated poly-
merization.




Type

TABLE I

REPRESENTATIVE PHOTOSENSITIZERS

Carbonyl compounds
Peroxidgs
Sulfur compounds

- Nitrogen compounds
Halogen compounds

Metal carbonyls

Inorganic compounds

Dyes

Examples

acetone, cyclohexanone, biacetyl, benzophenone,
benzoin, 2-halocarbonyl compounds

benzoyl peroxide, di-tertiary-butyl peroxide,
hydrogen peroxide

benzyl disulfide, thiobenzoic acid, ethyl
thiocarbamate

azobisisobutyronitrile, diazonium salts,
azoxybenzene

chlorine, bromine, iodine, carbon tetrachlor-
ide, carbon tetrabromide

manganese carbonyl
zinc oxide, mercurous bromide, silver chlor-
ide, ferrous oxalate, cerous nitrate, uranyl

nitrate

methylene blue, eosin




PHOTOELECTROLYTIC POLYMERIZATION PROCESSES
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ABSTRACT y
Many ways of 1n1tlat1ng'polymerlzatlon electrolytically have been reported.
Most of these techniques requlre the passage of current for relatively long times.
We are spec1f1ca11y interested in forming polymer for image recordlng, light intel-
ligence is converted to an image-wise conductivity pattern via a photoconductor.
Time, for this purpose,ig'of considerable importance.,
Crag

“»Three technlques w&i&;be described which are capable of initiating polymeriza-
tion quickly and which require modest amountsof current. Mixtures of acid and hy-
drogen peroxide are capable of initiating polymerization at the cathode as rapidly
as desired, depending on the current passed. The resulting uniform polymer that
coats the cathode has good adhesion and dye receptivity. Soluble zinc salts under
carefully controlled conditions, also initiate polymerization at the cathode upon
passage of current., A third technique described involves processing of metal ions
introduced 1nto the polymerizable media from the metal anode itself, (~

% W\\\

INTRODUCTION

Since the problems of military air reconnaissance have not been completely
solved by silver halide photography, military laboratories have had considerable
interest in novel techniques of image recording.ls2 One of the most attractive
new image recording techniques has been photopolymerization or polymerization
iniated by light. Unlike silver halide photography which owes its success to_the
large amplification step obtained through post exposure chemical development,3
amplification is obtained through a free radical initiated chain reaction in this
technique. As presently constituted, however, photopolymerization has several de-
fects. The most serious defect, unfortunately, is that a light sensitivity cannot
be obtained which is comparable to that found in conventional silver halide pho-
tography. Another defect in some photo-initiated systems is that the coated films
degrade on standing, either through autopolymerization or through decomposition of
the initiating species.

In an effort to improve on the sensitivity obtained in photopolymerization,
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E. Cerwonka, A. S. Deutsch and S. Levinos, began investigating photoelectrolytical-
ly initiated polymerization.4 This work is now being continued internally by the
Photo Optics Technical Area of the Combat Surveillance & Target Aecquisition Labor-
atory at Fort Monmouth, New Jersey.

Photoelectrolytic-polymerization differs from photopolymerization in that the
chain reaction is initiated and sustained by the passage of an electric current.
If the current density is made proportional to the available incident light an
image-recording system similar to that of photopolymerization results. In prac-
tice a sandwich arrangement is used as shown in Figure 1., The image recording
layer, or monomer coating, is sandwiched between two conductive supports, one of
which, in this case a Nesa coating, is light transparent. This transparent elect-
rode allows light to strike a photoconductive layer in contact with the monomer
coating., The two possible configurations with the image recording layer either be-
low or above the photoconductor layer are shown in the figure. In the dark, and
with an applied voltage, little current flows through the photoconductor. When
given an image-wise exposure, however, an image-wise conductivity pattern forms.>
The amount of current which flows is proportional to the intensity of light striking
the photoconductor. This flow of current is used to produce free radicals through
electrolysis of materials contained in the monomer coating., Polymerization is con-
trolled by the electrolytic production of these free radicals. Since photoconduc-
tors can be fabricated such that one photon of light results in the flow of many
electrons, one photon can lead to the production of many electrolytically formed
free radicals, ylelding an additional amplification in the final imaging system.,
Indeed, photoconductors of quantum yields of tens, hundreds and even thousands of
electrons per photon have been devised and offer a great opportunity to improve
upon the "photo-sensitivity" of polymerization schemes used in image formation,

The problem of finding a suitable photoelectrolytic-polymer system readily
breaks down into two parts; that of finding an effective photo-conductive layer
having a large quantum yield and capable of converting light into a proportional
amountof current when a potential is applied, and that of finding the components of
an image recording layer sensitive to electrolysis.

A great deal of work has been done in fabricating and examining photoconduc-
tive layers in many laboratories. Suffice here to say that photoconductor systems
which are inert to the otheringredients of the imaging system have been made with
good quantum yields and rapid light response. Polymerization, efficiently and
rapidly initiated through electrolysis, is a relatively infant field of investiga-
tion and we would now like to focus our attention on image recording layers sensi-
tive to the passage of current. Progress on photoconductive layers used in cone
junction with electrolytically initiated polymerization for imaging purposes will
be reported later. :

THE IMAGE RECORDING LAYER

The image recording layer generally contains the monomer or monomers, the
- initiating species which react upon electrolysis, electrolytes which aid the
passage of current, binders or gelling agents, humectants, stabilizers and other
ingredients necessary for the functioning of the particular system of interest.

Polymerization using aqueous solutions of moncmers seems to be the most
promising to date, although other polar solvents containing electrolytes which
enable them to conduct current have been used. Emulsions of slightly water solu-
ble monomers, as acrylonitrile in aqueous systems, have also been successful with
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some initiating techniques, although we have not pursued such systems in depth.
Agqueous systems have an important advantage in that they are compatible with gela-
tin and agar binding materials. With glycerine or other humectants, and with care-
fully chosen electrolytes, gels of polymerizable systems can be made using gelatin
or agar that readily conduct current. A "dry" image recording layer, as pictured
in Figure 1, is a desirable goal in any convenient photographic system, a consid-
eration which will permeate much of the work, and a point to which we will re-
peatedly return. .

N,N'-methylenebisacrylamide is easier than most water soluble monomers to
polymerize, and is commercially available. However, its limited water solubility
(4gms/100gms Hp0) limits its utility somewhat. N,N'-trimethylenebisacrylamide is
much more water soluble (50gms/100gms Hp0) and is even more easily polymerized.
Most of our exploratory work has been made with mixtures of N,N°-trimethylenebis-
acrylamide and the very soluble acrylamide, which yields a tough solid copolymer.

Before going on to a discussion of the initiating mechanisms, an additional
point might be mentioned. In an imaging system it is desirable to have an opaque
or colored polymer which stands out from a clear or differently colored monomer.
The opacity of a copolymer of N,N'-trimethylenebisacrylamide and acrylamide, very
dependent on the relative concentrations of the two, is not opaque enough for this
purpose. For these monomers it is necessary to include a dye or pigment in the
layer and then follow the polymerization step with a washing which dissolves the
unpolymerized monomer, leaving behind theinsoluble copolymer and trapped coloration.
However, inclusion of heavy metal acrylates, such as calcium, barium or lead acryl-
ate, gives a very opaque polymer, eliminating the need for dyes and washing.
=Chloracrylamide appears to be more easily polymerized than the unsubstituted
acrylamide, and also gives a very opaque polymer., There is no end to the types of
monomers which could be used. We have barely begun research in this area.

ELECTROLYTIC INITIATION

The very heart of the photoelectrolytic polymerization system is the initia-
tion mechanism. An immediate advantage of electrolytically initiated systems over
photo-initiated systems, is of course, that in the absence of current the film in
the electrolytically initiated system is insensitive to light. There are many
electrolytical methods available to initiate polymerization. Unfortunately, most
of these are quite slow. In the following discussion we will focus our attention
on three general schemes which show promise of rapidly and efficiently initiating
polymerization.

The first scheme is quite simple. Mixtures of water soluble monomers with
acid and hydrogen peroxide yield flawless polymer at the cathode.” Considering,
for example, a 1N solution of HCl containing 104 acrylamide, 1% N,N*-trimethylene-
bisacrylamide and 0.1% H202, all percentages by weight, uniform polymer is formed
on a steel cathode in less than 10-3 seconds upon the application of 3 volts be-
tween two electrodes one cm, apart. The resulting polymer has excellent adher-
ence and dye receptivity. The nature of the mechanism believed to be effective in
this reaction is given in equation 1.

1. A Hy0p + H'—» Ha0p"
B H305 + e — HyO+HO:

This mechanism involves‘reduction of protonated hydrogen peroxide to yield hydroxyl
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free radicals. Stainless steel cathodes seem to give the most uniform polymer in
the shortest time. Many electrode materials, especially those known to interfere
with peroxide reactions, such as lead, copper and manganese, yield no polymer. Be-
cause steel is so much more effective with this system, we have not quite given up
the idea that ferrous oxidation by peroxide aids in the formation of polymer by a
co-reaction. The presence of ferrous or ferric ions, however, is not essential
for polymer formation. .

The speed of this reaction and the fact that polymeric images are formed with
no post development are encouraging. Unfortunately the strong acid concentrations
necessary for thissystem to work efficiently are sufficient to destroy some photo-
conductors with which the mixture is placed in contact.8 Although the mixture con-
taining acid and peroxide is quite stable as a liquid for long periods of time,
"dry" emulsions coated on metal substrates appear to autopolymerize upon standing
several days.

Carefully buffered emulsions containing stabilizers such as sodium fluoride,
sodium pyrophosphate, and phenacetin, on silver-coated substrates would probably
solve much of the problem of instability, a facet which we have not yet investi-
gated,

A more promising technique of initiating polymerization electrolytically
which shows none of the tendencies of autopolymerization that the acid peroxide
system shows, is a system of metal ion initiation. The image recording layer is
coated on a metal substrate, which is made the anode. Upon electrolysis, the anode
is partially oxidized and metal ions are ejected into the emulsion upon passage of
current. Equation 2A shows this for an iron anode.

2, A Fe — Fet3 + e
B Fetd + R>Fet? 4+ gt
C  Fe*t2 + Hy0,—»Fe*3 + HO- + HO-
D Hy0, +REetdrt 4+ HO- + HO-

Many other materials work; this particular example is typical for a metal which
dissolves primarily in the higher of two readily available valence states. Cer-
tain anions, such as chlorides in the case of a steel anode, or nitrates in the
case of a copper anode, aid this process of metal oxidation. Reducing agents,
such as hydroxylamine hydrochloride or diphenylcarbazide, present in the solution
or emulsion, then reduce the metal ions to their lower valence state, equation 2B.
The developing step then involves adding hydrogen peroxide or washing the exposed
emulsion in dilute hydrogen peroxide solution to yield the hydroxyl free radicals
capable of initiating polymerization., Equation 2D, obtained by the addition of
2B and 2C, suggests that the overall reaction is one catalyzed by dissolved metal
ions. This suggests that one metal ion can be used to form many free radiecals,
another source of amplification in the final image forming process. Careful
studies of the concentrations of reducing agents and metal ions in 104 acrylamide,
1% NyN*'-trimethylenebisacrylamide solutions indicate that, at least in the case
of iron, an amplification factor of ten or greater can be expected; that is, re-
action 2D occurs ten or more times before the metal ion is so trapped by polymer
that it can react no more,

The amplification demonstrated in equation 2D is somewhat counteracted by a

loss of efficiency in 2A, representing the conversion of current to oxidized
metal ions., Table I shows the efficiencies of stainless steel electrode
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dissolution under various conditions. The maximum efficiency that could be ex-
pected is 0.33 since three electrons are required for the formation of a single
ferric ion. The first group of figures demonstrates that efficiency is a function
of the nature of the electrolyte. Potassium chloride and sodium chloride are the
most efficient, giving the highest yield of ferric ion, about 0.13, for each elec-
tron passed. The second group of figures show that efficiency increases greatly
with increasing strength of the electrolyte. Higher oxidation efficiencies can be
obtained with soft iron electrodes.

Equation 3 shows that the metal ion initiating system works as well in prin-
ciple if the anode dissolves in the lower of two available valence states. In
this case, a silver anode dissolves in its common +1 valence. Persulfate oxidizes
the silver ion, as shown in equation 3B, and forms free radicals capable of ini-
tiating vinyl polymerization. Mild reducing agents, reduce the Agt2 back to Agtl,
Equation 3D again demonstrates that the silver ions act much as a catalyst for the
direct reaction of persulfate with the reducing agent. In this manner one silver
ion is capable of initiating more than one polymer chain.

3. A Ag>hgt +e
B Agt + S,0572 —» Ag*2 + 50,72 + (S0,7)-
C Ag*? + R—>Agt + R*
D 5,052 + R A8¥50,-2 + R* + (50,7)

Some careful studies have been made on the metal ion initiating system. On a
steel plate in which the monomer and initiating materials? are incorporated in a
"dry" gelatin coating, polymer can uniformly be deposited over lcm.2 area upon the
passage of 50 milliamps of current for 1/100 of a second. The actual current sensi-
tivity, however, appears somewhat dependent on the type of binder used. Using the
same mixture in liquid experiments, without the gelatin, it is apparent that dif-
ferential polymerization occurs for solutions containing as little as 10-5 molar
ferric ion,10 Elgctrolysis experiments using steel electrodes demonstrates that
the passage of 10=° coulombs is sufficient to generate enough ferric ion to poly-
merize a disc lem.2 and O.lmm thick. As the solution efficiencies of Table I indi-
cate, the exact amount of current which converts metallic iron to ferric ions is a
function of the potential. The passage of between 0.1 to 1,0 milliamps for 1/100
of a second might thus be considered a limit to the sensitivity of this system for
image formation. Comparing these figures with the figures given previously for
polymerization on a gelatin plate makes it apparent that a great deal of current
sensitivity is lost in going from liquid systems to gelled layers. We are presently
extensively investigating different binders to minimize this loss of sensitivity.
Gelatin is one of the poorest binders. Since acrylamide and acrylates seem to af-
fect the gelling strength of gelatin, high concentrations of this binder are re-
quired. There is also evidence that gelatin copolymerizes, shortening the polymer
chains., The use of agar as a binding material seems to hold much promise, elim-
inating the two difficulties just mentioned. Preliminary experiments show that
agar layers have a current sensitivity almost ten times greater than that of gela-
tin.

A third technique for initiating vinyl polymerization that we would like to
discuss utilizes aqueous solutions of zinc salts. The mechanism we believe to be
active is that given in equation 4, which reminds one of the mechanisms often as-
sociated with the photoconduction of zinc oxide.l2 Zinc ions complex with oxygen
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dissolved in the media.
4o A Zn*2 4+ 0, =700,
B Zn02+2 + e-e»Zn02+'
Zn0,*=7n*2  + 0,"
or
B' Zn02+2 + 3e—>2n0,~
C 072 + H30™>Hy0 + HOpe
D HZO + H02°—e—H202 + HO*

+ +2 o

Upon electrolysis this charged complex migrates to the cathode where it is re-
duced, releasing 02~ according to reaction 4B or 4B', 02~ then reacts to yield
perhydroxyl free radicals, equation 4C, or these radicals further react to form
hydroxyl radicals, equation 4D. Either perhydroxyl or hydroxyl radicals can ini-
tiate polymerization. Equation 4E is added to demonstrate that in slightly acidic
media any zinc deposited according to equation 4B' can be used to reduce the H202
formed9 again resulting in hydroxyl-free radicals.

The polymer formed by zinc salt initiation adheres well to the cathode. The
system works equally well with steel, aluminum and lead electrodes; initiation on
copper seems to be somewhat more efficient.

An immediate advantage of the zinc salt initiating technique over that of
metal ion injection is that polymer is formed 1mmedlately, with no post processing.
It also gives us, of course, some flexibility in examining photoconductors which
have rectifying properties that make cathodic initiation desirable, Agar layers
utilizing the zinc salt initiation system have been made which show the formation
of polymer with about the same current sensitivity as that demonstrated in the
metal ion injection system; that is, the passage of 50 milliamps for 1/100 of a
second, will leave a readily observable lcm.2 polymer image in an agar bound
layer coated on steel.

DISCUSSION

Vinyl polymerlzatlon involves between 103 and 106 monomers, although it is
certainly doubtful that we can easily obtain the latter figure. Considering 100
per cent cgnver31on of light to electricity, one photon could thus cause between
103 and 10° events. Since photoconductors with efficiencies of tens, hundreds and
even thousands, have been devised, additional amplification can be obtained above
that provided by the polymerization itself. Silver halide is generally quoted to
have an amplification upon development of between 10° and 109, and there are oc-
casional reports of greater amplification. On this basis, imaging systems based
on photoelectrolytic polymerization might compete. But whether one electron can
lead to the formation of a chemical species that will initiate polymerization is a
question as yet not answered. Such a sensitivity would be the theoretical limit
of the acid-peroxide system, and, under favorable conditions, the zinc salt
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initiating systems.

process with an efficiency less than one, the fact that under favorable conditions
one metal ion could lead to the formation of many free radicals, each capable of
initiating polymerization, gives the metal ion injection scheme the promise of ef-
ficiencies greater than one.
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This opacity is due to light scattering from the colloidal nature of
the copolymer. In some cases, this opacity is lost as the copolymer
dries with age and the particles coalesce.

Other per-compounds, such as persulfates, perborates and even water
soluble peroxides and hydroperoxides work equally as well.,

This fact, in itself, does not seriously put this initiating scheme
at a disadvantage. The photoconductor can be isolated from the
polymerization system by any intermediate layer which conducts cur-
rent greater in a direction perpendicular to its surface than paral-
lel, Figure 1. An example of such an intermediate might be Corning's
"microlead" glass, a glass containing small wires imbedded to carry
current only perpendicular to its major surfaces.,

These results are for 0.1 N KC1 solution of 10% acrylamide and 1%
N,N?~trimethylenebisacrylamide, using 0.6% hydroxylamine hydro-
chloride as the reducing agent, all percentages by weight. It might
be expected that greater concentrations of monomers would give great-
er current sensitivities, which is true in liquid experiments.

Greater acrylamide concentrations, however, require higher concen-
trations of gelatin to prevent crystallization, and little additional
sensitivity is obtained in the final "dry" layer.

Depending on the reducing agent used, there may be a slow reaction
between the reducing agent and the per-compounds used, releasing free
radicals and initiating polymerization even in the absence of metal
ions. For a given concentration of per-compound the rate of this
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11.

12.

direct oxidation-reduction reaction is directly proportional to the
concentration of the reducing agent. If it takes X time for this
direct reaction to initiate polymerization, then we say "differential
polymerization" occurs with sufficient metal ion concentratlon to .
iniate polymerization in less than X/4.

In evaluatlng the sen51t1v1ty of layers using gelatin as a binder,
it is necessary to exercise some care, if only for the sake of
completeness, in discriminating between polymerization and gelatin
tanning. The injection of some metal ions, as, for example, those
of Cr from steel, can be very effective in rendering gelating in-
soluble.

Bernas, A., J. Phys. Chem., 68, 2047 (1964).
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TABLE I

STAINLESS STEEL ANODE OXIDATION EFFICIENCY?

Two Electrodes lcm. Apart

Efficiency,

Electrolyte Potential, Volts/cm. Fet3/electron
0.1N KF 71 v _ 0,04
0.1N KC1 71 0.12
0.1N KBr 71 10.01
0.1N KN03 71 0.02
0.1N K50y 71 0,02
0.1N K2003 71 0.005
0.1N NaCl 71 0.13
0.1N KC1 71 0.12
0.1N KC1 48 0.07
0.1N KC1 24 0.05
1.00N KCl1 71 0.19
0.10N KCl ‘ 71 0.12
0.01N KC1 71 0.06

AType 304 steel: 0.08% C max, 2.0%4 Mn Max, 1.0% Si max, 18-20% Cr, 8-11% Ni, and
the remainder Fe.
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PHOTOPOLYMERIZATION STUDIES:

I. POLYMERS FROM NEW PHOTOREDOX CATALYST SYSTEML

John B, Rust, Leroy J. Miller
and

J. David Margerum

Research and Development Div.
Hughes Aircraft Co.

Culver City, Calif.

ABSTRACT

_ ..—>A new photoredox catalyst is described wherein a phenothiazine dye in its
excited state oxidizes a catalyst to a free radical. This free radical efficient-
ly initiates the polymerization of metal acrylates giving rises=be polymers whiseh
-are insoluble in the monomer containing medium. The polymers precipitate as in-
soluble colloidal particles. Optical transmission measurements are used to follow
the polymerization and to calculate the number and size of the polymer particles.
The-effect-of-various-factors-such.-as the nature of the catalyst and the photo-
oxidant, the pH and the temperature of the medium on photopolymerization are des-
cribed. It-is-indiecated-that-this new-system-may be useful for rapid-photographic
imaging and-display applications. (%‘};;T #5@&’

% %k %k % X%

Dye-sensitized photopolymerization of acrylic and vinyl monomers has been
studied by many investigators.2-22 It has been suggested that the use of visible
radiation in photochemical sequences leading tg polymerization required the pres-
ence of an electron donor and oxygen,2’15v2§=26 Most investigators have not rec-
ognized the importance of direct photochemical generation of the free radical in-
itiator. Usually, studies have centered around initlator systems which required
multiple reactions or whose free radicals were very inefficient for initiating
polymerization.

Dyes of certain classes, in particular, the phenothiazine dyes, are strong
oxidants in their photoexcited state (probably the triplet state), Redox catalyst
initiation of polymerization27 has been shown to be a very efficient means of
polymerizing vinyl and acrylic monomers. Photochemically induced redox catalysis,
referred to here as "photoredox catalysis", has proved useful to initiate polymer-
ization directly, and with efficiencies which are greater than any heretofore re-
ported for dye-sensitized photopolymerization. The present paper deals with a
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photoredox catalyst system consisting of a phenothiazine dye photooxidant, such as
methylene blue and thionine, and an organic sulfinic compound, such as p-toluene-
sulfinic acid. The system does not require oxygen to function efficiently, but

on the other hand, it is not particularly adversely affected by the presence of
oxygen. Organic sulfinic acids, particularly when activated by aromatic amines,
have been groposed and studied for initating the polymerization of vinyl and acrylic
monomers.28529 The system described in this paper, along with results presented in
other papers of this series,l have led to dry processed photographic techniques and
information storage and retrieval systems,

EXPERIMENTAL MATERTALS AND METHODS

Barium diacrylate was prepared by neutralizing distilled acrylic acid with a
distilled water solution of barium hydroxide octahydrate. The pH was usually ad-
Justed to 5.0 to 7.0 with excess acrylic acid and the solution filtered. In some
preparations the solution was concentrated under vacuum, and in other preparations
undistilled acrylic acid was used, followed by treatment with activated carbon and
filtration. Generally, the concentration of the solutions were kept at from 35%
to 46% by weight. The refractive index of a 40% by weight solution at pH = 6.25
was 1.399.

Methylene blue (Harleco, Methylene blue chloride, 90% dye content, C.I. No.
52015), and thionine (Matheson, Coleman and Bell, Biological stain, C.I. No. 52000)
were used without further purification,

Sodium p-toluenesulfinate monohydrate (Distillation Products Industries 90%+)
was used without further purification.

A. Apparatus and Procedure

The photopolymerization of barium diacrylate was studied in a unique
manner. Barium diacrylate monomer is very soluble in water, but the
polymer is very insoluble. As barium diacrylate polymerizes, it pre-
cipitates from solution as colloidal particles which scatter light,
The light which passes completely through the polymerizing medium is
monitored by the photomultiplier and the signal is recorded on the
strip chart recorder. The signal is compared to that obtained when
the sample cell is filled with distilled water., The radiation in-
cident on the sample cell was measured with an Eppley thermopile

and micro-voltmeter. The sample cell consisted of two 5 cm x 5 cn
glass plates 0.69 mm thick and separated by a peripheral plastics
shim 0,15 mm thick. The cells were loaded in the dark and clamped
together.

The apparatus used in the present study is shown in Figure 1. It
essentially consists of a light source (500-watt projector) a;s a
filter holder for neutral density or bandpass interference filters
b; a sample holder for thin films of monomer-catalyst compositions
under study c¢; another filter holder for neutral density filters to
attenuate the light which is transmitted through the compositions
under study d; a photomultiplier assembly e; and a strip chart re-
corder f. Items b, ¢, d and e were secured to a conventional op-
tical bench.,
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Typical photocatalyst solutions were prepared by dissolving 2.14 g
of sodium p-toluenesulfinate monohydrate and 0.03 g of methylene
blue (or 0,0227 g of thionine) in about 90 ml of distilled water
by stirring for 24 hours at room temperature. The volume of the
solution was made up to 100 ml with distilled water and the solu-
tion filtered.

Typical photosensitive solutions were prepared in the dark by mix-
ing 4.0 ml of barium diacrylate solution with 1,0 ml of photo-
catalyst solution.

RESULTS AND DISCUSSION

A, Light Scattering Phenomenon

It can be shown that, at least in the region of low monomer con-
version, the number of colloidal particles precipitated per unit
volume is such that each polymer particle may be treated inde-
pendently as a single scattering entity. The evidence for this
is that the curve of optical density versus reciprocal wave
length can be fit closely to the Mie scattering curve which was
developed theoretically for single scattering. Undoubtedly at
higher values of optical density where monomer conversion is very
high, multiple scattering could play an increasingly important
role,

For single scattering, the light transmitted through a thickness d
of scattering medium will be:

I = I, exp. (—dr)

Where Iolis the intensity of the incident beam and )~ is the ex-
tinction coefficient. The extinction coefficient is given by:

2’ = NaQ

where a is the radius of each colloidal particle, N is the num-
ber of colloidal particles per unit volume and Q 1s the extinc-
tion eross-section. In Mie scattering theory for spherical par-
ticles, the extinction cross-section is given bys:

_ L &
Q = 2 - 5 sin p + 2 (1 - cos p)

bita (m -1)

where | p = 7\

is the wave length of the incident radiation, and m is the
fation of the refractive index of the particle to the refractive
index of the medium. By definition, the optical density D is:

D = log (Io/I) or from the above: D = 0.434d N, a2Q
It is, therefore, apparent that fhe mass of polymer formed will

be directly proportional to the optical density rather than to
transmitted light. Figure 2 gives a curve for optical density
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versus reciprocal wave length in microns. The solid curve is a por-
tion of the Mie curve and the circled points are data secured in the
following manner:

A photosensitive solution 1.25m in barium diacrylate, 2 x 10=2 M in
sodium p-toluenesulfinate and 2 x 10~ M in thionine was adjusted to

a pH of 6.1 and placed in a sample cell, giving a film 0,15 mm thick.
The film was polymerized with uniform white light of arbitrary in-
tensity to give a film having an optical density of about 0.45 to
0.55. The film was fixed* and the optical density measured as a func-
tion of wave length over a range of 0.4 to 0.8 on a Coleman, Model 14,
spectrophotometer. From this data and from the Mie light scattering
equation, Figure 2 was drawn. This data was also used to calculate
the particle radius and the number of particles per cubic centimeter
N, with m estimated to be about 1.101. This gives a = 3.36 x 10-5
em and N = 3.85 x 1010 particles/cec.

The relationship between optical density and mass of precipitated
polymer may be established in still another manner., If photo-
sensitive solutions containing various initial monomer concentra-
tions are uniformly and completely polymerized in film form in the
above described apparatus and the optical density of the films
measured with a densitometer, the optical density measured will be
due to the colloidal polymer particles resulting from the total con-
version of the various initial monomer concentrations.

Several solutions were prepared having a pH of 5.65 which were

2 x 10=2 M in sodium p-toluenesulfinate and 2 x 10-% M in methylene
blue and contained barium diacrylate in varying concentrations of
0.129 M, 0.258 M, 0.8M and 1.29M, respectively. The solutions were
each placed in a sample cell to form a uniform film 0,15 mm thick.
The films were illuminated with white light of arbitrary intensity
for a sufficient length of time to insure complete polymerization
as evidenced by no further change in optical density measured with
white light, In this manner a "limiting" or saturation optical
density was achieved. The initial monomer concentration was plot-
ted against saturation optical density in Figure 3. A very high
degree of linearity is shown by the curve up to an optical density
of about 2. Above this value there is deviation which is probably
due to multiple scattering effects from the increasing number of
particles and shadowing effects. Particles in the foreground
shadow particles in the background resulting in less average ef-
fective scattering per particle as the number increases.

Polymerization

As photoinitiated polymerization occurs in the apparatus of Figure

1, light is scattered by the colloidal particles formed. The

light that passes through is suitably attenuated by filters and
converted to a signal which is directly proportional to the in-
tensity of the transmitted light. The optical density is calculated,
based on the intensity transmitted by a cell filled with water,

*Thermal fixing or desensitization will be the subject of a subsequent
paper in this series. For optical fixing, see Ref., (1).
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For purposes of comparison, the recorded signal and the optical
density curves are shown in Figure 4. The photosensitive solution
was 1.25 M in barium diacrylate, 2 x 10-2 M in sodium p-toluene-
sulfinate, and 6.3 x 103 M in methylene blue and had a pH of 6.0.
The 1ntensity of the light incident on the sample cell was 8.8 x
10-%4 watts/cm? after passing through a red filter having 1% trans=
mission at 550 mm, 31% at 650 mm and 70% transmission at 750%#

Comparison of Polymerization Initiators

The photosensitive solution that was used in this study was pre-
pared in the dark to contain concentrations of 1.25 M bariuﬂ di-
acrylate, 10=1 M of initiator shown in Table I, and 2 x 10=% ¥
methylene blue, The pH of the solution was adjusted to 6.5 and
sample cells were filled with solution as previously described.
Each cell was illuminated with white light of the same, but ar-
bitrary, intensity. The time was recorded to give 50% transmis-
sion of the incident light. Table I gives the results and demon-
strates the superior reactivity of the sulfiniec radicals in ini-
tiating the photopolymerizations.

Induction Perioed

. In most polymerizations, a short period of time usually elapses

before the polymerization can be observed. If oxygen is care-
fully removed from the solution and then excluded from re-
dissolving, the induction period is materially shortened, but
not eliminated. This indicates that there are inhibitors present
other than gaseous inhibitors (probably oxygen).

The reactions involved in free radical generation and annihila-
tion can be written in the following manner:

¥+ v DT 5 Iaps.
D**  + RSOz~ —a=D°+RS0p° s ke
RSOpe + M —»— RSO M- s ks

RSOz° + N — RSOpN (Inactive) 3 kp

In the first equation, light is absorbed by the dye cation Dt

to produce the excited state D**, This reacts with the sulfinic
anion to form a sulfinic-free radical and a dye-free radical.

The sulfinic-free radical initiates polymerization by reacting
with a monomer molecule. However, in the presence of an inhibi-
tor N it will react to form inactive species. The rate of for-
mation of the excited dye (triplet) molecule is dependent upon
the intensity of absorbed light and the quantum yield of the
intersystem crossover, ¢.

*®
o* = P Iabs,

The excited dye reacts with sulfinic ion to form the free radical

polymerization iniator RSOz°. By assuming a steady state condi-
tion for the formation and use of the free radical, the following
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equation can be derived:
dN = .Kdt

where M can be eliminated from the equation because during the
disappearance of the inhibitor the free radical will react pref-
erentially with the inhibitor and not with the monomer and the
monomer concentration will not substantially change but will re-
main the same as the initial concentration, and where:

K = ke Igps, #S (S is the concentration of sulfinic
acid catalyst)

solution to this equation is:

N, -N = Kt
An induction period may be defined as that time period 1
after which the concentration of inhibitor becomes negligibly

small and N->0,

Placing N = 0 in the above equation, the induction period is:

N
tr = 2
I X
N
or I ty = o
abs. I ke @S

This last equation indicates that the inductioen period should
be proportional to the reciprocal of the intensity.

A photosensitive solution was used which was 1.25M in barium
diacrylate, 2 x 102 M in sodium p-toluenesulfinate and 2 x 10'4M
in methylene blue. The pH of the solution was adjusted to 7.0.
Sample cells were filled with the solution to give films 0.15mm
thick and exposed to white light of various intensities which
were measured in arbitrary units with a photometer. The in-
tensity of the light was controlled by using neutral density fil-
ters and an iris diaphragm in the filter holder b of Figure 1.
The induction period was measured as that length of time from the
start of illumination until an optical density of 0,01 above back-
ground was observed on the photomultiplier assembly. Figure 5 is
a plot of this data and shows that the induction period does in-
deed vary as the reciprocal of light intensity over a very wide
range of intensities,

Comparison of Photooxidant Dyes

In order to be useful as a photooxidant in the photoredox cata-
lyst system under study, a dye must be a stronger oxidizing agent
in the excited state than in its ground state. A fairly wide
variety of water-soluble dyes were tested for the ability to func-
tion as a photooxidant using p-toluenesulfinate ion as the cata-
lyst.
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A photosensitive solution which was adjusted to pH = 6.0 was pre-
pared containing 1.25 M barium diacrylate, 2 x 10-2 M sodium
p-toluenesulfinate and 10-% M of the dyestuff under study. The
The transmittance of the sample cell was measured and the time

in seconds for the transmittance to fall to 0.5 was recorded for
each dye. The results are given in Table II in which light from .
a quartz high pressure mercury arc lamp was used to illuminate
the sample cell, Since there is a considerable variation in
spectral intensity of this light and the results of Table II
should only be considered as qualitative.

Extent of Polymerizétion

An inspection of the optical density versus time curve of

Figure 4 shows that at least a part of this slowly curving toe
is due to competitive inhibitor and initiation reactions. We
have seen that there is a linear relationship (Figure 3) between
extent of polymerization and optical density. Mathematically,
this linear relationship can be expressed by: - \

Mo =M D_
Mo Ds
or
Mo
= w— (Do =D
M 5 (Dg -D)

where Dg i1s the saturation optical density.. Mg is the initial
monomer concentration and M is the concentration of the mono-
mer remaining in the polymerizing solution at any given time.

Photapolymérizationé'are usmally first order in monomer concen-
tration., If we assume this is true in this case also, then the
rate of .disappearance of monomer is given by:

M o

-qx = kM
Substituting the above equation in this differential equation
there is obtained: ‘

4D =k (D, -D)
“dt (Dg D).

Solving this, we gets

log L2 = =kt
1L s

A photosensitive solution which was adjusted to pH = 5,0 was
prepared which was 1.29 M in barium diacrylate, 2 x 10-2 M in
sodium p-toluene sulfinate, and 2 x 10-% M in methylene blue.
Sample cells were filled with the solution and heated to various
temperatures for three minutes, then held at the particular tem-
perature while photopolymerization was occurring and the optical
density was being monitored., Figure 6 shows the data plotted as
time in seconds versus logarithm of relative optical density
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according to the above equation., The curves are linear at each
temperature. In preparing these curves, a saturation optical
density of Dg = 2.78 was used as determined from long time ex-
posure of this solution.

Effect of Temperature and Polymerization and the Activation Energy

According to Figure 6 and the above equation, it is possible to cal-
culate the logarithm of the rate constant for each temperature. A
representation of this data is given in Figure 7 where the logarithm
of the rate constant is plotted against reciprocal absolute tempera-
ture using the above data.

The rate constant can be expressed as:

A exp. -[%%%}

logk = log A - 0°gT4AE

k

From Figure 7 and the above equation, the activation energy can be
calculated as

AE = 4.8k cal./mole
This activation energy is for the overall photopolymerization pro-
cess and is of a value which is not inconsistent with low energy
photoprocesses,3o93

Effect of pH on Photopolymerization

The effect of pH on the rate of photopolymerization is illustrated
in Figures 8 and 9. It must be noted that the pH values plotted
along the abscissa are the pH of the monomer solution, and that the
addition of a photocatalyst solution lowered the values somewhat

from those indicated above a pH of 8. While the induction period is
shortest at relatively low pHs, the rate of polymerization after the -
end of the induction period is fastest in approximately neutral solu-
tions. Thus, if a method of eliminating the induction period is em-
ployed, the rate will be greatest in a solution with a pH of about

7. The advantage of an approximately neutral solution becomes
~ greater as the light intensity is increased.

Several factors are known to be involved in the relationship be-
tween rate and pH., First of all, the oxidative strength of the dye
is inversely proportional to the pH, and presumably the potential
of the dye in the excited state follows suit. The rapid decrease
in polymerization rate with increasing pH above 8 may be due to this
change in the oxidation potential of the dye and a resulting dim-
inished efficiency in the oxidation of the catalyst. Second, the
composition of the monomer is pH dependent, the ratio of free acryl-
ic acid to barium diacrylateincreasing rapidly as the pH is de-
creased in the region of pH 5. The reactivity of the acid is prob-
ably less than that of the salt. Moreover, the oncorporation of
free acid in the polymer tends to render the polymer more com-
patible with the solvent, so that solvent remains associated with
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the polymer particles and their light-scattering power is
diminished. Therefore, the apparent rate of polymerization, as
determined by the optical density of the polymer film, is less
than the actual rate of polymerization based on the number of
monomer units incorporated in the polymer. These factors re-
duce the apparent rate of photopolymerization at low pHs,

Since none of these factors explain the variation in the induc-
tion period, still other factors are involved.

As the monomer is changed from virtually all barium diacrylate
to include substantial amounts of acrylic acid, a point is
reached at which photopolymerization first forms an opaque,
light-scattering polymer which is then converted to clear gel
upon continued polymerization., This will occur at a pH of 2.3,
for example. Such behavior indicates the barium diacrylate

is incorporated into the polymer more rapidly than the free
acid.

Effect of Wave Length of Light on Photopolymerization

Photopolymerization rate activity follows very closely the ab-
sorption curve of the photooxidant dye which in this case is
methylene blue or thionine. Figure 10 is an absorption curve
for methylene blue and sodium p-toluenesulfinate solution where
the sodium p-toluenesulfinate concentration is one hundred

‘times that of the methylene blue.

Several sample cells were filled with a photosensitive solution
with concentrations of 2 M barium diacrylate, 2 x 10-2 M sodium
p-toluenesulfinate, and 2 x 10-%# M methylene blue at a pH of
6.9, The cells were exposed to light through several filters.
The transmission characteristics of each filter was measured and
found to vary as follows: no filter, 2.5 x 10=5 watts cm=25 red
filter, 2.45 x 100 watts em=2; green filter, 1.4 x 10~0 watts
em=23 and blue filter, 7.45 x 10-6 watts em=2. Because several
different power levels of light of different frequency bands
were used,the light power was multiplied by the illumination

" time for each optical density data point to give the energy

used per square centimeter to secure the given optical density.
Because of the large range of energies used in this experiment,
the logarithm of the energy for each color band was plotted
against optical density for a given photopolymerization.

Figure 12 shows that the photosensitive solution is most sensi-
tive to blué light. A curve showing the polymerization with
white light from an incandescent bulb is given for comparison,

Termination Mechanism

The polymerization of barium diacrylate and other metal acryl-
ates can be thought of as involving the polymerization of a
tetrafunctional monomer (CHp = CHCOO)> Ba. On the other hand,
the polymerization can be conceived as involving the polymeriza-
tion of acrylic acid anion CH2 = CHCOO- to form a polyelectiro-
lyte which combines with barium cation to become crosslinked.
Regardless of the validity of either concept, the polymer which
results is highly crosslinked and becomes insoluble at a
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relatively low degree of polymerization. Because of this, a grow-
ing polymer chain ceases to grow and add monomer upon becoming
insoluble and precipitating from solution. Precipitation from
solution can, therefore, be conceived as a termination mechanism,
There is, undoubtedly, some continued addition of monomer in the
precipitated colloidal particle but this addition is very slug-
gish in comparison to the polymerization rate in solution.

We have observed that there is substantial radical trapping in

the precipitated colloidal particles because it is possible to

induce continued polymerization and increase in optical density
in the polymer particles, The increase in optical density oc-

curs only in the precipitated polymer particles and is roughly

proportional to the mass of polymer already precipitated.

K. Photographic Application

Figure 12 gives the optical density of a film of photosensitive
composition in terms of the logarithm of the energy per unit
area required to achieve that optical density. In photographic
terms, the curves of Figure 13 are the characteristic curves of
a photographic material, also called H and D curves. The energy
per unit area is the exposure. Usually the unit employed is the
meter-candle-second. If these units are used then the slope of
the straight line portion of the characteristic curve is called
the gamma of the composition. The authors have utilized the

. photoinitiated polymerization process and compositions described
above and in another paperlto develop a dry processed photo-
graphic method which at the present time is capable of ach1ev1ng
a sensitivity equivalent to about ASA = 10-2,
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