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PREFACE

The research and development described in this document was conducted within the U.S.
Department of Energy's (DOE) Solar Thermal Technology Program. The goal of this pro-
gram is to advance the engineering and scientific understanding of solar thermal tech-
nology and to establish the technology base from which private industry can develop solar
thermal power production options for introduction into the competitive energy market.

Solar thermal technology concentrates the solar flux by focusing tracking mirrors or
lenses onto a receiver where the solar energy is absorbed as heat and converted into
electricity or incorporated into products as process heat. The two primary solar thermal
technologies, central receivers and distributed receivers, employ various point- and line-
focus optics to concentrate sunlight. - Current central receiver systems use fields of
heliostats (two-axis tracking mirrors) to focus the sun's radiant energy onto a single,
tower-mounted receiver. Point-focus concentrators up to 17 m in diameter track the sun
in two axes and use parabolic dish mirrors or Fresnel lenses to focus radiant energy onto
a receiver. Troughs and bowls are line-focus tracking reflectors that concentrate sun-
light onto receiver tubes along their focal lines. Concentrating collector modules can be
used alone or in a multimodule system. The concentrated radiant energy absorbed by the
solar thermal receiver is transported to the conversion process by a circulating working
fluid. Receiver temperatures range from 100°C in low-temperature troughs to over
1500°C in dish and central receiver systems.

The Solar Thermal Technology Program is directing efforts to advance and improve each
system concept through solar thermal materials, components, and subsystems research
and development and by testing and evaluation. These efforts are carried out with the
technical direction of DOE and its network of field laboratories that works with private
industry. Together they have established a comprehensive, goal-directed program to
improve performance and provide technically proven options for eventual incorporation
into the nation's energy supply.

To contribute successfully to an adequate energy supply at reasonable cost, solar thermal
energy must be economically competitive with a variety of other energy sources. The
Solar Thermal Program has developed components and system-level performance targets
as quantitative program goals. These targets are used in planning research and develop-
ment activities, measuring progress, assessing alternative technology options, and devel-
oping optimal components. These targets will be pursued vigorously to ensure a success-
ful program.

One of the principal near-term objectives of the SERI Solar Thermal Research Program
is the development of silver/polymer films for use in constructing durable, low-cost,
lightweight concentrating collectors for solar thermal systems. The objective of the
Silvered Polymer Reflector subtask is to study mechanisms to achieve light stabilization
of polymers and hence develop durable, UV-resistant polymers for silver mirrors. Loss in
specular reflectance from a variety of causes is currently a principal barrier in the wide-
spread use of silver/polymer films for solar thermal application.

This report documents the work accomplished during FY 1986. R. Goggin conducted the

polymer mirror fabrication and measurement activities. Y. Shinton made the specular
and hemispherical reflectance measurements, M. Steffeck and P. Gomez carried out the
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chemical synthesis related to stabilized polymer films, and E. Tracy carried out the
vacuum sputtering. The equipment and techniques for measuring mirror specularity were
developed by I. Susemihl. The authors thank B. A. Benson, 3M Company, for supplying
experimental polymeric sheets and silvered mirrors for our use, and Dr. R. B. Pettit,
Sandia National Laboratories, for helpful technical discussion on optical measurements
and for measurements on key mirror materials. We would like to express special thanks
to Dr. G. Lensch of Nordische Universitat, West Germany, for valuable advice during
preceding work, also critical reviews by B. A. Benson, J. A. Hutchison, and Dr. B. Butler

are greatly appreciated.

Paul SchisseY, Principal Scientist

Approved for
SOLAR ENERGY RESEARCH INSTITUTE

M R

Daniel M. Blake, Manager
Materials Research Branch

erald G. Groff,
Solar Heat Research Division
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SUMMARY

The long-term objectives of the Silvered Polymer Reflectors subtask within the SERI
Solar Thermal Research Program are to develop silvered polymers that have a high spec-
ular reflectance and to develop modifications of polymers that will protect the silver and
maintain the reflectance in outdoor environments for many years. Major progress has
been made toward the specific long-term targets of a specularity resulting in 90% of the
solar flux being contained within a cone angle of 4-10 mrad, and a useful life of at least
5 years.

This document reports the progress accomplished during FY 1986. We have used a dual
approach by interacting with industrial fabricators to obtain and evaluate silver/polymer
films, and by forming chemically modified silver/polymer mirrors at SERI to improve
durability.

Earlier work in FY 1985 showed the need for improved optical measurements. We
designed and constructed a state-of-the-art bidirectional reflectometer and used it to
evaluate silvered polymers.

We have shown that silvered polymers can have an initial specular reflectance well over
90% into an acceptance angle of 1-2 mrad, significantly better than our long-range
goals. It was further shown that these results could be obtained when the silvered poly-
mer was mounted with an adhesive onto a smooth, flat substrate or stretched as a mem-
brane without a firm support as in the membrane mirror configuration. Thus, the initial
optics exceeds our goals, and the focus of our work is now directed to the durability of
silvered polymers.

Durability studies using industrial silvered polymers are conducted at SERI in accelerated
weathering devices and outdoors. Further data using accelerated weathering and outdoor
exposure in Minnesota, Arizona, and Florida are provided by subcontracted work. Out-
door tests in Colorado show that silvered polymers can maintain reflectances in excess of
our long-range goals (>90%, 4 mrad) for at least 48 weeks (18% of our durability goal) and
the tests are continuing. Materials placed into test earlier, before we attained the full
optical performance, are also providing encouraging results. Samples outdoors in Golden,
Colo., for 2 1/2 years maintain reflectances near 90% at 12 mrad while other samples
have avoided silver corrosion as determined by visual inspection for nearly 3 years.

Qutdoor exposure data in Arizona and Florida demonstrate harsher exposure than in
Colorado or Minnesota. Comparison of stabilizer systems in Arizona and Florida has
identified the current best stabilizer system. There is evidence from a small sample set
in Arizona that the durability of the current best stabilizer system may not yet reach our
long-range durability goal in contrast to the continuing excellent performance in
Colorado.

Polymer films scratch more easily than glass, so the polymer films may not be easily
cleaned by methods that are adequate for glass. Industrial silvered polymer films have
been coated with a harder coat to facilitate cleaning. Laboratory tests demonstrate that
initial optical performance with the overcoat is good and the abrasion resistance is
greatly improved. Laboratory and outdoor tests are in progress and they show that poly-
mer optical performance is not affected for at least 13 months. Tests to evaluate the
effectiveness of the hard coats during anticipated cleaning procedures are being planned.
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The durability tests on industrially silvered films are augmented by a broader study of
stabilizers in films fabricated at SERI. Mirrors made at SERI to test advanced stabilizer
systems used Corning 7809 glass as a substrate onto which a thin silver film is deposited,
and the modified polymeric films are then cast from solution onto the silver. The glass
substrate is used simply to simulate a collector substrate of smooth surface quality. The
mirrors are characterized by measuring the hemispherical reflectance as a function of
wavelength and the specular reflectance at one wavelength (660 nm). The mirrors are
exposed to environmental degradation using accelerated weathering devices and outdoor
exposure.

We have shown conclusively that stabilizers are needed in the polymer films to aid in
protecting the silver and have identified and/or prepared a series of representative
examples within the different groups of UV stabilizers and incorporated them into poly-
methyl methacrylate (PMMA) to enhance its effectiveness.

We have also demonstrated the extra effectiveness of placing UV light absorbers near the
polymer/air interface. Evidence is accumulating that the permanence of the stabilizers
may limit mirror durability and that the stabilizer performance slowly diminishes
because of photolysis and/or leaching and removal from the host polymer. To attack this
problem, we have synthesized polymeric stabilizers on the basis that polymeric stabi-
lizers will not leach from the host. Various synthetic chemistry approaches have been
successfully used to prepare polymerizable stabilizer monomers of the hydroxy-
benzophenone, hydroxy-benzotriazole and hindered amine classes. These monomers were
copolymerized with methyl methacrylate using various feed ratios. The SERI synthesized
polymer materials, along with polymeric stabilizers from other sources, are being tested
to evaluate their performance over time. Using accelerated extraction tests, we have
shown that the polymeric stabilizers are more permanent in contrast to their low
molecular weight counterparts.

Because physical and chemical aspects of the silver surface (bulk and surface plasmon
absorption, silver surface degradation) interfere with the direct evaluation of stabilized
polymeric films on silver mirrors, we started to evaluate changes in the polymer through
studies of transparent, nonmetallized PMMA films.

Despite the high inherent UV stability of the UV absorbers tested, we find that their con-
centrations in thin films do fall steadily during accelerated UV irradiation. The deacti-
vation of stabilizers depends on the weathering mode and may be explained by cleavage
and/or modifications of the pendant stabilizer groups. Deactivation is slow enough not to
limit outdoor lifetimes of mirrors for at least several years; however, it may become a
factor after more prolonged use.

Solvent residues may accelerate optical degradation of solution-cast films. However,
optical losses and molecular weight degradation in these films are considerably dimin-
ished by the presence of the stabilizers. Any optical losses due to light absorption of
chromophores are limited mainly to wavelengths less than 400 nm and thus do not affect
the solar performance of these films to a great degree. However, surface crazing in
incompletely protected surface layers can cause considerable light scattering during the
later stages of accelerated weathering.
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1.0 INTRODUCTION

Current glass/metal heliostats for central receiver systems use silver/glass mirrors to
reflect solar radiation onto a target receiver that may be several hundred meters
away [l]. Silver is preferred because it reflects about 97% of radiation in the
300-2600 nm wavelength range. Central receiver systems require mirrors of high specu-
larity, which is currently met by silver/glass mirrors, and performance durability for up
to 20 years. The long-term durability for currently available silver/glass mirrors, which
has been discussed in depth[2], is affected by some fundamental mechanisms of
degradation [3]. Silver mirrors are also used in dish and parabolic trough collectors, but
the specularity requirements are less stringent for troughs than for central receiver and
dish collector systems. Glass, because of its brittle nature and its own weight, requires a
stiff supporting structure. To reduce weight and cost of structures and allow design flex-
ibility, the use of silvered/ polymer materials as the mirror and a thin polymer film to
protect the silver is envisioned as a possibility. In addition to lower cost, concentrators
must have adequate durability while maintaining high optical performance. These silver/
polymer mirrors could then be used for constructing durable, low-cost, lightweight con-
centrating collectors such as advanced stretched membrane heliostats and dishes.

Although some polymer-protected silver mirrors have excellent optical properties,
increased durability and specularity to meet the needs of solar thermal systems require
new polymers. Among the desired properties of the silver/polymer films, as identified by
system studies [4], are a specularity resulting in 90% of the solar flux being contained
within a solid cone with apex angle of a few milliradians, a useful life of at least 5 years,
and resistance to UV, pollutants, and environmental degradation. System studies are now
defining the required specularity that will depend on the system and application. For
stringent applications, we are using the specularity goals of 90% of the solar radiation
captured within the solid angle defined by a right circular cone whose full apex angle is
4 mrad. These are long-term programmatic goals that have been accomplished, and in
this report we present the progress in our investigations on the specularity and durability
of a number of silver/polymer combinations as a first step toward the long-term, 5-year
life goals. In this report, all specular reflectances will refer to a measurement within
the quoted full apex angle.

The specific goals for this subtask are (1) to evaluate industrially available silvered
polymers and polymer films in terms of the long-range goals, and (2) to identify or
develop polymers that can be used with silver as the reflecting surface of films, coatings,
or structural elements and that will be fully effective for at least 5 years in solar ther-
mal applications. These goals establish the following specific research objectives for
polymer/silver mirrors: establish the degradation effects of UV radiation on polymer/
silver mirrors, determine the most effective means of blocking such effects by modifying
the polymer, and prepare UV-resistant polymers or laminates that provide a basis for
durable silver mirrors.

To achieve the long-term goals, test specimens are fabricated in two principal configura-
tions (Figure 1-1). Extruded polymeric films are metallized and mounted on a substrate
with an acrylic adhesive. It is likely, but not certain, that this will be the method for
commercial fabrication. Results of our tests of silvered polymers with this configuration
are discussed in Sections 3.1 and 3.2, Alternatively, polymeric films are cast from solu-
tion onto a metallized substrate, usually glass. The alternative process is used mainly as
a practical means for altering the polymers for laboratory testing, and results are dis-
cussed in Section 3.3. Insight into degradation mechanisms has come from both fabrica-
tion methods, so both fabrication methods do require separate consideration.
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Figure 1-1. Test Mirror Configurations

Either configuration can be represented by variations of Figure 1-1. For cast films, the
backing (B) and adhesive (A) would be absent. For extruded films, as might be used in
membrane heliostats, the test samples would consist of the four or five layers as shown.
In some cases, the backing, adhesive, and substrate are all identical (e.g., silver deposited
onto glass), and in other cases, the backing and adhesive are identical (e.g., using Scotch
brand tape to affix the silvered polymethyl methacrylate to a support). In all cases in
this report, the host polymer is poly methylmethacrylate (PMMA). Empirical evidence
has shown that PMMA is a stable polymer in a terrestrial environment and that it can
protect aluminum in that environment. Also, it is relatively inexpensive and has
excellent optical characteristics. We have chosen to emphasize PMMA for silver
mirrors, recognizing that unaltered PMMA will not protect silver for a sufficiently long
time [5]. The silver may be deposited in different ways (e.g., vacuum deposited or by the
wet-chemical electroless process). Various backing materials and adhesives have been
used to attach the silvered PMMA, with or without a backing, to glass or stainless steel
supports. The backing and adhesive have been found to affect the optical performance.

This SERI in-house research is aided by subcontracted research. Researchers at the
University of Denver are studying the photo and thermal degradation of polyacrylonitrile
(PAN) films on silver using the Fourier transform infrared (FT-IR) method. They are
emphasizing measurements of the chemical changes in the polymer, the results of which
will guide the polymer modification effort. The PAN work serves as a research path
parallel to the PMMA effort since both chemical types are commonly used in industry
and have been found suitable as a baseline polymer for this purpose. The principal obser-
vations of the research are given in Appendix A. Work on several aspects of silvered
polymers (durability, fabrication, abrasion-resistant surface coats) is being conducted in
cooperation with the 3M Company, and the University of Akron has initiated the study of
the influence of processing variables and film type on the mechanical and optical
properties of membrane mirrors. The 3M work is summarized in Appendix B.
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2.0 EXPERIMENTAL PROCEDURE

The experimental work consisted of preparing or securing silver/polymer multilayer com-
binations for optical characterization and durability testing. The combinations were
either secured from commercially available sources or prepared as described in
Section 2.3. The optical characterization and testing consisted primarily of measuring
the reflectance of samples after preparation and at various stages of durability testing.

2.1 Optical Measurements

Our work in FY 1985 [6] identified the need for improved optical measurements. We had
used portable instrumentation that performed well within its design range but was inade-
quate for specularity measurements that are compatible with our long-range goals. This
problem is now solved and we have designed, constructed, and used two new reflecto-
meters [7,8]. One, the "Specularometer,” is used as a research tool for the complete
evaluation of reflectors; the other, Reflectometer I, is of simplified design for use in
routine measurements.

The optical performance of a solar mirror is determined by the absolute reflectance
(ratio of reflected light to incident light) and its specularity, which describes the inten-
sity distribution of the reflected light. The absolute reflectance depends mainly on the
wavelength-dependent complex refractive indexes of the materials involved; the specu-
larity is influenced by surface irregularities. Loss of specularity because of surface
roughness can result from many causes. Theoretical models usually distinguish between
roughness that is either large or small, in a direction perpendicular to the mean surface,
when compared to the wavelength of the incident light. The distribution of the roughness
over the surface is also important. While theoretically one can think of a continuum of
spatial wavelengths representing the surface configuration, for purposes of discussion, it
is convenient to think of local roughness (surface wavelengths small compared to the
wavelength of the incident light), waviness (surface wavelengths large compared to the
wavelength of the incident hght), and curvature (macroscopic surface wavelengths). The
topography of an actual surface is best described by the spectrum of spatial wavelengths
existing on that surface; micro-roughness and large curvature then appear on the same
diagram with a continuous scale of spatial wavelengths. Since every instrument that is
capable of measuring the specularity of a mirror has a limited spatial wavelength band-
width, it usually is necessary to combine different measurements when a mirror is to be
described completely. The work reported here was related to the research for new
mirror materials. Hence, the specularities of the materials themselves were of main
interest.

The three kinds of surface irregularities are illustrated in Figure 2-1 in the cross section
of a mirror. While roughness and waviness may be characteristic for a certain reflector
material, the global curvature is due to the system design and may be desired if, for
example, a mirror with a certain focal length were designed. Deviations from the ideal
curvature are usually referred to as slope errors, and they may, in fact, be the largest
component for a poor specularity of the system. A thorough description of the optical
performance of a mirror is complete when the following is known as a function of wave-
length and angle of incidence of the light:

a) specular reflectance: absolute ratio of reflected light to incident light as a function
of the acceptance solid angle over the wavelengths of interest.

b) hemispherical reflectance: the maximum achievable specular reflectance with this
material over the wavelengths of interest.
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Figure 2-1.  Schematic Cross Section of a Mirror Showing Three Scales
of Roughness

2.1.1 Specularometer

A new reflectometer for specularity and specular reflectance measurements was
designed that will be referred to as the "Specularometer." The block diagram of the
Specularometer is shown in Figure 2-2. The instrument consists of a xenon arc light
source (Oriel Model #7340) followed by a monochromator (Oriel Model #77250) and a
chopper (EG&G Princeton Applied Research Model 192). The chopped input beam is col-
limated and is either reflected from the sample mirror or measured directly in the
straight through configuration. In either case, collection optics directs the beam to the
exit aperture and the UV-enhanced silicon detector (United Detector Technology UDT
UV100). The silicon detector limits the observable wavelength range from 300 nm to
1100 nm. The detected signal is filtered by the lock-in amplifier (Stanford Research
Systems Model SR510) and recorded by a Hewlett Packard HP 85 desktop computer,
which also controls a stepper motor that drives the collection optics around the sample in
a very accurate motion. Rotation of the collection optics also allows the angle of inci-
dence to be varied from 20° to 70°. Comparison of the reflected beam to the straight
through beam provides an absolute measurement of the reflectance of a sample mirror.

When the intensity distribution (specularity) of a beam is to be displayed, the source and
collection apertures are adjustable slits perpendicular to the plane of incidence. The
intensity distribution in the Fourier image plane of the collection lens is the Fourier
transform of the reflection (or transmission) function of the sample convoluted with the
beam divergence of the instrument. When the collection slit scans across the Fourier
image plane of the collection lens, the detected signal is a convolution of the slit aper-
ture and the actual intensity distribution in that plane [9].
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Figure 2-2. Schematic Diagram of the Specular Reflectometer

Figure 2-3 shows that the detected signal for a straight through measurement is less
than 0.2 mrad broad. Because of this small beam divergence of the instrument, a de-
convolution of the detected signal is not necessary for many applications and the
detected signal can be referred to as the Fourier transform of the reflection function of
the sample. Alternatively, a precision flat reflector (flatness better than A/20) can be
used for adjustment purposes; its reflection function is beyond the resolution limits of
the Specularometer; hence, a more accurate calibration for determining the beam diver-
gence of the instrument can be done with the instrument adjusted to the angle of inci-
dence at which the sample is to be measured.

In Figure 2-3 and all following similar plots, a line is drawn at 13.5% of the maximum
intensity, which corresponds to 95% of the area under the curve between the intersection
points assuming a one-dimensional Gaussian distribution. Alternatively, the area under
the curve can be numerically integrated and a given percentage width can be calculated
for the actual one-dimensional distribution or for a two-dimensional distribution assum-
ing rotational symmetry. Assuming rotational symmetry, the 95% width in one dimension
corresponds approximately to that aperture required to capture 90% of the incident rad-
iation in the related solid angle. The corresponding (planar) angle is denoted aq, and is
given in milliradians. The instrument was designed to evaluate the intensity distribution
of the specular beam. However, the collection optics can scan over 8° with a resolution
of 0.014 mrad per step. This facilitates specularity measurements for a large variety of
materials and scattering measurements in the vicinity of the specular beam. The latter
is possible because of the large dynamic range of (>100,000) of the detection system.
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Figure 2-3.  The Input Beam Spread of the Specular Reflectometer
(A=630 nm). The horizontal line defines the spread
that corresponds to about 90% of the beam assuming a
symmetrical, two-dimensional Gaussian distribution.

When numerical values of specular reflectance are to be determined, there are two pos-
sible procedures. The slit width of the collection slit can be varied to achieve a series of
different apertures [10,11] or a set of circular apertures can be used. We usually use a
circular source aperture of 0.7 mrad full-cone angle and a series of circular collection
apertures of 4, 6, 8, 10, and 12 mrad.

To have as few parts in the optical path as possible, we omitted a beam splitter which, in
combination with a second detector, would provide a signal that could automatically
account for changes in the intensity from the light source. Instead, the computer takes
10-100 readings at each measurement point and calculates an average, which suppresses
the short period noise level. In the absolute reflectance mode, an accuracy of about +1%
can be assumed as determined by comparison with a National Bureau of Standards (NBS)
reflectance standard. The NBS standard is aluminized quartz for which the specular
reflectance (A=660 nm) is certified to be 86.2% using an acceptance aperture of 4°. We
determined a value for the NBS standard of 85.9% (standard deviation of 0.3%) using our
largest circular collection aperture of 12 mrad.

One of the possible applications of polymer mirrors is an ultralight free-standing mem-
brane mirror where the silvered polymer membrane is clamped into a ring and the desired
focal length of the system is adjusted with a vacuum system [12]. To facilitate the eval-
uation of the optical properties of a free standing membrane, we designed a special
membrane sample holder as shown in Figure 2-4. The membrane is clamped with an
outer ring, and a spring-loaded inner ring pushes against the membrane so that it
becomes flat and taut. The membrane holder can be mounted onto the sample holder of
the Specularometer.
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Figure 2-4. Mount for Thin Silvered Polymer Membrane Mirrors
2.1.2 Reflectometer i

Reflectometer Il is a simplified version of the Specularometer, which is used mainly for
the many mirror samples that are being tested for durability in accelerated weathering
chambers and outdoors (Appendix C). It consists of:

point light source
chopper
collimating lens
reference detector
sample

collection lens
detector

lock-in amplifier

HP85 desktop computer

power supply for the point light source
interferences filter (650 nm)

iris

aperture wheel.

The specifications of this bidirectional instrument are: angles of incidence variable
between 20° and 80°; spectral response maximum at 650 nm; bandwidth 40 nm; beam
diameter 10 mm; beam divergence 0.8 mrad full-cone angle; collection apertures 4, 8,
12 mrad full-cone angle; detector, two silicon photodiodes; lock-in amplifier for signal
detector and reference detector; frequency 10 kHz. The source aperture as well as col-
lection apertures are circular apertures [sizes are given in full-cone angles (mrad)] to
obtain data on the two dimension beam distribution. Self calibration is possible with the
straight through measurement and comparison with NBS standards shows the accuracy
and precision are about +1%.



S=N & | PR-3057
2.1.3 Hemispherical Reflectance

Hemispherical reflectances were determined using a Perkin-Elmer 340 spectrophoto-
meter and integrating sphere over the wavelength range of 200-2600 nm. These data
were used to calculate the solar-weighted (air mass 1.5) hemispherical reflectance. To
save time in obtaining preliminary data for polymer films that we have cast, we inte-
grate, in most cases, from 300 to 1000 nm rather than from 200 to 2600 nm, and hence, H
is somewhat lower than the solar value. Losses in H can result from physical (e.g.,
plasmons, agglomeration, diffusion) and chemical (e.g., corrosion) changes in the silver
metallization of mirrors from a variety of causes.

2.1.4 Surface Profiles

A DEKTAK surface profile measuring instrument manufactured by SLOAN Technology
Corporation and equipped with a fast leveling module, strip chart recorder, and multi-
axial translation/rotation stage was used to record surface profiles of some samples. In
these investigations, the waviness of the sample was of main interest, hence, long scan-
ning lengths (30 mm) were used. The chart was digitized with an HP 7225B Digital
Plotter in combination with an HP 85 computer for further data analysis.

2.1.5 Metallizing

Polymer sheets are metallized using a DC magnetron sputterer with a 4 in. x 6 in. silver
target that facilitates a uniform deposition over an area of approximately 6 in. square.
Four 2 in. x 2 in. specimens are mounted at the same time onto a water-cooled rotating
sample holder, which maintains the polymer surface temperature at an acceptable level
during the sputtering process.

2.2 Industrially Silvered Polymers

A few types of industrially available silvered polymers were obtained and tested. The
related results are discussed in Sections 3.1 and 3.2.

2.3 Solution Cast Stabilized Polymer/Silver Glass Mirrors

Mirrors are made using Corning 7809 glass as a substrate onto which a thin, reflective
silver film is deposited, and polymeric films are then cast from solution onto the silver.
A Tencor Alpha-Step surface profiler, which has an effective sensitivity of 5 nm, was
used to measure the thickness of the polymer films applied to the substrates.

There are several possible silvering processes. We have used mainly deposition by the
wet-chemical process onto glass substrates or vacuum metallization by sputtering onto
glass substrates as a precursor to casting polymeric films. Other metallization processes
such as ion plating may be used if, for example, adhesion of the silver to contiguous
materials is a limiting factor, but we have not yet used them.

When the polymer formulations are being altered to improve durability, it is convenient
to use the solution-casting technique to make the polymeric films. In this case, we coat
the polymer onto the silver in contrast to the use of extruded films where we deposit the
silver onto the polymer. While solution casting may not be used in large-scale produc-
tion, we have observed some factors that influence optical performance; the factors are
all relevant for our tests, and they may be relevant where extruded films are used.
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A series of additives (UV screens, quenchers, antioxidants, antipermeants) can enhance
the effectiveness of PMMA. We have identified an initial series of commercially avail-
able additives (Table 2-1) with first emphasis on UV screens that have been and are being
tested. These have been augmented with additional stabilizers specifically synthesized
for protecting silvered polymers (Table 2-2). The details of the synthetic chemistry are
given in Section 2.5. Generally, the stabilizers are incorporated in the polymers by dis-
solving PMMA (10 w% solids) with the stabilizers in toluene. Stabilizer concentrations
are given in Tables D-1 and D-2 in Appendix D.

2.4 Solution Cast Stabilized Polymer Films

Free-standing PMMA films are prepared in a manner similar to the method described in
Section 2.3 by casting toluene solutions (10 w% solids) of the polymer/stabilizer (98.5
w/l.5 w) combinations onto glass substrates. PMMA (Polysciences) was used in most
cases as received without further purification. The solvent is slowly evaporated for
l day in a drying box. Next, the films are vacuum dried for another day and stripped
from the glass substrates. '

2.5 Polymeric Light Stébilizers

Attention has been focused on the synthesis and characterization of polymeric UV-
absorbing stabilizers of the 2-hydroxybenzophenone and 2-hydroxy phenylbenzotriazole
classes, which are methacrylic, vinyl, or isopropenyl derivatives. Other work has con-
centrated on the synthesis and polymerization of polymerizable 2,2,6,6-tetramethyl-
piperidine derivatives, which can act as non-UV-absorbing stabilizers.

2.5.1 Materials

Most of the following chemicals were, if not otherwise noted, obtained from Aldrich
Chemical Company o-Nitroaniline (Eastman Kodak Co.) was used as received.
2,4-Dihydroxyacetophenone was recrystallized from a dilute solution of hydrochloric acid
(water/conc. hydrochloric acid, 12/1). lodomethane, magnesium turnings, sodium boro-
hydride, and zinc powder were used as received. Potassium hydrogen sulfate and zinc
chloride were freshly fused before use. Picric acid was dried in small quantity in vacuum
for 1 day.

Methyl methacrylate (MMA) monomer was distilled under nitrogen at reduced pressure.
It was then stored under nitrogen in the freezer.

We used 4-methacryloxy-2-hydroxybenzophenone (MHB) (Polysciences), isocyanatoethyl-
methacrylate (IEM) (Dow Chemical), 4-amino-2,2,6,6-tetramethylpiperidine, 4-hydroxy-
2,2,6,6-tetramethylpiperidine, methacryloylchloride, and triethylamine (Sigma) as
received.

Azobisisobutyronitrile (AIBN) (Alfa) was recrystallized from absolute methanol and dried
for 4 h at 25> mm Hg at room temperature.

Anhydrous diethyl ether was used from freshly opened cans. Tetrahydrofuran (THF) was
heated to reflux over calcium hydride for 3 h, distilled, and kept over molecular sieves.

Solvents such as acetonitrile, toluene, benzene, dimethoxyethane (DME), dichloro-
methane, methanol, and hexane were dried when necessary and used without distillation.
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Table 2-1. Commercially Available Stabilizers
Structure?  Symbol Product Supplier Mechanism
of Action
I Tin-P Tinuvin P Ciba-Geigy UVA, CB-D(Q)
2 (2'-hydroxy-5'-
methylphenyl) benzotriazole
11 uv Uvinul 408 BASF-Wyandotte UVA, CB-D(Q)
2-hydroxy-4-n-
octoxybenzophenone
I11 MHB Q—Methaéryloxy-24hydroxy- Aldrich UVA, CB-D(Q)
benzophenone
v NS National Starch 78-6121 National Starch UVA, CB-D(Q)
developmental copolymer
of a 2-hydroxybenzophenone
\' TIN-2 Tinuvin 292 Ciba-Geigy CB-A/CB-D
bis (1,2,2,6,6 pentamethyl
-4-piperidinyl) sebacate
VI IRG Irganox 1010 Ciba-Geigy CB-D
tetrakis [methylene (3,5-di- Synergist only
tert-butyl-4-hydroxyhydro- with UVA
cinnamate] urethane .

Vi G-30 Goodrite UV 3034 Goodrich CB-A/CB-D
1,1'-(1,2-ethanedioyl) bis
(3,3,5,5-tetra-methylpiper-
azinone)

VIII G-31 Goodrite UV 3125 Goodrich CB-D
3,5-di-tert-butyl-5-hydroxy Synergist only
hydrocinnamic acid triester with UVA
with 1,3,5-tris(2-hydroxyethyl)-

S-triazine-2, 4,6 (1H,3H,5H)-trione

IX IST Irgastab 2002 Ciba-Geigy CB-D, UVA(Q)
Nickel bis [O-ethyl(3,5
di-tert-butyl-4-hydroxy-
benzyl)} phosphonate

X CH Chimasorb 944 Ciba-Geigy CB-A/CB-D
polymeric HALS

XI SP Spinuvex A36 Borg-Warner CB-A/CB-D

polymeric HALS

" 8Structures tabulated below.
PUVA = ultraviolet absorber.
Q = Quencher.
CB-A = Chain-breaking acceptor antioxidant.
CB-D = Chain-breaking donor antioxidant.
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Table 2-1. Commercially Available Stabilizers (Continued)
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Table 2-1. Commercially Available Stabilizers (Continued)
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Table 2-1. Commercially Available Stabilizers (Continued)
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Table 2-1. Commercially Available Stabilizers (Concluded)
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Table 2-2. Polymeric SERI Stabilizers

PR-3057

Structure?

Product

Mechanisng
of Action

XII

XIII

XIv

XV

XVI

XVII

XVII

p-MMA-co-MHB (Table 3-8)
Copolymers of methyl methacrylate
and 4-methacryloxy-2-hydroxybenzophenone

p-MMA-co-2H5V [6]
Copolymers of methyl methacrylate
and 2-hydroxy-5-vinylphenylbenzotriazole

p-MMA-co-DBDH-5V (Table 2-5)
Copolymers of methyl methacrylate and
2(2,4~dihydroxy-5-vinylphenyl)1,3-2H-
dibéenzotriazole

p-MMA-co-DBDH-5P (Table 2-5)
Copolymers of methyl methacrylate and
2(2,4-dihydroxy, 5-isopropenylphenyl)
1,3-2H-dibenzotriazole

p-MMA-co-BDHM (Table 2-5)
Copolymers of methyl methacrylate and
2(2-hydroxy-4-methacryloxyphenyl)2H-
benzotriazole .

p-MMA-co-MAP (Table 2-6)
Copolymers of methyl methacrylate and
4-methacrylamido-2,2,6,6-tetramethyl-
piperidine

p-MMA-co-MAP-E (Table 2-6)
Copolymers of methyl methacrylate and
N-methacryloxyethyl, N'-(2,2,6,6-tetra-
methyl-4-piperidy!) urea

UVA, CB-D(Q)

UVA, CB-D(Q)

UVA, CB-D(Q)

UVA, CB-D(Q)

UVA, CB-D(Q)

CB-A/CB-D

CB-A/CB-D

gStructures tabulated below.
UVA = ultraviolet absorber.

Q = Quencher.

CB-A = Chain-breaking acceptor antioxidant.
CB-D = Chain-breaking donor antioxidant.
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Table 2-2. Polymeric SERI Stabilizers (Continued)
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Table 2-2, Polymeric SERI Stabilizers (Concluded)

CH;, 1 H
| |
———’CH";—C CHQ—'C —
| l
cC=0 R
|
L O — CH,
- X e -~y
. N N
OH
Xl R =
N N
\N/

X R = QOH

2.5.2 Characterization Measurements

Ultraviolet spectra were measured in dichloromethane solution (Spectrograde,
Malinkrodt) with a Hewlett-Packard HP 8450 rapid-scanning spectrometer using l-cm
quartz cuvettes. The instrument covers a 200 to 800 nm range with a resolution capa-
bility of 0.5 nm.

IH NMR spectra were recorded on a Joel FX 90Q FT NMR spectrometer using deuter-
ated CDCl, solutions.

Infrared spectra were recorded on a Nicolet 7199 FTIR spectrometer using KBr pellets.

Micro-analyses (C,H,O,N) were carried out at the Huffman Laboratories, Wheat Ridge,
Colo.
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Molecular weights and molecular weight distributions (MWD) of the polymers were
determined in tetrahydrofuran solution using gel permeation chromatography [Varian
Model 5030 liquid chromatograph equipped with a high resolution column (IBM,
8635755)]. A variable wavelength UV detector (Varian Model VUV-10) equipped with a
constant temperature bath was used to measure the absorbance of the polymer fractions
eluted from the GPC column. These data were plotted and stored as a function of elu-
tion time by a Hewlett-Packard Model 33883A integrator. The latter device was pro-
grammed in BASIC to calculate the MWD of the samples from the stored calibration data
of a set of monodisperse polystyrene and polymethyl methacrylate standards of known
molecular weight.

Melting points were determined on a Thomas Hoover capillary melting point apparatus at
a heating rate of 2°C/min and are uncorrected.

2.5.3 Procedures
2.5.3.1 Monomer Syntheses

3,5[Di(2H-benzotriazole-2-yl1)]2,4-dihydroxyacetophenone (DBAP). The synthesis of the
common precursor DBAP for the monomers DBDH-5V and DBDH-5P followed essentially
the procedure described by Vogl and his associates [13] using o-nitroaniline and 2,4-
dihydroxyacetophenone as starting materials. The first step, the azo dye formation, pro-
ceeded smoothly in high yields. However, we encountered some difficulty in isolating the
crude product DBAP from the zinc residue after reductive cyclization to form benzo-
triazole rings. We therefore slightly modified the work-up procedure with purification
performed by repeated recrystallization from chloroform/methanol solutions. A yield of
30%-40% was obtained. DBAP has been characterized by its melting point (265°-267°C),
IR spectrum (-OH, 3420 cm™*; C=0, 1625 cm™"), and by thin layer chromatography.

2(2,4-Dihydroxy-5-vinylphenyl)1,3-2H-dibenzotriazole (DBDH-5V). The procedure for the
preparation of DBDH-5V was essentially the same as that described by Ref. [13]. A solu-
tion of zinc borohydride in DME (35 ml of 0.5 M solution) was slowly added by syringe
over a period of 8 h to a cooled (-5°C) stirred mixture of DBAP (3.1 g, 8 mmol) in chloro-
form (100 mL) and DME (50 mL). (Zinc borohydride was prepared by the reaction of
sodium borohydride with freshly fused zinc chloride in DME at 0°-5°C). The reaction
was followed by TLC. After 18 h, no starting material remained. Dilute HCI was then
added to decompose excess zinc borohydride and the mixture was stirred for an addi-
tional hour. The organic layer was separated and the aqueous layer was extracted twice
with chloroform. The combined organic layers were washed with water and dried over
MgSO, before evaporation of the solvents to a small volume to precipitate a light yellow
solid 2[2,4-dihydroxy-5(1-hydroxyethyl)phenyl]l,3-2H-dibenzotriazole (DBDH-5HE) (2.5 g,
78%).

DBDH-5HE (2.0 g, 5.2 mmol) was dissolved in toluene (100 mL) and potassium hydrogen
sulphate (1.0 g), and picric acid (~60 mg) was added and the mixture refluxed for 18 h
under a nitrogen atmosphere. The toluene was then evaporated and the residue taken up
in methylene chloride. The solution was then washed with 5% aq. NaHCO,, then dilute
HCl, and twice with water before drying over MgSO,, and evaporation. A crude yield of
DBDH-5V (1.7 g, 85%) was precipitated as a light yellow solid, which was recrystallized
from chloroform/hexane (1:1), m.p. 194°-195°C.

The ultraviolet absorption data are presented in Table 2-3 and the spectrum in
Figure 2-5. IR (KBr): 890 cm™" (C=CH,,C-H bending).
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Table 2-3. Ultraviolet Spectral Data for DBDH-5V,
DBDH-5P, BDHM, BDHAO, BDHPBr,
p-MMA-co-DBDH-5V, and p-MMA-co-
DBDH-5P

(Absorption determined in chloroform solutions; con-

centration: 2x10™” mol/L)

Amax €
Compound (nm) (L/mol cm x 10~%)
DBDH-5V 327 3.15
p-MMA-co-DBDH-5V
PG1-35-1 - 327 3.18
PG1-35-2 327 3.15
PG1-35-3 327 3.03
DBDH-5P 332 3.80
p-MMA-co-DBDH-5P
PG1-27-1 332 3.93
PG1-27-2 332 4.03
PG1-27-3 332 4.0l
BDHM 335 2.50
BDHAO 344 2.72
BDHPBr 345 2.30

40

007911

3.0

2.0

1.0

Molar extinction coefficient (L/mol cm x 10-4)

0.0 i
250 300 350 400

Wavelength (nm)

Figure 2-5. Ultraviolet Spectra of DBDH-5V (A) and p-MMA-co-DBDH-5V (B)
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2(2,4-Dihydroxy, 5-isopropenylphenyl) 1,3-2H-dibenzotriazole (DBDH-5P). A Grignard
reaction was prepared by adding Mel (17 g, 8 ml) in THF (15 mlI) to magnesium turnings
(3.0 g). DBAP (5.0 g, 13 mmol) was dissolved in 250 mL toluene (dried by distillation off
NaOH) and THF (100 mL) (distilled off LiAlH,) and added dropwise to the Grignard
mixture. The mixture was stirred for an additional 4 h after complete addition, then
treated with a mixture of ammonium chloride (50 g), conc. H,SO, (10 mL) in water
(150 mL). The organic layer was separated and the aqueous layer extracted with ether
(3X). The combined organic solutions were dried over MgSO,, and evaporated to leave a
light pink solid. This solid was placed in a vacuum oven at ~100°C for 5 h and the result-
ing reddish solid recrystallized from a mixture of methylene chloride-petroleum ether to
give 3.5 g of DBDH-5P, m.p. 174°-176°C.

The ultraviolet absorptio data are presented in Table 2-3 and the spectrum in
Figure 2-6. IR (KBr): 890" cm (C=CH,, C-H bending).

!H NMR (CDCly): 6 = 7.6-6.5 (Bzt, phenolic); 4.8 (=CH,,2H); 1.6 (-CH3,3H).

2(2,4-Dihydroxyphenyl)2H-benzotriazole (BDH). The synthesis of the common precursor
BDH for the monomers BDHM, BDHAO, and BDHPBr followed essentially the procedure
described by Vogl and his associates [14] using o-nitroaniline and resorcinol as starting
materials. BDH (50% yield) was recrystallized from ethanol/water (1/1) and gave white
needles, m.p. 199°-200°C.

007912

Molar extinction coefficient (L/mol cm x 10-4)

0.0 1 1
250 300 350 400

Wavelength (nm)

Figure 2-6. Ultraviolet Spectra of DBDH-5P (A) and p-MMA-co-DBDH-5P (B)
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2(2-Hydroxy-4-methacryloxyphenyl)2H-benzotriazole (BDHM). The synthesis of BDHM
followed essentially the same procedure as described in Ref. [14],

The ultraviolet absorption datla are presented in Table 2-3 and the spectrum in
Figure 3-43. IR (KBr): 1740 cm™" (C=0 stretching).

IH NMR (CDCl5): § = 8.5-6.7 (Bzt, phenolic); 5.8 and 6.4 (=CH,, 2H); 2.1 (-CHB, 3H).

2(2-Hydroxy-4-allyloxyphenyl)2H-benzotriazole (BDHAQO). BDH (5g, 16.9 mmol) was dis-
solved in DME (20 mL) and the solution added dropwise to a stirred slurry of allyl
bromide (60 mmol, 7.25 g, 5.22 mL) and sodium hydride (20 mmol, 0.48 g, 0.6 g of 80%
suspension in oil washed out with dry hexane). After 48 h of stirring at room tempera-
ture, TLC showed only traces of starting material. The solution was then diluted with
chloroform and acidified with dilute HCl. The organic layer was separated and washed
with water (2X) then dried over MgSO,, and concentrated before addition of methanol to
precipitate a cream-colored solid which was filtered and dried (3.2 g, 55%).

The ultraviolet absorption data are pfesented in Table 2-3 and the spectrum in
Figure 2-7.

2[2-Hydroxy-4-(3-bromopropoxy)phenyl] 2H-benzotriazole (BDHPBr). BDH (4.4 g, 19.38
mmol) was dissolved in 50 mL DME and potassium-t-butoxide (20 mmol, 2.24 g) and
dibromopropane (0.1 mol, 20.1 g, 10.1 mL) added. The solution was refluxed for 4 h then
cooled and diluted with chloroform. The organic solution was washed with water before

4.0

007910

3.0

Molar extinction coefficient (L/molcm x 10-4)

250 300 350 400
Wavelength (nm)

Figure 2-7. Ultraviolet Spectrum of BDHAO
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drying (MgSOQ) and evaporation of the solvent to a small volume. Ethanol was added to
precipitate a white solid, which was filtered and recrystallized from CHCIB/EtOH. Yield
4.0 g (61%)’ mopo 1160-1180(:0

The ultraviolet absorption data are presented in Table 2-3 and the spectrum in
Figure 3-45,

4-Methacrylamido-2,2,6,6-tetramethylpiperidine (MAP). The synthesis and characteriza-
tion of MAP followed essentially the same procedure as described earlier [6]. A solution
of methacryloylchloride (5.2 g) in dried benzene (50 mL) was added dropwise to a cooled
(0°-5°C) stirred mixture of 4- amino-2,2,6,6-tetramethylpiperidine (7.8 g), triethylamine
(2.7 g), and dried benzene (150 mL). After the addition, the reaction mixture was stirred
continually for approximately 4 h at room temperature. The cloudy reaction mixture was
washed with a 5% aqueous sodium hydroxide solution and then water, and dried over
-anhydrous potassium carbonate. After the benzene was removed by vacuum distillation,
the remaining product was recrystallized from hexane and stored in the refrigerator.
White needle crystals (m.p. 119°-120°C) were obtained with a yield of 40.2%.

4-Methacryloxy-2,2,6,6-tetramethylpiperidine (MOP). The synthesis of MOP followed
essentlally the same procedure as described for the synthesis of MAP. A solution of
methacryloylchloride (5.2 g) in dried benzene (70 mL) was added to a cooled, stirred mix-
ture of 4-hydroxy-2,2,6,6-tetramethylpiperidine (7.8 g), triethylamine (15 g), and dried
benzene (100 mL). The reaction mixture was then stirred continually for approximately
6 h at 40°-45°C. The precipitate formed (triethylamine hydrochloride) was filtered out
of the reaction mixture, and the filtrate was washed with saturated sodium bicarbonate
solution and then water, and dried over anhydrous magnesium sulfate. After the benzene
was removed by vacuum distillation, an oily substance remained, which was distilled at
75°C and 0.5 mm Hg. The colorless distillate crystallized after cooling to room temper-
ature and was further purified by vacuum sublimation (15% yield).

N-methacryloxyethyl, N'-(2,2,6,6-tetramethyl-4-piperidyl)Jurea (MAP-E). Isocyanato-
ethylmethacrylate (IEM) (5 mL, 35.3 mmol) was dissolved in dried toluene (150 mL) and
the solution added dropwise under nitrogen to a stirred solution of #4-amino-2,2,6,6-
tetramethylpiperidine (7 mL, 40.9 mmol) in toluene (150 mL). The reaction mixture was
stirred for 2 h at room temperature and then for 4 h at 60°C. After evaporation of the
solvent to a small volume, the viscous solution was left standing overnight during which
time a solid crystallized. This solid was recrystallized from a mixture of toluene and
petroleum ether to give white needle crystals, m.p. 68°C.

IR(KBr): 3340 (NH), 1720 (C=0, ester), 1660 (NH-CO-NH, urea), 1630 (C=C), and 1560
(NH bending) cm™.

N-methacryloxyethyl, 0-(2,2,6,6-tetramethyl-4-piperidyl) urethane (MOP-E). IEM (5 mL)
was dissolved in dried toluene {100 mL) and the solution added dropwise under nitrogen to
a stirred solution of #4-hydroxy-2,2, 6,6-tetramethylpiperidine (5.55 g) and dibutyltin-
dilaurate (1 mL) in toluene (200 mL). The reaction mixture was stirred for 1 h at room
temperature and then for 18 h at 60°C. After evaporation of the solvent to a small
volume, a clear yellow liquid remained that crystallized upon standing. The solid was
recrystallized from cyclohexane to give 7.1 g (70%) MOP-E.

IR(KBr):3340 (NH?, 1720 (C=0, ester), 1700 (O-CO-N, urethane), 1640 (C=C), and 1530
(NH bending) cm™".
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IH NMR (CDCl,):5=6.14 (s,H®); 5.59 (s,HP); .5 (m,HC) .25 (m,HY); 3.53 (m,HS)
1.95 (s,CH); 186 (dd,HE); 1.38 (5,H™; 1.26 and 1.1 (25,CHyand CHJ ) 0.99 (m, HX); 0.84
(s,NHl). Intensity ratios are: l:l: l:2: 2:3: 2:1: 6:6: 2:1. [s = Singlet, d = doublet,
dd = doublet of a doublet, m = multiplet).

2.5.3.2 Polymerizations

Polymethylmethacrylate-co-4-methacryloxy-2-hydroxybenzophenone (p-MMA-co-MHB).
MHB was copolymerized with MMA with AIBN as initiator (Table 2-4). Typical copoly-
merization experiments were carried out as follows: A solution of MHB (1.5 g), MMA
(9.4 g), and AIBN (0.25 g) in acetonitrile (30 mL) was placed in a 250-mL round bottom
flask, immersed in a liquid nitrogen Dewar bottle, and degassed. The freeze-degassing
was repeated twice, and nitrogen gas was introduced. The reaction vessel was heated to
65°-70°C under a positive pressure of nitrogen, and the polymerizations were carried out
for an appropriate polymerization time (16-20 h). The contents of the reaction flask
were then precipitated slowly under stirring into methanol and collected by filtration.
The polymer was further purified by dissolution in dichloromethane followed by precipi-
tation into methanol. The purification procedure was repeated, and the yellowish,
powdery polymer was dried at room temperature under vacuum for 48 h, yield was 79%.
A representative UV spectrum is reproduced in Figure 2-8.

Polymethylmethacrylate-co-2(2,4-dihydroxy, 5-isopropenylphenyl) 1,3-2H-dibenzotriazole
(p-MMA-co-DBDH-5P). DBDH-5P was copolymerized with MMA with AIBN as initiator.
Typical copolymerization experiments were carried out as follows: A 100 ml pear-shaped
flask equipped with magnetic stirrer and side-arm with stopcock was charged with
DBDH-5P (0.5 g, 1.3 mmol) and recrystallized AIBN (50 mg). The flask was capped with
a rubber septum and purged with nitrogen. Toluene (10 mL) and DMAc (5 mL) was added
to dissolve the solid completely and methylmethyacrylate (10.1 mL, 9.5 g of freshly dis-
tilled MMA) was then added via a syringe. After three freeze-thaw cycles at
~0.05 mmHg pressure to degas the homogeneous polymerization mixture, the flask was
placed in an oil bath at ~60°-65°C under a positive pressure of dry nitrogen. The solution
was left stirring for 48 h at an average temperature of 65°-68°C. The polymer solution
was then dissolved in chloroform (100 mL) and added dropwise to a rapidly stirred beaker
of methanol (600 mL) to precipitate a white fluffy polymer. The sample was dried over-
night in a vacuum oven. The amount of materials used for the polymerizations and the
results of all polymerizations are presented in Table 2-5. The ultraviolet absorption data
are presented in Table 2-3.

Polymethylmethacrylate-co-2(2,4-dihydroxy-5-vinylphenyl) 1,3-2H-dibenzotriazole (p-
MMA-co-DBDH-5V). DBDH-5V was copolymerized with MMA with AIBN as initiator.
The procedure was essentially the same as that described for the copolymerization of
DBDH-5P. The amount of materials used for the polymerization and the results of all
polymerizations are presented in Table 2-5. The ultraviolet absorption data are pre-
sented in Table 2-3.

Polymethylmethacrylate-co-2(2-hydroxy-4-methacryloxyphenyl) 2H-benzotriazole (p-
MMA-co-BDHM). BDHM was copolymerized with MMA with AIBN as initiator. Typical
copolymerization experiments were carried out as follows: BDHM, MMA, and AIBN were
dissolved in DMACc and placed in Schlenk tubes sealed with a rubber septum. After three
freeze-thaw cycles, the tubes were placed in an oil bath with a positive pressure of
nitrogen at 65°-70°C for 48 h with stirring. A viscous liquid/gel formed after 24 h. The
contents of the tube was then dissolved in chloroform and added dropwise to a rapidly
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Table 2-4.  Reaction Parameters for the Copolymerization of Methylmethacrylate (MMA)

with 4-Methacryloxy-2-hydroxybenzophenone (MHB) at 65°-70°C
Sample 4 MMA MHB Initiator (AIBN) Selvent T(irr]l;e Conzlgzgsmn
g mol % g mol % g mol %
MS1-13-2 9.5 99.0 0.29 1.0 0.0032 0.018 benzene 16 -
MSI1-11-5 23.4 93.0 4.0 6.0 0.50 1.0 benzene 20 --
MS1-30-1 9.4 94.6 1.5 5.3 0.0i 0.03 benzene 14 -
MS1-30-2 9.4 94.6 1.5 5.3 0.03 0.1 benzene l -
MS1-35-1 9.4 93.2 1.5 5.3 0.25 1.5 acetonitrile 20 79
MSI1-35-2 9.4 93.8 1.5 5.3 0.15 0.9 acetonitrile 20 76
MS1-35-3 9.4 94.1 1.5 5.3 0.10 0.6 acetonitrile 20 70
MSI1-49-1 9.4 98.0 0.1 0.4 0.25 1.6 acetonitrile 20 69
MS1-49-2 9.4 96.6 0.5 1.8 0.25 1.6 acetonitrile 20 66
MS1-49-3 9.4 94.9 1.0 3.6 0.25 1.5 acetonitrile 20 61
MS1-49-4 9.4 90.0 2.5 8.5 0.25 1.5 acetonitrile 20 77
2pibenzoylperoxide

T -
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Figure 2-8. Ultraviolet Spectrum of p-MMA-co-MHB

stirred beaker of methanol to precipitate a white solid polymer. The polymer was fur-
ther purified by redissolving and reprecipitating it once again. The sample was dried for
24 h at 50°C in a vacuum oven (0.1 mmHg). The amount of materials used for the poly-
merizations are presented in Table 2-5. The ultraviolet absorption data are presented in
Table 2-3.

Polymethylmethacrylate-co-4-methacrylamido-2,2,6,6-tetramethylpiperidine  (p-MMA-
co-MAP). A radical copolymerization was performed under similar conditions as
described for the p-MMA-co-MHB. However, hexane was used as precipitant. The
amount of materials used for the polymerization and the results of all polymerizations
are presented in Table 2-6.

Polymethylmethacrylate-co-N-methacryloxyethyl, N'-(2,2,6,6-tetramethyl-4-piperidyl)
urea (p-MMA-co-MAP-E). MAP-E was copolymerized with MMA with AIBN as initiator.
The procedure was essentially the same as that described for the copolymerization of
MHB except for toluene as solvent and the polymerization time/temperature: 4 h at 70°C
followed by 4 h at 100°C. The amount of materials used for the polymerization and the
results of all polymerizations are presented in Table 2-6.

Polymethylmethacrylate by Group Transfer Polymerization (GTP). GTP reactions were
carried out under a positive dry argon atmosphere at room temperature using glassware
previously dried at 175°C for 24 h. THF (dried by distillation from LiAlH,) was used as
the solvent with l-methoxy-1-(trimethylsiloxy)2-methyl-1-propene (Aldrich) as the initia-
tor and tris(dimethylamino) sulphonium difluoride {TASHF,) (Aldrich) as the catalyst.
MMA (Aldrich) was washed with sodium hydroxide solution to remove the inhibitor then
dried by stirring over CaH, powder for 24 h prior to distillation under reduced pressure
before use.

Polymerizations were carried out by dropwise addition of the monomer to a stirred
solution of the initiator and catalyst in THF. The formed polymers were isolated by
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Table 2-5.  Reaction Parameters for the Copolymerization of Methylmethacrylate (MMA)
with DBDH-5P, DBDH-5V, and BDHM and Resulting Copolymer Composition
(Polymerization conditions: temperature: 60°-65°C; time: 48 h; initiator: AIBN, 0.3 mol%)
Composition
M| (MMA) M, Solvent Conversion (M5)
Sample #

g mmol Type g wt% mmol mol% type mL (%) wt%  mol%

PG1-27-1 9.5 95 DBDH-5P 0.50 5 1.3 1.3 DMAc 5 92 4.5 1.2

PG1-27-2 4.5 45 DBDH-5P 0.50 10 1.3 2.8 DMAc 5 90 8.0 2.2

PG1-27-3 4.0 40 DBDH-5P 1.00 20 2.6 6.1 DMAc 7 98 15.0 4.6

PGI-35-1 4.75 47.5 DBDH-5V 0.25 5 0.7 1.4 DMAc 5 76 3.3 0.9
Toluene 5

PG1-35-2 4.5 45 DBDH-5V 0.50 10 1.4 2.9 DMAc 5 72 6.7 1.9
Toluene 5

PG1-35-3 4.0 40 DBDH-5V 1.00 20 2.7 6.3 DMAc 5 72 12.6 4,0
Toluene 5

PGI1-59-1 3.99 40 BDHM 0.74 156 2.5 5.9 DMAc 5 89 12.4 4.7
Toluene &4

PG1-59-2 3.78 38 BDHM 1.48 28.1 5.0 11.9 DMAc 9 87 21.7 9.2
Toluene 4

PG1-59-3 3.36 34 BDHM 295 46,7 10.0 22.7 DMAc 12 80 30.4 14.8
Toluene 4
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Table 2-6.  Reaction Parameters for the Copolymerization of Methyl Methacrylate (MMA)
with MAP and MAP-E and Resulting Copolymer Composition

Le

Composition
M, (MMA) M Initiator (AIBN) (M-)

Sample # ! Type 2 Solvent  Conversion —

g mol % g wt% mmol mol% g mol% (%) wt% mol%
MS1-48-1 9.4 94 MAP 1.5 138 6.7 6.7 0.15 0.90  benzene 53 10.2 4.8
MS1-50-1 9.4 94 MAP 0.5 5.1 2.2 2.3 0.15 0.9 benzene 56 54 2.4
MSI1-81-1 9.4 94 MAP-E 0.1 1.1 0.3 0.3 0.10 0.6 toluene 69 c c
MS1-81-2 9.4 94 MAP-E 0.6 6.0 1.8 1.9 0.10 0.6 toluene 62 c c
MS1-81-3 9.4 94 MAP-E .1 10.5 3.5 3.6 0.10 0.6 toluene 54 c c
MS1-81-4 9.4 94 MAP-E 2.7 22.3 8.7 8.6 0.10 0.6 toluene 258 C C
MSI1-81-5 9.4 94 MAP-E 5.5 36.9 17.7 15.8 0.10 0.5 toluene b - -~

d

b Cross-linked.

€ Analysis in progress.

Conversion to soluble copolymer, rest cross-linked.

£60e-dd
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precipitation into methanol or hexane and the procedure repeated from a chlorinated
solvent.

2.6 Qutdoor and Simulated Weather Tests

After initial reflectance measurements, mirrors are exposed to environmental degrada-
tion using three techniques. Weather-Ometers* and QUVY accelerated weathering
devices provide data for comparison with data from real-time, outdoor exposure (racks
facing south with 45° tilt).

The Weather-Ometer specimens, as illustrated in Figure -1, are being subjected to UV
or no UV, 60°C, and air at 80% relative humidity. A xenon arc lamp with filter cutoff to
match the terrestrial solar spectrum supplies the UV light. The QUV test cyclically uses
4 h of UV exposure (from fluorescent lamps) at 60°C and 4 h of condensed water expo-
sure at 40°C (ASTM, G53-77). The accelerated weathering devices are used for compari-
son only; it is not possible to state, a priori, which device provides the harsher test for
any particular mirror material or how the accelerated tests compare with outdoor
weathering. The spectral distribution for the irradiation in the three weathering modes
is given in Figure 2-9.
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Figure 2-9. A Comparison of Relative Spectral Energy Distribution of
Sunlight (A), WOM (B), and QUV (C) Artificial Light Sources

*Weather-Ometer is a registered trademark of the Atlas Electric Devices Company,
Chicago, Ill.
tQUV is a registered trademark of the Q-Panel Company, Cleveland, Ohio.
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3.0 RESULTS AND DISCUSSION

3.1 Initial Optical Performance

The Specularometer has been used to demonstrate that silvered polymers can attain
specular reflectances in excess of our long-range goals. This has been demonstrated for
membrane configurations and for mirrors mounted on stiff substrates.

3.1.1 Transparent and Metallized Polymers, Transmission and Reflection

When the polymer sheets or polymer mirrors mounted on stiff substrates were mounted
onto the sample holder, great care had to be taken because these samples bend easily.
This caused some variations in the results; however, poor specularity of these samples
could always be explained with curvature that was measured with an interferometer that
was adjacent to the Specularometer. In this way the sample could be mounted onto the
sample holder and the curvature of the front surface or the wedge angle for nonparallel
surfaces could be determined interferometrically and, without moving the sample, specu-
larity data could be taken. For transparent samples, the secondary reflection could be
suppressed by a factor of < 0.02 by changing the optical uniformity of the second surface
when it was taped with 3M Scotch tape.

Various clear samples, including glass and different polymeric materials, have been eval-
vated in transmission with the Specularometer set to its highest resolution (beam diver-
gence about 0.15 mrad). In no instance could an appreciable beam spread be found, which
means that the transmission function of these samples is beyond the resolution limit of
the instrument.

Transparent cast polymer sheet materials and one type of extruded polymer film, which
is the basic polymer material for the ECP 300 reflector that is manufactured by the
3M Company, have been investigated in reflectance. We measured the specularity of
each of these transparent samples and compared the data with the specularity data of
the silvered material. We silvered the polymer sheets with a sputtering technique in our
laboratories, and compared the bare ECP 300 film with the silvered ECP 300 reflector
material as supplied by the 3M Company. For each material, the specularity before and
after silvering was essentially the same.

For example, in Figure 3-la, the specularity data from the front and back surfaces of an
Acrylite (CYRO Industries) sample (thickness 1.7 mm) are shown where no significant
curvature could be detected with the interferometer. Good specularity can be seen,
which is only posstle when the sample is very flat (at a beam diameter of 10 mm, a cur-
vature 1/R of 10~ causes a 0.2 mrad beam spread). The beam divergence of the
instrument was ad)usted in both cases to 0.4 mrad to have a higher light throughput, to
achieve a sufficient signal-to-noise level for reflected signals from the transparent
material.

Figure 3-1b shows the specularity of the same sample after silvering. We measured the
sample as a second-surface mirror, hence, one can see two side reflections. It is helpful
that the different reflections due to the nonparallel surfaces could be resolved because a
beam spread due to overlapping reflections can mislead data evaluation.

These data show that polymer surfaces are smooth enough to be used for mirrors of opti-
cal quality and that the metallization does not influence the optical performance. The
main limitation is the lack of stiffness of the material so that it bends and loses surface
figure, which strongly degrades the specularity.
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Figure 3-1.  Specularly Reflected Beam from a) the First and Second
Surface of the Transparent Polymer Sheet Before Silvering
and b) After Silvering Measured as a Second Surface
Mirror (Wavelength 492 nm, angle of incidence 20°)

3.1.2 Silvered Polymer Films on Various Substrates

The optical performance of silvered, thin polymer films has been determined when the
polymers are applied to flat float glass substrates, to bare or painted aluminum sub-
strates with an adhesive, or suspended as membranes. We have used glass substrates
because the specularity of float glass is excellent and glass allows us to approach the
intrinsic specularity of the silvered polymer. In practice, substrates such as aluminum or
stainless steel would be used and a paint layer applied to the metal may smooth it to
improve mirror optics.

The 3M Company supplied us with a series of 32 samples, where 10 silvered polymer
samples were mounted onto float glass, bare aluminum sheet, and painted aluminum
sheet, respectively. Also two 1/2 in. thick aluminum substrates were obtained each with
a #2 micro finish; one was covered with silvered polymer and the other was left bare
aluminum.

The silvered polymer samples (ECP 300) mounted on float glass had excellent specularity
(a90 values all near 1 mrad). One sample was characterized more completely and spec-
ularity measurements were performed at three different wavelengths (400 nm, 600 nm,
1000 nm), at three different angles of incidence (20°, 45°, 60°), and for three different
beam diameters of 8, 10, and 12 mm. The beam diameter was varied because earlier
experiments showed that the specularity may vary with the size of the illuminated area
on the sample. When the angle of incidence is changed, a different size of the illumi-
nated area results but this is partially compensated for by changing the beam diameter.
The results are shown in Figure 3-2 for fixed angle of incidence (20°), and beam diameter
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Figure 3-2. Specularly Reflected Beam
from a Silvered Polymer Film Mounted on
a Glass Substrate, for Fixed Angle of Inci-
dence (20°) and Beam Diameter (10 mm),
at a) 400 nm, b) 600 nm, and c) 1000 nm
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(10 mm) and for three wavelengths. As
Figure 3-2 shows, the aqp values or specu-
larity are insensitive to wavelengths from
400 to 1000 nm.

Table 3-1 lists the beam width of the
reflected beam (agn-value) as a matrix
determined by wavelength, by angle of
incidence, and for three partially compen-
sating beam areas at each angle of inci-
dence. Also, the absolute reflectance (p)
at 12 mrad is tabulated. At 400 nm, o is
low (80%) because ultraviolet absorbers
are intentionally added to the polymer so
the specular reflectance is decreased but
the specularity is not changed signifi-
cantly. For practical purposes, the data
of Table 3-1 show that mirror specularity
is insensitive to wavelength, angle of inci-
dence, and illuminated area. However,
the measurements do show a slight trend
with illuminated area. The diagrams in
Figure 3-3 show the measured beam diver-
gences for each wavelength as a function
of the illuminated area on the sample
independent of the angle of incidence. A
linear regression line for each wavelength
is included in the graph as well_as the
equation and correlation factor (R4). For
this particular sample, it was found that
with increasing wavelength, the y axis
intercept decreases and the slope
increases. The intercept may be inter-
preted as the local specularity (zero illu-
minated area), whereas the slope indicates
the sensitivity to the size of the illumi-
nated area.

The main result is that silvered polymer
can be used as a solar mirror with excel-
lent optical performance when a good sub-
strate is provided (like float glass). The
variation in the aqy value over the wave-
length range from 400 nm to 1000 nm and
angles of incidence between 20° and 60° is
relatively small.

We have compared silvered polymers
mounted on float glass with the silvered
polymers mounted on aluminum substrates
and as stretched membranes without a
substrate. The results of the measure-
ments performed on the ECP 300 mounted
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Figure 3-3. Beam Divergences from a
Silvered Polymer Film Mounted on a Glass
Substrate as a Function of Illuminated
Area for a Fixed 20° Angle of Incidence:
a) 400 nm, b) 600 nm, c) 1000 nm (see
text)
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on the aluminum sheets were quite vari-
able since the curvature of the substrate
varied from sample to sample. In contrast
to the excellent specularity for silvered
polymer mounted on glass (Figure 3-2), a
typical result for the same type silvered
polymer mounted on painted aluminum
sheet is given in Figure 3-4. Table 3-2
contains the aq, values measured for the
series of 30 samples on three different
substrates as described above. The influ-
ence of the substrate on the specularity is
evident.

The structure in the reflected beam shape
(Figure 3-4) may be controlled by the long
wavelengths of the aluminum substrate
surface structure complemented by facets
of relatively flat regions. The substrate
structure is dominant so that painting has
little effect on specularity. The results
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Figure 3-4. Specularly Reflected Beam
from a Silvered Polymer Film Mounted on
a Painted Aluminum Substrate (Angle of
Incidence 20°, Wavelength 630 nm)
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Table 3-1. Beam Widths Measured on One Sample Under Varying Conditions

o (deg) 20 45 60
A (mm2) 54 34 120 71 111 160 100 158 226
p(12 mrad)
l(nnﬂ (%0
400 80 0.96 0.92 0.92 0.87 0.92 1.01 1.04 1.1l 111
660 96 0.75 0.80 0.85 - 0.73 0.80 0.87 0.75 0.92 1.04
1000 99 0.73 0.66 0.75 0.71 0.71 0.92 - 0.96 1.18 1.25
Table 3-2. Beam Widths of 30 Different Samples, Measured at 660 nm, 20° Angle of Incidence, and
10-mm Beam Diameter
Sample No.
Substrate 1 2 3 4 5 6 7 8 9 10

Float Glass
Painted Al

Bare Al

agoiﬁa

1.04 1.06 1.25 1.18 1.15 1.25 1.04 [.13 1.06 1.01  1.12+0.09
6.30 4.61 4.48 5.22 450 3.34 334 4,02  3.60 4.12 4,35:0.91

8.54 10.26  10.33 10.00 8.38  4.00 889 7.22 440 5.65 7.77+2.36
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for metal substrates are contrasted to those for glass substrates where substrate flatness
is sufficient so that specularity at the l-mrad level is limited by the polymer/silver/
adhesive construction and not by the substrate.

Figure 3-5 shows the specularity typical for reflection from silvered and unsilvered
polymers stretched as membrane mirrors. In this example, the specularity is comparable,
but perhaps slightly less good than that obtained using a glass substrate. The specularity
is superior to that using aluminum or painted aluminum substrates. The results using
membrane mirrors or mirrors mounted on glass substrates demonstrate that a specularity
of at least 1 mrad is attainable. In either case, the intrinsic specularity of silvered
polymers may not have been reached. The adhesive may limit performance when the
mirror is mounted on glass and the membrane test fixture may allow sufficient residual
membrane curvature to limit membrane mirror performance.

Measurements on a thick (1/2 in.) polished aluminum sample and a similar sample covered
with silvered polymer are represented in Figure 3-6 and Figure 3-7, respectively. Both
substrates were machined the same way so that a similar topography of both substrates
can be expected. The specularity was improved when the ECP 300 film was mounted
onto one of these samples (Figure 3-7). The decrease in surface roughness suggests that
the mounted film does not follow the micro-topography of the substrate.

3.1.3 Correlation Between Surface Topography and Specularity

Raether [15] has published a comprehensive review of the effects of roughness on scat-
tering with and without excitation of surface plasmons. The theories frequently assume
that the wavelength of the incident light is large compared to the roughness. For
Raether's discussion 2-3 nm is considered a rather rough surface that represents about
the largest roughness that some theoretical models can accommodate.

Other theories developed by radar scientists [16,17] may be more appropriate for appli-
cation to silvered polymer mirrors in their current state of development where the
roughness is much larger than 3 nm. The approach uses the tangent plane approximation
where it is assumed that the reflective surface is composed of facets that reflect inde-
pendently from one another according to the Fresnel coefficients for specular reflec-
tion. The facets are assumed to be nearly flat (radii of curvature large compared to the
wavelength) and to be canted relative to a hypothetical reference plane. The facets are
usually assumed to be isotropic, and multiple scattering and shadowing are neglected.
The scattering cross sections can be expressed in terms of the Fourier transform of the
joint probability density function of the surface-height random variables or in terms of a
joint probability density function for the surface slopes where the characteristic cor-
relation length is assumed to be small compared to the illuminated area. The distribution
of surface heights is frequently assumed to be exponential or Gaussian and experiments
[18,19] show that a Gaussian distribution is attained for some surfaces. Experiments [1&]
also show that the correlation between slopes is not Gaussian even for surfaces for which
the distribution of slopes is Gaussian.

More recently, Elson and Bennett [20] reviewed scalar and vector scattering theories in-
cluding those relevant to surfaces with roughness large compared to wavelength. Sung
and co-workers [21-23] have used the tangent plane approximation, assuming that all
plane segments are the same size, and the vectorial Kirchhoff integral method to calcu-
late reflectances of very rough surfaces.

34




- 7% 7
S=Rl &
— k1

(a) 1008 — (b) 1008 —

. 880 —

. 608 —

Intensity
T

. 400 —

i

.ZBE‘L—— /
i_ 1.53 mrad -
IZ.EEE' MM[/ l \M
.2

Angle (mrad)

PR-3057

S
—
006959

Intensity

2.8 4.
Angle (mrad)
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As a first experimental approach to correlate the surface topography with the optical
performance of a silvered polymer mirror, surface profiles were measured and evaluated
using geometrical optics. Figure 3-8a shows one of a series of surface profiles of the
polymer/air interface that was measured on ECP 300 mounted on glass and was found to
be representative for that material. Figure 3-8b shows the digitized form of the profile
consisting of 79 flat segments, which is a very good approximation to the actual profile.
Assuming that the silver contour replicated the polymer/air interface, the tilt of each
segment, ¢, was used to calculate the deviation of the reflected light from the specular
direction. AX was used as a weighting factor for the intensity reflected into that
direction with

for the ith segment, and X; being the x-coordinate of segment i.

Figure 3-9 shows the result, which is a prediction of the specularity for that sample.
This simulated intensity distribution is similar to specularity curves measured for the
same sample (see Figure 3-2).
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Figure 3-8. a) Surface Profile of the Polymer/Air Interface of a Thin Silvered
Film Mounted on Glass and b) a Digitized Approximation of the
Profile Consisting of 79 Flat Segments
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3.1.4 Performance of a Polymer Mirror

In real applications, the sun with its beam divergence of 9.4 mrad full-cone angle has to
be focused, which limits the image size on the receiver. In the case of a central receiver
system, several additional factors further limit concentration:

a) tracking errors in the heliostat tracking system

b) slope errors either as a wavy mirror or as an improperly adjusted focal length of a
heliostat

c) the reflection function of the mirror material (materials specularity)

d) dynamic misalignments caused by wind.

Terms b) and ¢) may be combined as one factor that may be called mirror system specu-
larity [24]. v :

Figure 3-10 shows two different cases. Figure 3-10a shows a convolution of the sun's in-
tensity distribution (using a simple model [25]) with the reflection function of the ECP
300 material mounted on float glass (Figure 3-2), and Figure 3-10b shows the convolution
with a reflection function that was shown in Figure 3-4. This comparison demonstrates
that the contribution of the reflector material to an enlarged sun image at the receiver
can be small compared to the effects of the curvature of the substrate and that goals for
the reflector material should not be too stringent.
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Figure 3-9. Simulated Specularly Reflected Beam from a Thin Silvered Polymer Film
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Convolution of the Sun's Intensity Distribution with (Curve a) the
Reflection from a Silvered Polymer Film Mounted on Glass and (Curve b)
the Reflection from a Silvered Polymer Mounted on Painted Aluminum.
The heights of the convoluted curves include the absorption due to the
silver.
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3.1.5 Membrane Mirrors

The results presented in Figure 3-5 demonstrate the potential optical performance of the
materials for stretched membrane mirrors. Applications will place requirements on the
long-term mechanical properties as well as optical properties of the mirror constructions
under weathering. System studies are defining the mechanical requirements and pre-
liminary results suggested that thicker backing polymer films may be required. The
3M Company has supplied experimental films of silvered acrylic polymer laminated to a
thick (7 mil) polyethylene terephthalate (PET) mechanical backing film. The initial
optical performance of the mirrors (Table 3-3) is good.

Weathering studies on unsupported membrane mirrors are not yet in progress, but we
anticipate data within the next few months from the University of Akron on the changes
in mechanical properties (creep) of PET. film under accelerated conditions. Initial mech-
anical properties are reported in Appendix B.

3.1.6 Effect of Structural Bulk [ﬁhomogeneities on Specular Transmittance of
Polymer Films

It has been recognized that light scattering from the bulk phase of a film contributes to a
decrease in film specularity [26]. Evidence for a regular, equilibrium, amorphous struc-
ture with sizes of the order of the wavelengths of solar light is generally lacking for
single phase polymers. However, light scattering, in many cases, may be caused by
impurities, additives, and nonequilibrium structures associated with physical processes
taking place during the fabrication and use of polymer films in various natural or arti-
ficial environments.

We have shown recently that practical transmittance measurements are greatly
influenced by the angular width of the instrument receptor aperture. The choice of

Table 3-3. Specular Reflectance of Acrylic/Silver/7-mil
PET Membrane Mirrors

Specular Reflectance (%)
Sample mrad
4 8 12

Sample #Y 1-100-1
Measured through front acrylic 93.7 95.6 96.0
Measured through back PET 84.3 92.4 93.5

Sample #Y 1-100-2
Measured through front acrylic 92.5 94.1 95.4
Measured through back PET 87.5 92.0 92.7

39



S=Rl @  PR-3057

larger receptor apertures will tend to include some of the scattering at small angles
because of large inhomogeneities in the measurement of specular transmittance. As a
consequence, the transmittance measured is not necessarily increased by reducing the
size of the inhomogeneities in the polymer films, but there is a critical size when the
specular transmittance is a minimum. It is, therefore, of great importance to define the
instrument receptor aperture when comparing transmission and visual measurements.

3.2 Industrially Silvered Polymers

The test results for these materials are given in Appendix C. Many of the test coupons
provide data continuing from earlier reports [6, 27, 28]); however, all the optical data on
durability presented in Appendix C are obtained using Reflectometer II (see
Section 2.1.2) rather than the portable instrument that was available earlier {6]. Thus,
data at 4 mrad are not now instrument limited. Reflectometer II has an accuracy and
precision of about * 1%, however, a current limitation of the data relates to the repo-
sitioning of the samples in the reflectometer after degradation exposure and to the fact
that chance curvature of the substrates is limiting performance. Frequently, the mirror
performance at small acceptance angles (4 mrad) is substrate limited and the polymer
reflector performance is at least as good as the listed data. This is discussed further in
Section 3.2.2. Most silvered polymers had been developed either for application to the
space program or for reflectors used in interior lighting fixtures. For either application,
outdoor terrestrial durability is not a key factor, and generally these materials have not
been durable in harsh environments. In contrast, some of the materials that we are
developing specifically for solar applications show considerably better performance.

3.2.1 QUV and Weather-Ometer Tests

The results of the environmental test chambers for industrial mirrors are given in
Tables C-3 and C-4. We emphasize that these tests are used mainly for comparison pur-
poses. There is little scientific basis for predicting outdoor performance based on accel-
erated laboratory tests. Nevertheless, for purposes of guiding research and development
where decisions must be made with less than ideal information, these results are con-
sidered to yield a rough calibration that can be helpful.

Several modified constructions are in the early stages of testing as presented in
Table C-3. They generally have different adhesive or stabilizer materials. Some are
designated "Uncoated" meaning that the adhesive is mounted directly onto an aluminum
substrate, while "Coated" identifies those materials that are mounted on an aluminum
substrate that was first coil-coated with a white polyester paint. The paint potentially
serves two functions: it can act as a leveling layer to effectively smooth the substrate,
and it can influence degradation by separating the adhesive from the aluminum.

Other materials are further identified as coated with ARC Lot 2 or ARC Lot B, mean-
ing that an abrasion-resistant coating is applied as an overcoat to the transparent acrylic
polymer. Laboratory tests performed by 3M show the ARC coatings to be effective, but
their longer-term effects on the optical properties of the mirrors are yet to be
determined.

In earlier tests [6], the variation in performance of different films led to improved con-
structions. The improved materials are now showing more similar behavior in the harsh
QUV test. In contrast to outdoor tests (Section 3.2.2) where the solar-weighted hemi-
spherical reflectance (H) is affected very little, H decreases in QUV tests. This compar-
ison can be made in Figures 3-11 and 3-12. Figure 3-11 shows the intensity of
hemispherical reflectance as a function of wavelength for the 3M material, ECP 300
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Figure 3-11. Hemispherical Reflectance of ECP 300 Lot 7 (Sample B4-152-3)
After 7 Months Outdoors (Solar-weighted reflectance = 92.1%)
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Figure 3-12. Hemispherical Reflectance of ECP 300 Lot 7 (Sample B4-153-7) After
5.5 Months in the QUV (Solar-Weighted Reflectance = 78.7%)
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Lot 7, after 7 months of outdoor exposure; this curve is typical of unweathered films.
After 5.5 months in the QUV, Figure 3-12, there is a significant decrease in reflectance
for a similar material over a broad wavelength region; this curve is typical of behavior in
the QUYV.

The specular reflectances are also adversely affected. For example, note Table C-3,
Group #2, sample B4-150-2, where between 5.5 and 6.5 months there was a marked,
unusual change. We believe this change is due to an inadvertent temperature excursion
(> 60°C) in the QUV. Prior to that event, there is little difference (at 12 mrad) between
the various materials. In particular, there is no clear difference between painted alum-
inum and unpainted aluminum substrates, while in the Weather-Ometer (see Figures 3-13
and 3-14 below) there is a clear difference in performance for the two substrate types.

Three different edge seals have been used. An acrylic bead edge seal appears less reli-
able than tape edge seals. Two different edge seal tapes have been used, one was trans-
parent and the other opaque white. Both tapes perform well under normal test condi-
tions, but the white tape even survived the temperature excursion; we have not seen the
white tape fail under any test.

There is some suggestion that Lot 2 ARC (abrasion or mar resistant coating on ECP 300)
performs better than Lot IB ARC (see Table C-3, Group #4) but further tests are needed.

The accelerated tests using the Weather-Ometer are given in Table C-4. In this test,
there are two clear results. First, half of each sample mirror is shaded from the UV light
while the complete sample is exposed to temperature and humidity. The mirror segments
that are exposed to UV degrade more rapidly than the shaded parts. This result suggests
that tests that do not include UV light as a means of degradation probably are not accel-
erated in a way consistent with outdoor exposures. Second, the performance of mirrors
mounted on painted aluminum is better than that of mirrors mounted on bare aluminum.
Note that in Table C-4, Group #4, ECP 300A Lot 9 on painted aluminum, performance is
quite good even at 8 mrad (recall at smaller acceptance angles substrate curvature can
limit performance).

The differences are striking in plots of hemispherical reflectance. Figures 3-13 and 3-14
show two extreme cases. In Figure 3-13, the UV-shaded and unshaded halves are compar-
ed for ECP 300 Lot 7 mounted on bare aluminum after 6 months of exposure. The
effects of UV are marked and similar to those in the QUV, Figure 3-12. Figure 3-14
shows the marked improvement of ECP 300A Lot 9 mounted on painted aluminum in this
test after 10 months of exposure.

3.2.2 Outdoor Tests

With reference to outdoor tests in Golden, Colo. (Table C-2), in general, the hemispher-
ical reflectances are not much decreased after weeks of exposure, while the decreases in
specular reflectance are more sensitive to weathering. Table C-2 of Appendix C lists
results for all the ongoing tests. All data are taken with the new reflectometers and are
accurate to about + 1%. Data at 8 mrad are quite consistent, however, at 6 and 4 mrad,
the data are limited by substrate curvature for either aluminum (Al) or painted aluminum
(PAl) substrates and are not necessarily a true measure of the performance of the sil-
vered polymer films. The polymer mirrors are at least as good as this data and we can
identify the substrate quality as a problem for our tests and for engineering applications.
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Figure 3-13. Hemispherical Reflectance of ECP 300 Lot 7 (Sample B4-150-1),

Reflectance

Mounted on Aluminum After 6 Months of Exposure in the Weather-
Ometer. Upper curve without UV exposure, solar-weighted
hemispherical reflectance = 91.3%. Lower curve with UV exposure,
solar-weighted hemispherical reflectance = 71.4%.
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Figure 3-14. Hemispherical Reflectance of ECP 300A (Sample Y1-30-13), Mounted on
Painted Aluminum After 10 Months of Exposure in the Weather-Ometer.
Upper curve without UV exposure, solar-weighted hemispherical
reflectance = 93.6%. Lower curve with UV exposure, solar-weighted
hemispherical reflectance = 89.7%.
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For exceptions to the substrate problem, note the data in Table C-2 under Group #6, ECP
300 Lot 7, where the substrate is glass. For these samples, the optics continues to be
excellent even at 4 mrad.

The experimental samples (Group #1, Table C-2) are largely superseded by improved
films, but the longest outdoor exposure data to date are in this group. For example, the
B2-34-xx series is an experimental film that was a precursor to ECP 300, and after 142
weeks outdoors in Golden, Colo., the specular reflectances of several samples exceed
90% at 12 mrad. At lower acceptance angles, the curvature of the aluminum substrates
limit performance.

The experimental B2-34-xx series is superseded by ECP 300. In Table C-2, Group #2 Lot
7, Group #3 Lot 8, and Group #4 Lot 7 are essentially the same structures. Performance
up to 10 months outdoors at 8 mrad acceptance angle is excellent. At 6 and 4 mrad, sub-
strate curvature again limits performance. In these data sets, there appears to be little
difference between painted and unpainted substrates; however, one of our accelerated
tests shows painted aluminum to be definitely superior and other outdoor data also
suggest the same conclusion (see Appendix B).

At 10 months, five of six samples (Group #2, ECP 300 Lot 7), three on aluminum and
three on painted aluminum substrates had a mottled appearance that did not wash off
using our standard cleaning procedure, even though when they are wet during the clean-
ing process the mottling is much less apparent. The reflectance at 8 mrad is essentially
unchanged and still good; at smaller acceptance angles the data are less significant
because of substrate curvature. The mottled appearance of one sample was removed by
a more vigorous cleaning procedure at the 3M Company. The mottled appearance for
this sample group is the only negative indication for any of the ECP 300 material during
outdoor exposure. Subsequent groups of ECP 300 Lot 7 (see Table C-2, Groups #4 and
##6) are also in test on different time cycles, and these samples had not mottled at their
last measurement.

Group #4, Table C-2 compares the standard ECP 300 Lot 7 with the same material with
two types of mar resistant (MR) top coatings (Lot 2 ARC and Lot 1B ARC). The ARC-
coated materials may be slightly poorer initially but all perform well at 8 mrad, and with
little evidence of weathering differences. Other evidence (Appendix B) suggests that
ARC-coated materials may weather less well.

Group #5, ECP 300A Lot 9, Acrylic Seal uses a different stabilizer system and it contin-
ues to perform well. Acrylic seal indicates that a different edge seal procedure was
used.

Group #6, ECP 300 Lot 7 mirrors on glass substrates remain excellent and continue to
meet our long-range goals for reflectance at 4 mrad in excess of 90%. Flat aluminum
and stainless steel substrates are being fabricated with a high polish to determine
whether metal/adhesive reactions may play a role that is not detected for these samples
with glass substrates.

3.3 Solution Cast Stabilized Polymer/Silver/Glass Mirrors

The reflectance data of a series of stabilized silver/polymer mirrors, as a function of
environmental degradation, are presented in Appendix D.

We observed earlier that the optical properties of PMMA cast onto Ag/glass are affected
not only by the purity of PMMA and the PMMA/Ag interface, but also by additives to
PMMA that serve as UV absorbers, excited state quenchers, or antioxidants. The optical
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properties are also influenced by the preparation methods of these polymeric mirrors and
their degradation modes caused by the adverse effects of environmental parameters.
The degradation modes have been addressed in prior publications [27,28].

In this report, we discuss the completed test results of a series of stabilized polymer mir-
rors started last FY 1985 and this FY 1986. Some of the stabilizers tested have been
specifically synthesized for protecting silvered polymers, and the details of the synthetic
chemistry and characterization are discussed in Section 3.4.4.

3.3.1 Effects of Polymer Additives

It has been known for many years that light has a deleterious effect on the properties of
polymers. "Weathering," the technological term used to describe the deterioration of
polymer properties in the outdoor environment, involves a complex interaction of physi-
cal and chemical processes, and photo-oxidation is recognized as the most important.

The characteristics of photodegradation permit application of stabilization methods to
prevent such degradation by involving photon absorption, transfer of energy, and antioxi-
dant mechanisms [29].

For the protection of solar reflectors, however, the stabilization of the polymer glazing
is just one facet of the total problem, which also includes the stabilization of the
polymer/silver interface, as well as the stabilization of a potential polymeric backing if
no precautions are taken to eliminate the UV transparency of the silver layer. Since UV
absorbers decrease the amount of solar light reflected from a mirror, the necessity of
the presence of such additives to protect and extend the lifetime of the reflector is of
high practical interest.

We have identified and prepared a series of representative examples with the different
groups of UV stabilizers (Tables 2-1 and 2-2) and incorporated them into PMMA to
enhance its effectiveness. Most known UV stabilizers do not act by a single mechanism,
but by a combination of mechanisms. Commercial UV stabilizers are generally classified
into UV absorbers (UVA), quenchers (Q), and antioxidants of the chain-breaking acceptor
(CB-A) or chain-breaking donor (CB-D) type and synergists.

Most members of the UVA class (I-IV, XII-XVI) operate primarily by absorbing UV light
and emitting it back as vibrational (thermal) energy, but they have been shown also to be
able to scavenge radical species.

The term "quencher" for nickel complexes is still widely used in the industry to describe
their ability to deactivate photo-excited species. This mechanism is not now believed to
be very important in practice since, in all cases, their antioxidant function has been
shown to be much more important. Compound IX is a UV-stable, CB-D antioxidant with
UV-screening activity, but this is probably less important than its antioxidant properties.

The antioxidants VI and VIII are not normally considered very effective UV stabilizers
alone, but they are very often included in a UV stabilizer formulation as synergists.

The hindered piperidine compounds V, VII, X, XI, XVII, and XVIII are not effective anti-
oxidants, but their derived nitroxyl radicals have been shown to act by a CB-A/CB-D
cycle, and their high activity is believed to be due to this species, formed either during
processing or during photo-oxidation. They do not absorb UV light, so they are UV stable.
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The initial emphasis in our studies has been on using light stabilizers in solution cast thin
glazings (1-20 um). Tests performed with these thin glazings are meant to guide later
formulations for extruded, thicker films (ca 90 um). Mirror samples with the stabilizers
[-XIII incorporated in the polymer glazing have been tested in our accelerated testing
devices QUV and WOM as well as outdoors.

In our earlier studies, we found that such modified thin glazings prevented or diminished
the optical degradation of silver mirrors. However, mirror performance was found to
depend on the weathering mode (i.e., WOM, QUV, outdoors). None of the tested mirror
samples degraded significantly during short-term exposures outdoors (64 weeks) and in
the accelerated QUV tests (52 weeks) as determined by comparing hemispherical reflec-
tances (H). Accelerated Weather-Ometer tests, on the other hand, demonstrated an
enhanced optical degradation of unstabilized PMMA/silver mirrors, while stabilizers
added to PMMA impeded the degradation.

However, during this reporting period, we observed on another series of mirrors
(R13-100-X, solution cast glazings, 11-20 um thick) that the optical degradation is not
due to increased absorption within the polymer glazing, but due to a photo-darkening of
the wet-processed silver surface that is not yet completely understood (Tables D-2, and
D-6 through D-12).

Although most stabilized mirror samples performed better optically than unstabilized
samples over a l15-week testing period in the WOM (Figure 3-15), we noticed a decreased
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Figure 3-15. Change in Hemispherical Reflectance After 15 Weeks of WOM Exposure
for Selected Mirrors of the R13-100-X Series
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optical performance for mirror samples R13-100-2 and R13-100-13, which had the sta-
bilizers TIN-P and MSI-11-5 incorporated, respectively. Similar results have been
obtained with R13-100-X samples exposed to WOM irradiance filtered with polymeric
UV-cut-off filters (Figure 3-16). Figure 3-17 demonstrates that the photo-darkening of
sample R13-100-2 cannot be prevented through the use of such filters. Further, the
darkening effect has also been observed for some wet-processed silver mirrors exposed to
laboratory lighting. For example, mirror R13-100-5, which did not exhibit any optical
changes during 15 weeks of WOM exposure (Figure 3-15), showed photo-darkening during
an equivalent time under normal laboratory lighting conditions (Figure 3-18). In all of
these cases, it could be noticed that the photo-darkening remained on the silver surface
after solvent stripping and also that the transmittance of mechanically stripped polymer
glazings did not change. As Figure 3-19 demonstrates, any residue of the photo products
of the silver surface remaining on a stripped polymer film could be easily wiped off with
an alcoholic solution. .

Under the microscope, the darkened areas appeared more granular than lighter areas of
the silver surface. These lighter areas appeared at the sample edges or in small, circular
areas distributed over the silver surface. Each of these circular areas had a white,
chloroform-insoluble, crystalline deposit at its center.
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Figure 3-16. Transmittance Characteristics of Selected UV-Cut-Off Filters of the
R13-100-X Series
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Figure 3-17. Change in Hemispherical Reflectance for Sample R13-100-2 After 15
Weeks of Filtered WOM-Exposure Using Filters Fl, F2, F4, and F13
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Figure 3-18. Change in Hemispherical Reflectance for Sample R13-100-5 After
12 Weeks of Laboratory Illumination
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Figure 3-19. Transmittance Characteristics for Stripped Glazings of Sample
R13-100-5 Before Exposure (A), After 12 Weeks of Laboratory Illumi-
nation (B), and After 12 Weeks of Laboratory Illumination and Surface
Cleaning with Alcohol (C)

Some similarities were noted between the appearance of these samples and that of ozone
oxidized silver samples prepared as part of another task. In the latter study, areas of the
bare silver surface, which were not discolored after UV exposure, were found to contain
high surface concentrations of chlorine. However, in the case of the WOM-exposed
samples, it seems that oxidation of the Ag surface is proceeding by a different mech-
anism than ozonation, since ozone measurements in the WOM were negative (< | ppm).
Also, no sulfides could be detected in the water reservoir of the WOM. FTIR reflection
absorbance spectra of the darkened surfaces showed no silver oxide, carbonate, or sulfide
bands. Surface analysis of the darkened samples might provide better information since
IR-RA bands of oxidized metal surfaces are difficult to observe.

The possibility of passivating solar mirrors with adsorbed chlorine had been noted earlier
[30]. To study the chlorine passivation phenomenon, we exposed freshly prepared wet-
processed silver mirrors for various times (1, 5, and 15 min) to HCI vapor and dip-coated
them afterwards with PMMA (R14-26-X). No darkening has been observed so far for
these samples after 20 weeks of WOM exposure (Table D-14).

It is of additional interest to note that the photo-darkening effect is only observed with
wet-processed silver surfaces and not with sputtered silver surfaces (Figure 3-20). Purity
of the polymer glazing does not appear to be a factor in the process.

Darkening of mirrors is less or not at all noticeable on the samples that are exposed in
the QUV mode or weathering outdoors. Corrosion of the silver layer below the thin poly-
mer glazing because of water diffusion through the glazing and delamination of the
glazing are factors of higher concern in these weathering modes. Specular reflectance
measurements are more sensitive in detecting these changes than hemispherical reflec-
tance measurements. Outdoor and QUV testing of these samples (R13-100-X) had to be
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Figure 3-20. Change in Hemispherical Reflectance for Samples R14-74-A3 (Wet-
Processed Silver) and R14-74-B3 (Sputtered Silver) After 6 Weeks
of WOM Exposure

discontinued after 15 weeks because of delamination of the polymer films (Tables D-6
and D-7). Weathering trends observed for the R13-100-X series were essentially also
confirmed by the results obtained for the dip-coated R12-178-X series (1-3 um glazing
thickness) (Tables D-1, and D-3 through D-5). However, samples of the latter series in
the WOM tests were accidentally exposed to a saline environment for the initial first
week of testing because of salt residues present in the instrument from an earlier
experiment.

No photo-darkening of the wet-processed silver surface could be observed for any
sample, which could be because of surface passivation (see above comments) by the
salt. However, this initial salt exposure in the WOM caused severe corrosion of the silver
layer and delamination at the silver-glass interface of the UV-exposed sections, which
caused the specularity values to drop early.

QUV testing and outdoor weathering of this series did not affect reflectance values
severely. Reflectance values were found, in general, to be comparable to the initial
values. Specularity values, measured at all three acceptance angles, remained above the
90% mark after 2 months of testing. No optical degradation was observed for samples
shielded from the UV light.

The R12-178-X series also included specimens where the incorporated stabilizers may
contact the silver surface or be separated from it by an unstabilized layer of PMMA. No
noticeable difference in the optical performance could be observed for the different
specimens. The R12-178-X series was discontinued after 4.5 months of testing when
delamination of the UV-exposed sections interfered with the measurements.
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3.4 Solution Cast Stabilized Polymer Films

The physical aspects of the silver surface (bulk plasmon and surface plasmon absorption),
in addition to silver surface degradation phenomena (photo-darkening and corrosion),
interfere with the direct evaluation of thin polymer glazings on silver mirrors
(Section 3.3). Therefore, to evaluate changes in the polymer, we are presently emphasiz-
ing studies with results obtained from transparent, nonmetallized PMMA films.

We have identified and/or prepared a series of representative examples within the dif-
ferent groups of UV stabilizers (Tables 2-1 and 2-2) and incorporated initially selective
UV-absorbers into PMMA to enhance its effectiveness. Two series of films were pre-
pared by solution casting techniques with one series having thicknesses comparable to the
3M ECP 300 films (ca. 3.5mil = 8 um) and the other series being thinner
(ca. 0.5-1.0 mil = 13-25 um). Because of the large number of samples tested, we used
PMMA in most cases as received from the supplier (Polysciences) without further puri-
fication, realizing that impurities in the polymer may contribute to photodegradation in
the polymer films. However, such impurities are expected to be normally present in the
commercial materials used for film production, and we are interested in evaluating the
effectiveness of stabilizer systems in such technical grade materials. Elimination of
impurities in PMMA may lead, of course, to a more photostable product. The transmit-
tance data of the stabilized PMMA films, as a function of accelerated weathering, are
presented in Appendix E.

3.4.1 Effects of Polymer Additives on Weathering of PMMA films in QUV and WOM
3.4.1.1 Optical Properties

Figure 3-2! shows some representative changes in specular transmittance that have been
observed during accelerated weathering for 6 weeks in the QUV and WOM for unstabi-
lized PMMA and stabilized PMMA films. The irradiation of all samples causes some
optical degradation during QUV exposure in comparison to the WOM-mode.

Figure 3-22 highlights this effect for unstabilized PMMA by comparing the different
absorption spectra of PMMA after 6 weeks of exposure in the two accelerating weather-
ing devices. Figure 3-23 displays the corresponding change in light absorbance of PMMA
films at 275, 325, and 400 nm vs. exposure time. The monotonous increase in absorbance
may be attributed to the formation of primary photoproducts. These curves subsequently
level off, presumably because of competitive absorption of radiation by these products.
The absorption bands are similar for the photoproducts generated in both weathering
modes, indicating comparable degradation mechanisms, which are accelerated in the
QUV mode. The band at 285 nm observed by Shultz [31] is also seen in these spectra and
is the region usually associated with carbonyl chromophores. The band at 275 nm may be
attributable to different carbonyl chromophores or to conjugated double bonds [32].
Photo-oxidation chromophores (hydroperoxides) may cause the band around 325 nm. The
origin of these absorption bands is clearly connected with the polymer chain itself rather
than with a low molecular weight photolysis product since gel permeation chroma-
tography studies of the degraded polymers monitored at different wavelengths indicate
the incorporation of these chromophores into the macromolecular chain.

The reason for increased absorbance changes during QUV weathering may be because of
the severity of the QUV testing mode, where the UV lamps used emit a significant
amount of UV in wavelengths shorter than the solar cut-off of 295 nm (Figure 2-9). (The
crucial role of the UV component of the light on the photodegradation of the films tested
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Changes in the Transmittance Spectrum Between 200 and 600 nm
(initial—) After 6 Weeks of WOM (- - -) and QUV Exposure (— - -) for
Unstabilized PMMA (a), Stabilized PMMA + TIN-P (b), Stabilized PMMA
+ NS (c), Stabilized PMMA + MS1-13-2 (d), Stabilized PMMA + PG1-27-3
(e), Nonmetallized Melt-Extruded ECP 300 Film (f), and ECP 300 Film

Solution Cast (g)
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is demonstrated because no optical degra-
dation could be observed for samples
shielded from the light.)

007475

151 7 Optical losses and mechanical film failure
in stabilized films are, however, consider-
ably reduced in comparison to unstabilized
PMMA, whose lifetime did not exceed 6
1.0F 7] weeks of QUV exposure. As is evident
from Figure 3-21, all stabilizers tested
perform reasonably well in preventing
optical degradation of the films except for
stabilizer MS1-13-2, which could not pre-
vent a considerable early surface crazing
of this particular film during QUV testing.
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Figure 3-24 summarizes the results by dis-

250 300 350 400 playing the change in light absorbance of

A (nm) stabilized PMMA films at 400 nm vs. ex-

posure time in a QUV. (Optical changes of

Figure 3-22. Changes in Absorbance of  these films during WOM exposure are neg-

Unstabilized PMMA Films After 6 Weeks  ligible for the time tested.) The slight

of WOM (A) and QUV (B) Exposure increase in absorbance for most of the

stabilized films indicates that primary

photoproducts are still formed in the films, although at a much reduced rate. Since the

increase of light absorption because of the formation of photoproducts is limited mainly

to wavelengths less than 400 nm, optical performance of these stabilized films is rather

unaffected by it. However, main chain scission of PMMA (see Section 3.4.1.2), especially

in the surface layer, causes a rapid decrease in molecular weight in unprotected or

incompletely protected PMMA films, which subsequently is responsible for the formation

of surface crazes that can cause considerable light scattering (see, for example,

Figure 3-21d). These results also point out the need for arranging the UV stabilizer as
close to the film/air surface as possible.

For comparison, we included the transparent ECP 300 film from 3M Company in our
accelerated weathering tests. AA,nq for this melt-extruded film is comparable to the
absorbance change in most of our staﬁ:ilized solution cast films (Figure 3-24). If the ECP
300 film is dissolved in toluene and solution cast, however, we observe a larger absor-
bance change after irradiation for this film in comparison to most SERI solution cast
films.

[t is conceivable that the different morphologies in biaxially stretched and solution cast
PMMA films affect the rate of photodegradation. However, no studies known to us have
addressed this effect. On the other hand, we have observed in our extraction studies
(Section 3.4.2.2) that it is not practical to get the solution cast films toluene free in a
reasonable amount of time. Therefore, it is possible that toluene residues in the films
initiate or participate in the photo-oxidative degradation of the polymer. However, the
presence of stabilizers considerably retards any such participation of the solvent in the
photodegradation process.
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Figure 3-23. Changes in Absorbance of Unstabilized PMMA Films at 275, 325, and
400 nm versus Exposure Time in WOM and QUV

Another factor of concern with solution cast films relates to the potentially different
solubilities of polymeric stabilizer and host during the drying process. This may cause
distribution gradients of the stabilizer throughout the film with one surface being more
protected than the other. Since photodegradation of the tested PMMA films proceeds
from the surface of the film, where protection is incomplete, into the bulk, optical per-
formance may be a function of which surface is exposed to the irradiation. An initial
study on one sample (R13-100-3) indicates different weathering behavior depending on
the surface exposed (see Section 3.4.2). Further studies of this phenomenon are in
progress.
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Figure 3-24. Changes in Absorbance of Stabilized PMMA Films at 400 nm versus
Exposure Time in the QUV Mode: PMMA + MSI-13-2 (A), Unstabilized
PMMA (B), Solution Cast ECP 300 Film (C), PMMA + TIN-P (D), PMMA +
PGI—Z(?—)B (D), PMMA + UV (E), PMMA + NS (E), Melt-Extruded ECP 300
Film (E).

3.4.1.2 Molecular Weight Changes

PMMA, if not unique, is unusual among polyalkylacrylates in that cross-linking does not
occur during photolysis of films in air [33]. PMMA is unusual also in that the number of
chain scissions per molecule tend to be linear with irradiation time. The effect of stabi-
lizers on chain scission was studied by gel permeation chromatography (GPC) after
irradiation. Values of M, show a rapid decrease in the case of PMMA without stabilizer,
more so during QUV exposure than during WOM exposure (Table 3-4).

Table 3-4. Representative Number-Average Molecular Weight and Chain
Scission Data for Unstabilized and Stabilized PMMA After

100 h Exposure
Weathering = -3 Number of Scissions
Sample Mode M, x 10 S = ((Mn,o/Mn) 1)
PMMA Initial 174.0 0
QuUV 7.5 22.2
WOM 79.0 1.2
PMMA + 1.5 w% (TIN-P) QuUV 125.0 0.39
WOM 129.0 0.35
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This molecular weight decrease can be considerably retarded through the addition of UV
stabilizers. Exact molecular weight changes for the systems stabilized with polymeric
additives are difficult to elucidate from the GPC traces because of the superposition of
guest and host traces (Figure 3-25). However, qualitative conclusions can be drawn: a
noticeable increase of lower molecular weight fragments due to PMMA degradation can
be observed for most films exposed in the QUV (Figure 3-25), whereas no noticeable
degradation for the stabilized films can be noticed during WOM exposure.

Our GPC set-up provides us with the capability to monitor the eluant volume of the GPC
at different wavelengths. This allows us to follow any molecular weight changes in the
polymeric stabilizers by using the wavelength of their absorbance maxima. Changes in
eluant volume (and thus molecular weight) after 6 weeks of exposure appear to be minor
for the polymeric hydroxybenzophenone (Figure 3-26) and hydroxybenzotriazole stabi-
lizers (Figure 3-27). High molecular weight appendices (retention time around 8 min)
absorbing at 332 nm (Figure 3-26) may be due to the formation of chromophores in the
PMMA chains that precedes chain scission and the subsequent formation of nonabsorbing
(at 332 nm) chain fragments.

3.4.2 Permanence of Polymer Additives
3.4.2.1 Changes in Stabilizer Concentration During Accelerated Weathering

The permanence of the stabilizer in the PMMA film is another important factor for pre-
venting long-term degradation of PMMA/silver mirrors and PMMA films. Despite the
high inherent UV stability of the selected stabilizers, we noticed that their concentra-
tions do fall steadily during UV irradiation. The change in the absorption maximum of
UV-screening additives in thinner films (13-25 um) was chosen to monitor this factor.
[Thicker films (89 um) have, normally, a complete UV cut-off and no changes are notice-
able in their UV-absorbing characteristics during the testing time of 6 weeks.] As
already observed earlier for dip-coated PMMA/silver mirrors [6], the consumption of sta-
bilizers in PMMA f{films is also generally higher during QUV exposure and lower during
WOM exposure. The reason for this behavior may be because of the severity of the QUV
testing mode, where the UV lamps used emit a significant amount of UV in wavelengths
shorter than the solar cut-off of 295 nm (Figure 2-9).

The UV stabilizing performance of the UV absorbers in test is attributed to a light-
induced tautomeric isomerization involving an intra-molecular hydrogen bond, e.g.,
between the ortho-hydroxy group and the carbonyl group in hydroxybenzophenone, that
causes a strong UV-absorbance around 330 nm. UV light below 295 nm, however, is pre-
dominately absorbed by the aromatic groups in the stabilizer that could participate in
photo-oxidation reactions. The products of such reactions (e.g, aldehydes and ketones)
may in turn sensitize photo-oxidation of PMMA. Since the QUV testing mode also
involves a water condensation cycle on the samples, we checked if water could disturb
the intra-molecular hydrogen bond by studying the UV absorbance of dilute aqueous solu-
tions of 2-hydroxybenzophenone at varying pH-values.

No effect on the UV-absorbance spectra could be observed in aqueous solutions up to a
pH of 1l. However, at pH 12 and above, there is a dramatic shift in both absorbance
peaks and in the ratio of the peak maxima. This indicates a pK-value for 2-hydroxy-
benzophenone somewhere between 11 and 12. Thus, the intra-molecular hydrogen bond-
ing of this UV-absorber does not seem to be affected in water below a pH of 11. Above
this value, equilibrium would be shifted to the salt form.
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The additives tested in the QUV are nor-
mally consumed during irradiation accord-
ing to linear kinetics (Figure 3-28). From
the data (Figures 3-28 and 3-24), there is
clearly an inverse correlation between the
efficiency and consumption rate of the
stabilizers. Polymeric stabilizers decom-
pose, in general, in a fashion similar to
their low molecular weight analogues,
which is evident through losses in their
characteristic absorption bands. The only

232 nm exception is the polymeric stabilizer
MSI1-13-2 whose decomposition proceeds

007504

332 nm with a larger rate constant. However, no
noticeable molecular weight changes of
232 nm, MS1-13-2, initial the polymeric stabilizers can be observed

during their consumption (see, for

A L example, Figures 3-26 and 3-27). This

4 8 12 may indicate that only cleavage and/or

Retention time (min) modifications of the pendant stabilizer

groups are involved in the consumption

process. A detailed investigation of the

Figure 3-26. GPC Results for a MSl-  reactions leading to stabilizer loss is re-

13-2 Stabilized PMMA Film (R13-100-14)  quired to indicate which reactions are an

After 6 Weeks of WOM Exposure, Moni- essential part of the protective process,
tored at 232 and 332 nm and which are side reactions.

3.4.2.2 Extractability of Polymer Additives

To demonstrate the expected increase in physical permanence of the polymeric stabil-
izers in contrast to their low molecular weight analogues, we performed selected accel-
erated extraction experiments.

In the Soxhlet-extraction mode, the sample films are washed repetitively with a constant
volume of warm water (~75°C) for one week. UV-spectroscopic analysis of the water
extracts did not indicate any polymeric SERI stabilizer leaching in the samples tested
(Figures 3-29 and 3-30). This is in contrast to a noticeable loss of the commercial poly-
meric stabilizer (NS) (Figure 3-31) and the low molecular weight stabilizers incorporated
in ECP 300 (Figures 3-32 and 3-33).

We observed further that all film samples turned opaque after | day in the Soxhlet
extractor. Similar opaqueness had been observed earlier on mirror samples taken out of
the QUV weathering device during the dew cycle and was explained by the minute water
sorption into the polymer films. Whereas the opaqueness in the latter case could be
reversed by drying, the opaqueness of the film samples in the Soxhlet remained even
after several days of vacuum drying. This opaqueness interfered with the direct monitor-
ing of the stabilizer absorption in the film via transmittance measurements. It is of
interest to note that the 3M ECP 300 films developed the highest turbidity of the sam-
ples tested and lost their dimensional shape early during the test, whereas the solution
cast films retained their dimensions.
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Figure 3-27. GPC Results for PG1-27-3 Stabilized PMMA Films (R14-145-1) After
6 Weeks of QUV and WOM Exposure, Monitored at 232 and 340 nm

Similar observations have been made in a more severe extraction test in ethanol at 75°C
for 24 h. Although ethanol is a nonsolvent for PMMA, the ECP 300 film disintegrated
early with the stabilizer being dissolved in the ethanol. All SERI solution cast PMMA
films retained their shape under the same extraction conditions. We repeated the
ethanol extraction test at a lower temperature (30°C) for 2 days. Still, the ECP 300 film
shrank slightly under these conditions, whereas solution cast films retained their shape.
UV-spectra of samples taken from the supernatant ethanol revealed, besides the extract-
ability of all low molecular weight stabilizers (Figures 3-29 to 3-33), that residues of
toluene and salts of benzoic acid were present in the solution cast films (characteristic
absorbance bands of toluene and benzoic acid appear between 220 and 290 nm in Fig-
ures 3-29 and 3-30). It is especially noteworthy that none of the polymeric SERI stabi-
lizers leached out of the films under these extreme conditions (Figures 3-29 and 3-30),
whereas the stabilizers used in ECP 300 showed considerable leaching (Figures 3-32 and
3-33). The commercially available polymeric product (NS) exhibited an extractable com-
ponent that may be attributable to residual monomers or oligomers in this sample
(Figure 3-31).

3.4.3 UV and No-UV Effects
In the accelerated weathering studies, samples can be mounted so that a portion of each

sample is shielded from UV light by an aluminum panel or an ECP 300 filter, while the
whole sample is exposed to the temperature and humidity conditions. As described in
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Stabilized PMMA Films at 325 nm After
Exposure in a QUV: PMMA + MS1-13-
2 (A), PMMA + PG1-27-3 (B), and PMMA +
NS (C).
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Section 3.4.1.1, the sample portions
exposed to UV virtually always degrade
optically more rapidly than the portions
protected from UV. Since UV is known to
degrade silver and PMMA, it is evident
that the role of the stabilizer has been to
diminish, if not eliminate, the problem.
Of interest is the observation that UV
screening by an ECP 300 filter is almost
as effective as an aluminum panel shield
in preventing PMMA and stabilizer deg-
radation (Figures 3-34 and 3-35). The
need for arranging a nonvolatile UV
absorber as close to the film/air surface
as possible is clearly recognized. Another
challenge is the ability to incorporate a
UV stabilizer that is also nondegradable
without altering the desired transmit-
tance properties of the PMMA. Encour-
aging in this regard is the good perfor-
mance of polymer films with non-UV-
absorbing hindered piperidine stabilizers
during their first week of exposure time in
the weathering devices (results of this
series will be reported in the next annual
report).
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Figure 3-29.
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Figure 3-30. Ultraviolet Spectra from Extraction Studies of o-Hydroxybenzotriazole

Stabilized PMMA Films:

Soxhlet Extract (water, 75°C) from PMMA/

SERI PG1-27-3 (A), Ethanol Extract (30°C) from PMMA/SERI PG1-27-3
(B), and Ethanol Extract (30°C) from PMMA/Tinuvin P (C)
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Figure 3-31. Ultraviolet Spectra from Extraction Studies of National Starch Stabilized
Soxhlet Extract (water, 75°C) (A), and Ethanol Extract

PMMA Films:
(30°C) (B)
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Figure 3-32. Ultraviolet Spectra from Extraction Studies of ECP 300 (Lot X09083):
Soxhlet Extract (water, 75°C) (A), and Ethanol Extract (30°C) (B)
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Figure 3-33. Ultraviolet Spectrum from Ethanol Extraction Study (30°C) of ECP 300
(Lot X09082)
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Figure 3-34. Changes in the Transmittance Spectrum Between 200 and 600 nm After
6 Weeks of QUV Exposure for Shielded (A) and Filter Screened (B)
Unstabilized PMMA Films (13-25 um thickness). (Unshielded PMMA films
disintegrated after 3 weeks of QUV exposure.)
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Figure 3-35. Changes in the Transmittance Spectrum Between 200 and 600 nm After
6 Weeks of QUV Exposure for Unshielded (A), Shielded (B), and Filter
Screened (C) NS-Stabilized PMMA Films (13-25 um thickness)
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3.4.4 Preparation of Macromolecular Stabilizers

Polymerizable stabilizers have been copolymerized with methyl methacrylate (MMA)
with the intention of increasing not only the light stability and permanence but also the
compatibility of the stabilizer with the substrate PMMA.

3.4.4.1 Copolymers Involving MMA and Polymerizable 2-Hydroxybenzophenone UV
Stabilizers ‘

Copolymerization of 4-methacryloxy-2-hydroxybenzophenone (MHB) with MMA has been
accomplished according to the general reaction in Figure 3-36 with AIBN as an
initiator. The free phenolic hydroxyl group present in the polymerization mixture does
not inhibit the polymerization if oxygen is rigorously excluded from the reaction mix-
tures. As a consequence, all our polymerizations had to be performed under nitrogen
after thorough degassing by several freeze-thaw cycles.

Table 2-4 shows the conditions for some selected polymerization experiments. All poly-
mers could be isolated as solid, white, and mostly powdery compounds.

Table 3-5 lists some characteristics of the resulting polymers. Molecular weights were
determined by means of gel permeation chromatography. Under the polymerization con-
ditions chosen, copolymers with average molecular weight values (M ) from 16,000 to
above 100,000 could be synthesized.

The copolymerizations of MHB were carried out with feed ratios of 0.4 to 8.5 mol% of
MHB in the mixtures. The obtained polymer yields ranged from 60% to 79% with incor-
poration of 0.4 to 9.4 mol% of MHB indicating that MHB is favorably incorporated into
the copolymers. The composition of all copolymers was established by measurements of
the ultraviolet spectra of the polymers (assuming no change in the extinction coefficient
of 5.744 x 107 L/mol cm at » = 332 nm during copolymerization).

The UV absorption spectrum of a representative p-MMA-co-MHB sample (MS1-49-3) is
reproduced in Figure 2-8. All the spectra are characterized by two absorption bands,
l.e., at Ay 2.=270 nm and i, .. =332 nm. The absorption band at the longer wave-
length, which is attributéd " °to the intramolecular hydrogen bond in the
2-hydroxybenzophenone molecule, remains preserved upon polymerization. The absor-
bance at 400 nm is practically zero. The spectra are, therefore, analogous to the spectra
of low-molecular-weight 2-hydroxybenzophenone derivatives, although the absorption
band at the shorter wavelength is shifted to shorter wavelengths (287+270 nm).

3.4.4.2 Copolymers Involving MMA and Polymerizable 2,2,6,6-Tetramethylpiperidine
Light Stabilizers

Copolymerizations of #4-methacrylamido-2,2,6,6-tetramethylpiperidine (MAP) and
N-methacryloxyethyl, N'-(2,2,6,6-tetramethyl-4-piperidyl) urea (MAP-E) with MMA were
accomplished according to the general reaction shown in Figure 3-36 with AIBN as an
initiator, although amino and imino groups can act as inhibiting or retarding substances in
radical polymerizations. However, it is believed that the steric screening of the imino-
nitrogen by the four methyls contributes to the polymerizability of this class of
compounds.

Polymerization conditions are summarized in Table 2-6. The copolymerizations of MAP

were carried out with feed ratios of 2.3 and 6.6 moi% of MAP in the mixtures. The
resulting copolymers (yield about 55%) had 2.4 and 4.8 mol% MAP incorporated.
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Figure 3-36. Copolymerization Reaction Scheme

The polymerizable stabilizer MAP-E contains a C,-spacer group connected to the piper-
idine moiety via a urea group on one end and to a methacryloxy group on the other end.
This is in contrast to the much shorter amide group connection in the MAP stabilizer.
Copolymerizations of MAP-E with MMA (feed ratios from 0.3 to 15.8 mol% MAP-E) gave
polymers with average molecular weight values (Mp) of 5,400 and 6,700, respectively.
There is evidence from the GPC-results that an ohgomerlc fraction is present in these
samples. Further characterization of these copolymers is in progress. However, it could
be observed that higher feed ratios (> 8 mol% MAP-E) lead to cross-linked products.
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Table 3-5. Characteristics of Selected Copolymers of MMA and MHB

MHB
Sample # M, x 1073 M, x 1073 M,/ My
wt % mol %

MSI1-132 38 : 19 2.0 12.3 4,7
MSI-11-5 50 29 1.7 16.2 6.4
MS1-30-1 131 48 2.7 17.0 6.8
MS1-30-2 239 151 1.6 16.9 6.7
MS1-35-1 44 25 1.8 15.9 6.3
MS1-35-2 72 38 1.9 14.5 5.7
MS1-35-3 124 56 2.2 15.0 5.9
MS1-49-1 33 22 1.5 I.1 0.4
MS1-49-2 35 23 1.5 6.1 2.2
MS1-49-3 26 17 1.5 11.0 4.2
MS1-49-4 49 26 1.9 22.7 9.4

3.4.4.3 Copolymers Involving MMA and Polymerizable 2-Hydroxybenzotriazole UV
Stabilizers

3,5[di(2H-benzotriazole-2-y1)]2, 4-dihydroxy acetophenone (DBAP) has been synthesized
in good yield and was transformed successfully in four steps to 2(2,4-dihydroxy-5-vinyl-
phenyl)1,3-2H-dibenzotriazole (DBDH-5V) and 2(2,4-dihydroxy-5-isopropenylphenyl)l,3-
2H-dibenzotriazole (DBDH-5P), respectively (Figure 3-37).

The synthesis route used followed essentially the procedure of Vogl and his associates
[13]. However, some reaction solvents and conditions were modified to improve yields.
The monomer (DBDH-5V) containing the vinyl group was found to spontaneously homo-
polymerize during the dehydration reaction in the absence of the radical scavenger,
picric acid, normally added to the reaction mixture.

DBDH-5V and DBDH-5P were copolymerized with MMA in the presence of AIBN as initi-
ator (0.3 mol%) in a mixture of toluene and dimethylacetamide as solvents. The reaction
conditions for the copolymerizations are described in Table 2-5. A feed ratio of 5, 10,
and 20 w% of each stabilizer monomer in MMA (corresponding to l.3, 2.8, and 6.1 mol%,
respectively) was used in the copolymerizations. Yields above 90% were obtained for the
p-MMA-co-DBDH-5P series, and yields of 72%-76% were obtained for the p-MMA-co-
DBDH-5V series. Incorporation of the functional monomers was normally below the
amount present in the initial monomer feed, more so for DBDH-5V than for DBDH-5P.
The composition of all copolymers was established by elemental analysis of nitrogen and
was checked by measurements of the ultraviolet spectra of the polymers. The p-MMA-
co-DBDH-5V series sholxzved a Apax Of 327 nm (same as DBDH-5V) and extinction coef-
ficients of 3.0-3.2 x 107 L/mol cm. The p-MMA-co-DBDH-5P series showed a Ama of
332 nm {same as DBDH-5P) and extinction coefficients of 3.9-4.0 x 107 L/mol cm. )‘i'he

66




S=RA %

NO,

—-C=0
(1) NaNO,/HCI
(2) Zn/NaOH
L @ 10
(1) CH Mg DBAP (1) Zn (BH4)2
2) A, IowP)/ \2) KHSO.
N OH N OH
~ N N
N N/ \N _ N/
N/ SN N/ l ~N
OH XX

007498

. OH
CH;—C=CH, CH=CH,
DBDH-5P DBDH-5V
+ CHQ_.
COOCH3
(AIBN)
o
CH2 ‘“CHQ'—C

|
: COOCH;,
\
OH N

p- MMA-co-DBDH-5P (R
p-MMA-co-DBDH-5V (R

CHy)
H)

1}
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extinction coefficients of the copolymers did not differ very much from the ones of the

corresponding monomers. The slight variations are not very significant and are within
our experimental error limits.

The synthesis of the monosubstituted stabilizers 2(2-hydroxy-4-methacryloxypheny!)2H-
benzotriazole (BDHM) and its allyloxy analogue BDHAO were carried out according to
Figure 3-38 [14]. "

These polymerizable stabilizers contain ester and ether linkages, respectively, as opposed
to the vinyl and isopropenyl groups of DBDH-5V and DBDH-5P. The synthesis of BDHM
and BDHAO proceeded in high yields (60%) in three steps from o-nitroaniline and
resorcinol.

NH, OH
NO,
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+
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(2) Zn/NaOH
CHs
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@ @
N /
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|
+ CH, :(|3
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Figure 3-38. Reaction Scheme for the Preparation of BDHM and BDHAO
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BDHM was copolymerized with MMA with AIBN as initiator with 5, 10, and 20 mol% in
the feed ratio (corresponding to 16, 28, and 47 w%) (Table 2-5). The polymer yields were
about 85%. The UV spectra of the copolymers showed incorporation of 4.7, 9.2, and 14.8
mol% BDHM, respectively, with Amax &t 335 nm.

BDHAO was copolymerized with MMA in a 5 mol% feed. Characterization of this poly-
mer is In progress.

3.4.4.4  Incorporation of Ultraviolet Light Stabilizers into PMMA Prepared by Group
Transfer Polymerization

A recently introduced technique [34-37] for the polymerization of acrylics, Group
Transfer Polymerization (GTP), offers several advantages over conventional methods.
Thus, well-defined low molecular weight (1000-20,000) acrylics of narrow molecular
weight distribution can be prepared that may contain functional groups that are normally
reactive in polymerization by free radical methods, such as vinyl or allyl moieties. In
addition, functional end groups can be introduced either by incorporating them in the
GTP initiator or by coupling of the silyl ketene acetal reactive end groups of the growing
chain to a functionalized bromide or tosylate [38]). However, active hydrogen compounds,
such as free hydroxy!l groups, normally lead to termination of GTP. We attempted, dur-
ing this reporting period, the introduction of UV stabilizers based on 2(2-hydroxy-
phenyl)2H-benzotriazole and 2-hydroxybenzophenone into GTP-prepared PMMA by
copolymerization of their methacryloxy derivatives and by an endcapping reaction with
2[2-hydroxy-4-(3-bromopropoxy)phenyl]2H-benzotriazole.

The polymerizable UV light stabilizer 2(2-hydroxy-4-methacryloxyphenyl)2H-benzo-
triazole (BDHM) (Figure 3-39) was previously prepared by Vogl and his associates [39] and

OH
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Figure 3-39. Reaction Scheme for the Preparation of BDHM and BDHPBr
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successfully copolymerized by free radical methods with styrene and various acrylics.
However, it was anticipated that introduction of BDHM into a living GTP mixture with-
out prior masking of the 2-hydroxy group would lead to termination of the growing silyl
ketene acetal end groups. Attempts at masking this hydroxyl as the trimethylsilyl ether
by reaction of BDHM with common silylating agents such as trimethylsilyl chloride,
hexamethyldisilazane and even bis(trimethylsilyl)acetamide proved to be unsuccessful,
This was presumably because of the strong intramolecular ‘hydrogen bonding present
between the 2-hydroxyl and the nitrogen on the benzotriazole ring system (which is
necessary for the structure to function as a UV stabilizer). This resistance of the
2-hydroxy!l group to silylation led to an experiment in which 1 mole equivalent of the
model compound 2(2-hydroxy-4-methylphenyl) 2H-benzotriazole (Tinuvin-P, Ciba Geigy)
was introduced into a living PMMA GTP mixture followed by an additional amount of
MMA after stirring for 15 min. GPC traces of the polymer sample before and after addi-
tion (see Figure 3-40) of the second batch of MMA showed virtual doubling of the MW
from M_ = 1520 to M = 2940, as predicted from the amount of MMA added. Hence, no
termination by the hygroxyl protons was apparent.

Next, the polymerizable UV stabilizers BDHM and 4-methacryloxy-2-hydroxybenzo-
phenone (MHB) (which contains a hydroxyl group intramolecularly hydrogen bonded to a
carbonyl) were introduced in a similar fashion to living GTP PMMA followed by addi-
tional MMA to theoretically double the molecular weight (Figure 3-41). MW changes
were determined by setting the GPC detector wavelength at 232 nm for PMMA absorp-
tion and at 332 nm for MHB (Figure 3-42).
The broader distribution observed at
232 nm as compared to that observed at
332 nm indicates that some termination
occurred when MHB was added. However,
this could also be because of trace impuri-
ties in the monomer.

M, M., M../M,
1520 2117 1.34
2940 3990 1.36

007507

A similar result was obtained for the in-
corporation of BDHM. A UV spectrum of
the PMMA-co-BDHM (Figure 3-43) after
purification by precipitation in methanol,
showed the expected A .. at 335 nm. As
a comparison, the spectra of pure BDHM
and PMMA-co-BDHM obtained by free
radical polymerization are includ% . All
A spectra were measured at 2 x 1077 mol/L
B stabilizer concentration (assuming 100%
of the feed is incorporated in the copoly-
mer and extinction coefficients remain
constant). Thus, the lower extinction
coefficient for the copolymer via GTP
indicates that approximately 70% of the
BDHM in the feed was incorporated.

A - 10 g MMA + 10 mmol initiator
(predicted MW = 1000)

B - After addition of (Tinuvin-P)
followed by 10 g MMA

Another way of incorporating 2(2-hydroxy-
Figure 3-40. GPC Traces of a GTP Poly- phenyl) 2H-benzotriazoles was by termina-
mer (A) Before, and (B) After Addition of  tion of the GTP PMMA with the bromide,
Tinuvin P Followed by a Second Batch of 2[2-hydroxy-4-(3-bromopropoxyl)  phenyl]
MMA 2H-benzotriazole (BDHPBr). BDHPBr was

70




=R ¥

__.»CHs
CH; clJH3 CH, 1. CH2_C\COzR
i [ OCH
CH3—(|)-(-CH2—CI))-CH2—C:C/ ’ >
n \ .
CO,Me CO,Me OSiMe, 2. CH,=c~ C
\\(:()zhne
3. MeOH
N
CH; CH, CHs CH; R = N/
N

| I | |
C)fﬁg --ﬁ)-(-()fig--(D 3m(3f42--ﬁ)-(-C)F+2-(3-)3}4
I I
CO;Me COMe CO,R CO,Me

Figure 3-41.

Figure 3-42. GPC Results for a GTP Polymer with Incorporated MHB

Reaction Scheme for the Incorporation of UV Stabilizers
into PMMA Prepared by Group Transfer Polymerization
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Detector
Wavelength
(nm) M, M, MJ/M,
232 7900 10090 1.27
332 10930 11740 1.07
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Figure 3-43. Ultraviolet Spectra of BDHM and p-MMA-co-BDHM"

prepared in 65% yield by selective alkylation of the free -OH group in BDH with
dibromopropane (Figure 3-44) in the presence of the base potassium-t-butoxide. Its UV
spectrum (Figure 3-45) showed the characteristic absorption of the hydrogen bonded -OH
in an a-position relative to a benzotriazole ring with A .. at 344 nm. GPC results of the
copolymer after incorporation (Figure 3-46) showed er?,l of 5740 at detector wavelength
232 nm and M_ of 6300 at the benzotriazole absorption of 344 nm. The content of the
2(2-hydroxyphenol)2H-benzotriazole end groups as determined from the UV spectrum
(Figure 3-45) indicated that only 55% of the PMMA contained the functional end groups.
Incomplete coupling could be because of loss of living ends of PMMA before addition of
BDHBr or side reactions with impurities introduced during addition of BDHBr.

In conclusion, polymerizable UV stabilizers based on 2(2-hydroxphenyl)2H-benzotriazoles
and 2-hydroxybenzophenones containing unmasked, intra-molecularly hydrogen bonded
hydroxyl groups can be readily copolymerized with acrylic type monomers by GTP. In
other experiments, hindered hydroxyl protons of stabilizers based on 2,6-di-tert-butyl-
phenols (in the form of Goodrite 3125) and hindered amine protons of 2,2,6,6-
tetramethylpiperidine derivatives (in the form of Goodrite 3034) were found to be too
labile when added to living PMMA mixture; in the case of hindered phenol, a yellow color
formation in the GTP mixture was indicative of the formation of the phenoxide anion.

72




S=RI ¥

PR-3057
CH CH CH OH g
|+3 ; | SC/OCHa . NN 5
—C+CH c CH,—
1 ? i N OSiMe, N7
CO;Me CO Me O+CH,,Br

CH, CH3

> |
CH, —C+€CH,— C')'CHQ_C'(CHQ‘)'O
|
CO,Me COQMe C02Me

Figure 3-44.  Reaction Scheme for the Coupling of BDHPBr to a PMMA
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4.0 CONCLUSIONS AND RECOMMENDATIONS

The most significant results for this project are the following:

e We designed and constructed a state-of-the-art specular reflectometer.

e We have proved that both the initial specular reflectance and initial specularity of sil-
vered polymers can greatly exceed the long-range goals.

e We demonstrated that optical goals can be exceeded when the silvered polymer is
mounted with an adhesive onto a firm, flat, smooth substrate or when the silvered
polymer is stretched in a membrane configuration.

e Outdoor weathering tests in Colorado show that silvered polymers resist corrosion for
nearly 3 years, and tests are continuing.

e Further tests in Colorado show that the long-term performance goals (reflectance
greater than 90% into a 4 mrad acceptance angle for 5 years) are maintained for
nearly | year and tests are continuing.

e UV stabilizers added to the polymer impede the degradation of polymer glazings and of
polymer/silver mirrors.

e Polymerizable stabilizer monomers of the hydroxy-benzophenone, hydroxy-
benzotriazole, and hindered amine classes have been successfully synthesized and
copolymerized with methy! methacrylate.

e We have demonstrated that the copolymeric SERI stabilizers minimize physical loss of
UV screening agents from polymer films.

e Despite the high inherent UV stability of the UV absorbers tested, we observe a
deactivation of the stabilizers in film surfaces, which is similar for polymeric and low-
molecular-weight species. Deactivation is slow enough not to limit mirror lifetimes
outdoors for at least several years; however, it may become a factor after more pro-
longed use.

Further results include the following:

e Mirrors mounted on painted aluminum are more durable than those mounted on
unpainted aluminum both during outdoor exposure in Arizona and during some accele-
rated tests at SERIL

e Initial experiments show that hard-coated silvered polymer mirrors are more scratch
resistant and durability tests are encouraging.

e® The adhesion between PMMA and silver deteriorates in the presence of moisture but
regains the initial adherence when dried. The lower adherence may be a problem for
some applications.

e Mirror corrosion can be site specific; for example, Sandia reports substantial corrosion
for silvered polymers outdoors at Solar One for about 2 years. Similar corrosion is not
yet seen in Colorado, Arizona, Florida, or Minnesota.

e Outdoor exposures in Arizona and Florida are harsher than in Colorado or Minnesota;
outdoor tests in Arizona show deterioration of reflectance below long-range goals;
however, improved stabilizers enhance performance in Arizona.

e A new polymerization technique (group transfer polymerization) has been successfully
used to introduce UV-stabilizers as end groups to PMMA.
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UV absorption bands and extinction coefficients of the monomeric stabilizers are pre-
served upon polymerization.

The results of this investigation suggest the following additional work to be done:

Exploit the similarity in the degradation of optics in accelerated tests and outdoors in
Arizona to understand the causes and cures of optical deterioration.

Extend the chemistry to address surface coatings that are anti-soiling and/or more
easily cleaned.

Extend the favorable results with scratch-resistant coats to incorporate polymeric UV
screens in fluorinated, hard-coated surface layers to attain optimum placement of a
nonleachable UV screen in a soil-resistant, cleanable surface coat.

Extend optical measurements to soiled surfaces.

Elucidate the interfacial corrosion constituents as observed in test mirrors at Solar
One to understand causes and cures.

Elucidate factors controlling adherence between PMMA and silver.

Exploit the observations on solvent effects to enable fabricators to roll coat protective
coatings with performance comparable to extruded films.

Elucidate the process factors that control polymer film smoothness and mechanical
properties to enable fabrication of inexpensive, all-polymer membrane mirrors that are
not limited in performance by a metal backing membrane.

Continue optimization of polymeric stabilizer systems to attain the long-term goals
for durability and maintenance of high specularity over the required life.
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APPENDIX A

PHOTOSTABILIZATION AND ATMOSPHERIC SOILING RESISTANCE
STUDIES OF SILVER-BACKED POLYACRYLONITRILE FILMS

C. A. Sergides, A. R. Chughtai, D. M. Smith
University of Denver '

The combination of Irganox 1010%* (antioxidant) with Irgastab 2002* (quencher), found to
significantly retard the photodegradation of silver-backed polyacrylonitrile (PAN) films,
was further examined. It was found that both stabilizers also behaved as quenchers in
PAN/Ag films above 365 nm. Long-term durability tests, however, showed that the
Irgastab 2002 was partially depleted in aqueous media, while no corresponding depletion
products were detected from Irganox 1010 and PAN, respectively. The copolymer PAN-
A7 yielded less photodegradation products than did the homopolymer PAN. Also, the
PAN-A7/Ag film, after 6 months in an outdoor environmental test, showed higher specu-
larity than the PAN-Ag film. Decreases in the photodegradation of PAN/SiO-Ag films
were observed and compared with that of PAN/Ag film. The presence of about 10 nm
SiO surface layer on PAN/Ag film was found to increase its specularity, retard to some
extent its photodegradation, and increase its atmospheric soiling resistance and cleaning
ease. Comparative photodegradation and specularity studies of PAN/Ag-Corning 7809
glass versus PAN/Ag float glass have suggested the use of the float glass (having a high
specularity) for future studies of metal-backed polymer films.

A new photostabilizer, pentaerythritol, was also examined. In our earlier studies of the
thermophysical properties of pentaerythritol [C<(CH,0OH),}, it was found that this com-
pound is thermally stable. A limited photostabilization of PAN was achieved with this
additive.

*Ciba-Geigy Corporation
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APPENDIX B
INDUSTRIAL SUPPORT ON SILVERED POLYMER R&D
CONTRACT ZX-4-04052-1
The 3M Company is providing industrial support for the silvered polymer reflector task.

The following is our brief summary of some of the work.

Outdoor Weathering Studies

Outdoor weathering data for ECP 300 Lot 7 (dry laminated to 0.025 in. thick, acid-etched
aluminum) are compared for three locations (Arizona, Florida, Minnesota) in Table B-1.
Performance in Minnesota is better than that for Florida and Arizona. At Minnesota,
similar to SERI results in Golden, Colo. (see Table C-2), the data continue to show
reflectance greater than 90%; however, after 15 months outdoors in both Florida and
Arizona, reflectances less than 90% are obtained. The data as obtained with the D&S
instrument are probably limited by that instrument and the thin aluminum substrates at
the smallest (8.4 mrad) aperture.

Table B-1. Outdoor Weathering, ECP 300 Lot 7

% Specular Reflectance Total Solar
Reflectance (%)
25 mrad 15 mrad 8.4 mrad 0.3-2.2 u
Minnesota
Aging
None 97.7 97.3 94.9 95.0
12 Months 96.2 95.8 92.7 93.7
18 Months 94.7 94.1 87.4 90.5
Florida
Aging, 5°
None 98.1 97.5 92.2 94.3
3 Mos 97.1 96.5 90.1 94,1
6 Mos 96.1 95.6 90.5 94.5
9 Mos 94.0 93.8 88.9 92.7
12 Mos 91.0 90.6 84.3 89.8
15 Mos 86.7 86.0 77.2 89.3
Arizona
Aging, 45°
None 98.1 97.5 92.2 96.2
3 Mos 97.2 96.5 91.1 95.9
6 Mos 97.0 96.2 91.9 4.4
9 Mos 95.9 95.4 92.8 93.2
12 Mos 91.5 9l.1 88.2 90.0
15 Mos 85.3 84.2 78.1 4.7
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Four lots of ECP 300 have been produced; two lots, Lot 7 and Lot 8, with the original UV
absorber in the PMMA and two lots, Lot 9 and Lot 10, with an alternate UV absorber in
the PMMA layer and now designated ECP 300A. This alternate UV absorber is showing
improved accelerated and outdoor weathering resistance. Tables B-2 and B-3 compare
Lots 8 and 9 for outdoor weathering at Arizona and Florida, respectively. Tables B-2 and
B-3 also compare bare aluminum to coil-coated aluminum substrates. The superior per-
formance of the new stabilizer system is evident and also the coil-coated substrate
appears effective.

Mar Resistant Coats

The cleaning of silvered polymer membrane mirrors is a technical problem that can be
approached in several ways. One approach is to place mar resistant coats (MRC) on the
polymer to provide a harder surface that resists abrasion during the cleaning process.
Demonstration of the effectiveness and durability of MRC in solar applications is yet to
be demonstrated. As a beginning, the 3M Company is testing two types of MRC on sil-
vered polymer mirrors.

Table B-2. Arizona 45° Weathering of ECP 300 Lot 8 and ECP 300A Lot 9

ECP 300 Arizona % Specular Reflectance % Total Solar
Lot # Substrate Aging, 45° Reflectance
25 mrad 15 mrad 8.4 mrad 0.3-2.2
8 Aluminum None 98.1 97.8 96.8 94.5
8 Aluminum 3 Mos 96.7 96.3 93.1 95.1
8 Aluminum 6 Mos 95.5 95.4 91.7 93.0
8 Aluminum 8 Mos 95.4 95.0 91.4 92.1
8 Aluminum 9 Mos 95.0 94.6 91.6 94.6
8 Aluminum 12 Mos 89.9 89.7 89.1 89.2
9 Aluminum None 97.8 97.7 94.5 93.7
9 Aluminum 3 Mos 96.8 96.4 93.9 92.2
9 Aluminum 6 Mos 96.9 96.8 95.3 94.1
9 Aluminum 8 Mos 97.7 97.2 94.7 92.9
9 Aluminum 9 Mos 94.5 94.1 92.3 87.2
9 Aluminum 12 Mos 96.3 95.9 94.6 o4.4
b3 Coil alum None 98.0 97.6 94.8 95.0
8 Coil alum 3 Mos 96.7 96.2 91.9 94.8
8 Coil alum 6 Mos 95.7 95.3 92.5 90.8
8 Coil alum & Mos 95.6 95.2 92.2 93.6
8 Cotl alum 9 Mos 93.7 93.2 87.1 91.6
8 Coil alum 12 Mos 90.5 90.0 85.1 88.9
9 Coil alum None 97.9 97.7 4.4 94.9
9 Coil alum 3 Mos 96.8 96.3 92.0 95.7
9 Coil alum 6 Mos 96.9 96.6 93.2 94.2
9 Coil alum & Mos 97.3 97.1 94.4 94.1
9 Coil alum 9 Mos 96.4 93.4 82.3 94.3
9 Coil alum 12 Mos 97.2 96.7 94.1 91.6
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Table B-3. Florida 5° Weathering of ECP 300 Lot 8 and ECP 300A Lot 9

. % Specular Reflectance % Total Solar
ECE 01012 Substrate i{:;:ga 50 Reflectance
’ 25mrad 15 mrad 8.4 mrad 0.3-2.2 p
8 Aluminum None 97.6 97.3 93.4 94.5
8 Aluminum 3 Mos 96.3 95.9 92.1 95.0
8 Aluminum 6 Mos 97.0 96.6 94.8 93.9
8 Aluminum 8 Mos 95.3 94.9 91.7 92.2
8 Aluminum 9 Mos 93.2 92.9 86.0 93.5
8 Aluminum 12 Mos 86.6 86.4 83.4 92.1
9 Aluminum None 97.5 97.2 96.0 93.7
9 Aluminum 3 Mos 96.0 95.4 92.5 92.2
9 Aluminum 6 Mos 96.1 95.7 92.2 94.1
9 Aluminum 8 Mos 96.3 95.8 94.0 92.9
9 Aluminum 9 Mos 96.1 95.5 87.9 90.8
9 Aluminum 12 Mos 94.0 93.6 85.0 93.6
8 Coil alum None 97.5 97.2 95.3 95.0
8 Coil alum 3 Mos 96.6 96.1 91.5 94.0
8 Coil alum 6 Mos 96.3 96.1 93.5 93.8
8 Coil alum 8 Mos 95.7 95.3 90.5 92.4
8 Coil alum 9 Mos 95.4 95.0 91.2 93.3
8 Coil alum 12 Mos 92.9 92.4 84.9 91.3
9 Coil alum None 97.6 97.3 94.3 94.9
9 Coil alum 3 Mos 96.5 96.3 90.4 95.6
9 Coil alum 6 Mos 97.1 97.1 94.6 94.7
9 Coil alum 8 Mos 96.7 96.1 92.2 93.6
9 Coil alum 9 Mos 95.7 95.2 87.9 92.2
9 Coil alum 12 Mos 96.4 96.0 91.6 94.4

To test the effectiveness of MRC before weathering, ECP 300 Lot 7 film, 12-in. wide,
was coated in Pilot Plant equipment with abrasion resistant coating types Lot 1B and
Lot 2, and laminated to 0.062-in. aluminum panels for Taber Abraser Testing. The CS-O
wheel with a 500-g weight was used for a 1100 cycle test with the results given in

Table B-4.

Table B-4. Abrasion Tests

% Reflectance (25 mrad)

Test Film Relfles‘:tagzce
Control 1100 Cycles 053,
ECP 300 98.2 73.4 25.3
ECP 300 with
Lot IB-ARC 97.4 85.3 12.4
ECP 300 with
Lot 2-ARC 97.6 95.9 1.7
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The results of Table B-5 were noted for each abrasion resistant coating after 12 months
aging in Arizona and Florida:

Table B-5. Abrasion Tests

ECP 300 Lot 7 After 12 Months After 12 Months
Coated with: Arizona, 45° Florida, 5°
Lot 1B
Abrasion Fair by #0000 Poor by #0000
Resistance Steel wool test steel wool test
Coating Poor adhesion Poor adhesion
Adhesion by tape test by tape test
Lot 2
Abrasion Good by #0000 Fair by #0000
Resistance steel wool test steel wool test
Coating Good adhesion Good adhesion
Adhesion by tape test by tape test

The data of Table B-5 suggest that the abrasion resistant properties of coating type
Lot 2-ARC are better than Lot 1B-ARC. Weathering tests and optical measurements are
also in progress (Table B-6). Table B-6 shows that ECP 300 Lot 7 fails our long-term
goals when coated with either MRC and exposed in Arizona or Florida. Recall that ECP
300 Lot 7 alone also did not maintain the required reflectance (Table B-1) in Arizona or
Florida while ECP 300A Lot 9 (Table B-2, B-3) is performing well. ECP 300A Lot 9 has
not yet been top-coated with MRC. The SERI outdoor data (Table C-2) in Golden, Colo.,
remains good (at 8 mrad, results at smaller acceptance angles are limited by substrates)
for each MRC type, these data again suggest that the Colorado environment is less harsh
than Arizona or Florida. Clearly, more work is needed on MRC development and testing.

Silver/Polymer Adhesion

It has been noted that ECP 300, laminated to an aluminum substrate, loses a substantial
amount of the adhesion between PMMA and the silver metallization after 1-2 h of water
immersion. The adhesion is essentially all restored after 1-2 h drying time at room tem-
perature and completely restored after 16 h of drying time. 3M is currently investigating
methods of improving the silver to PMMA wet bond strength. Evidence to date shows
that proper ECP 300 film application, with the use of the recommended 1/2-in. wide ECP
244 edge tape, prevents field failure from excess water exposure.

Membrane Mirrors

A promising candidate stretched membrane reflector was prepared by squeeze roll lami-
nation of ECP 300A to 7-mil polyester (PET) film. The resultant film construction has
the excellent weathering properties typical of acrylic films and the mechanical proper-
ties offered by polyester films.

84



S=RN @ PR-3057

Table B-6. Natural Weathering of ECP 300 Lot 7 with Abrasion Resistant Coatings

Substrate = 0.025 in. acid etched aluminum

% Specular Reflectance % Total Solar
Test Film Aging Reflectance,
25 mrad 15 mrad 8.4 mrad 0.3-2.2

ECP 300 Lot 7 None 97.4 97.1 91.6 96.5
with Lot 1B ARC 6 Mos AZ 45° 92.2 90.4 80.6 92.2
9 Mos AZ 45° 92.9 92.4 79.6 91.5
12 Mos AZ 45° 80.9 79.5 71.6 83.7
ECP 300 Lot 7 6 Mos FL 5° 9%4.5 93.6 89.3 92.2
with Lot 1B ARC 9 Mos FL 5° 92.2 91.9 85.2 91.3
12 Mos FL 5° 87.2 86.3 76.9 88.6
ECP 300 Lot 7 None 97.2 97.0 91.7 95.9
with Lot 2 ARC 6 Mos AZ 45° 96.3 95.4 92.1 93.5
9 Mos AZ 45° 92.6 92.5 91.2 92.0
12 Mos AZ 45° 68.6 68.3 59.8 77.5
ECP 300 Lot 7 6 Mos FL 5° 93.9 93.4 38.8 91.6
with Lot 2 ARC 9 Mos FL 5° 94.9 94.3 90.7 91.9
12 Mos FL 5° 89.4 88.3 72.2 89.5

The following specular reflectance readings were measured on this construction using a
D & S Model 15R Reflectometer: 25 mrad, 98.3; 15 mrad, 97.7; 8.4 mrad, 95.6. Values
as measured at SERI are: 12 mrad, 96.0; 8 mrad, 95.6; 4 mrad, 93.7. The mechanical
properties of the construction were tested in the machine direction (MD) and transverse
direction (TD) with the following results:

MD TD
Break Strength 14,492 psi 19,784 psi
Std. Dev. 1,095 psi 3,067 psi
Break Elongation [13% 36%
Std. Dev. 22% 24%

Also the stress levels for 1%, 3%, and 5% strain were approximately 56, 138, and
162 Ib/in. (TD) and 46, 121, and 154 Ib/in. (MD).
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APPENDIX C
EMPIRICAL RESULTS, DURABILITY OF SILVERED POLYMERS

This appendix lists the results (current to January 15, 1987) for optical reflectance mea-
surements for silvered polymeric films as a continuation of earlier results [24,25]. The
earlier data were obtained with a portable reflectometer of limited precision at small
acceptance apertures. All data in Appendix C were obtained with Reflectometer 1I (see
Sections 2.1.2 and 3.2) as a continuation of the same and new test samples. The com-
mercially available silvered polymers are listed in Table C-1 along with one aluminized
film. The outdoor weathering data, the QUV data, and the Weather-Ometer data are
listed in Tables C-2, C-3, and C-4, respectively.

At the initiation of these tests our optical measurements were limited to hemispherical
values only. Later specular measurements at 15-mrad acceptance angle were begun, and
still later the acceptance angle was improved to 7 mrad and now Reflectometer II pro-
vides an optical capability consistent with our long-range goals. Mirrors are cleaned with
deionized water and detergent before optical measurements.

Table C-1. Commercial Polymeric Mirrors

Designation Metallization Manufacturer Comments

FEK 244 aluminized 3M Company

YS 94 silvered 3M Company

Polycarbonate silvered Sheldahl -

Teflon FEP silvered Sheldahl

B2-111-1to &4 silvered Deposition

- Technology

ECP300X silvered 3M Company

MO84064 silvered 3M Company

4321, J2 silvered 3M Company

4322, 31 silvered 3M Company

AX 9000 Lot 238 silvered 3M Company

ECP 300 Lot 7 silvered 3M Company

ECP 300 Lot 7 silvered 3M Company Coated substrate

ECP 300 Lot 8 silvered 3M Company

ECP 300 Lot 8 silvered 3M Company Coated substrate

ECP 300 Lot 7 silvered 3M Company Abrasion resistant coat
Lot 2

ECP 300 Lot 7 silvered 3M Company Abrasion resistant coat
Lot IB

ECP 300A Lot 9 silvered 3M Company Modified stabilizers

ECP 300A Lot 10 silvered 3M Company Modified stabilizers
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Table C-2. Reflectance of Commercial Mirrors After Qutdoor Weathering in Golden, Colo.

Aperture (mrad)

a
Sample E;}i)r%se re Full-Cone Angle Film/Substrate
4 6 8 10 12 HS  HY,
GROUP #1 EXPERIMENTAL SAMPLES
B2-34-1 [16W 76.9 88.3 90.0 90.9 3M, exp., Al
B2-34-1 129W 63.9 85.4 88.5 90.4 3M, exp., Al
B2-34-} 142W 57.7 87.2 90.2 90.6 3M, exp., Al
B2-34-2 [16W 47.0 84.0 90.8 3M, exp., Al
B2-34-2 129W 41.7 82.1 90.7 3M, exp., Al
B2-34-2 142W 48.0 76.8 88.3 90.5 3M, exp., Al
B2-34-7 90W 59.3 88.9 92.2 92.8 92.9 90.9 3M, exp., Al
B2-34-7 116W 68.2 89.5 92.1 3M, exp., Al
B2-34-7 129W 74.6 90.6 92.5 3M, exp., Al
B2-34-7 142W 20.6 90.7 92.5 89.9 3M, exp., Al
B2-34-8 0w 90.5 3M, exp., Al
B2-34-8 116W 82.0 90.0 91.9 3M, exp., Al
B2-34-8 129W 90.5 90.7 91.9 3M, exp., Al
B2-34-8 142w 48.3 90.6 92.6 90.6 3M, exp., Al
B2-34-17 90W 72.1 4.7 86.9 97.6 38.1 39.8 3M, exp., Al
B2-34-17 116W 71.6 80.8 82.7 3M, exp., Al
B2-34-17 1295V 78.5 &85.5 87.6 3M, exp., Al
B2-34-17 142W 62.4 85.4 83.9 90.8 3M, exp., Al
B2-34-18 90w 61.0 78.0 81.9 82.6 83.0 - 3M, exp., Al
B2-34-18 116W 64.8 &5.1 87.6 3M, exp., Al
B2-34-18 129W 72.6 78.2 80.4 3M, exp., Al
B2-34-18 142W 16.0 76.5 32.6 89.9 3M, exp., Al
B2-111-1 6u4W 73.2 79.2 81.8 83.1 84.3 92.3 Deposition Tech. Glass
B2-111-1 83W 65.4 71.2 75.2 92.9 Deposition Tech. Glass
B2-111-1 95W 45.4 55.8 59.8 Deposition Tech. Glass,D®
B4-25-2 L6W 61.5 84.3 93.7 95.6 96.1 92.3 3M, exp., Al
B4-25-2 40w 21.8 95.6 96.4 3M, exp., Al
B4-25-2 54W 77.0 95.0 96.6 3M, exp., Al
B4-25-2 67W 65.2 89.3 94.8 9l.1 3M, exp., Al
B4-25-4 16w 37.5 67.8 88.9 95.1 95.7 92.1 3M, exp., Al
B4-25-4 40w 46.5 92.1 96.1 3M, exp., Al
B4-25-4 54W 73.3 95.4 96.1 3M, exp., Al
B4-25-4 67W 46.2 90.4 94.9 91.6 3M, exp., Al
B4-25-13 16W 73.6 92.2 96.1 96.2 96.4 92.2 3M, exp., Al
B4-25-13 4ow 72.3 95.1 95.9 3M, exp., Al
B4-25-13 54W 78.2 94,5 96.3 3M, exp., Al
By-25-13 67W 72.4 93.0 94.3 91.6 3M, exp., Al
B4-25-14 16W 65.2 91.2 95.3 95.5 96.0 92.0 3M, exp., Al
B4-25-14 4ow 73.6 95.0 96.4 3M, exp., Al
B4-25-14 S54W 80.3 95.6 97.0 3M, exp., Al
B4-25-14 67W 71.2 92.9 95.8 91.7 3M, exp., Al
B4-25-23 [6W 51.2 73.6 83.1 85.6 88.0 92.7 3M, exp., Al
B4-25-23 40w 52.1 81.0 87.4 3M, exp., Al
BY4-25-23 S54W 50.0 &l.1 38.4 3M, exp., Al
B4-25-23 67W 47.1 79.7 87.3 92.3 3M, exp., Al
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Table C-2. Reflectance of Commercial Mirrors After Outdoor Weathering in
Golden, Colo. (Continued)

Aperture (mrad)

a
Sample E??r?]z re Full-Cone Angle Film/Substrate
c _

4 6 8 10 12 HS HY
B4-25-24 lew  58.3 77.2 85.0 87.7 893.0 928 3M, exp., Al
B4-25-24  40W  60.8 86.5 91.2 3M, exp., Al
B4-25-24  54W  60.5 86.2 9l.4 3M, exp., Al
B4-25-24  67W  60.8 84.5 89.3  92.2 3M, exp., Al
GROUP #2 ECP 300 Lot 7
B4-150-3 IM 91.5 3M, ECP 300, Al
B4-150-3 M 479 81.8 933 9.1 949 92.0 97.9 3M, ECP 300, Al
B4-150-3 IOM  70.2 92.7 94.1 3M, ECP 300, Al
B4-150-3 I3M 78.8 95.0 95.4 3M, ECP 300, Al
B4-150-3 IeM  76.0 93.4 94.1 3M, ECP 300, Al
B4-151-6 IM 91.9 3M, ECP 300, Al
B4-151-6 M 65.2 87.7 9283 94.2 944 3M, ECP 300, Al
B4-151-6 IOM  70.7 89.3 89.9 90.1 3M, ECP 300, Al
B4-151-6 IOM  71.6 93.3 94.2 3M, ECP 300, Al, Df
B4-151-8 IM 92.0 3M, ECP 300, Al
B4-151-8 7M 56.8 86,6 94.0 4.4 94.6 3M, ECP 300, Al
B4-151-8 IOM  69.6 92.2 92.8 3M, ECP 300, Al
B4-151-8 13 79.3 94.8 95.6 3M, ECP 300, Al
B4-151-8 leM  76.0 93.4 94.1 3M, ECP 300, Al
B4-152-3 IM 92.1 3M, ECP 300, PAIS
B4-152-3 M 67.8 832 9.3 953 956 921 97.9 3M, ECP 300, PAL
B4-152-3 IOM  68.7 89.0 90.2 3M, ECP 300, PAI
B4-152-3 I3M 795 93.8 94.3 3M, ECP 300, PAl
B4-152-3 l6M  76.6 93.7 94.2 3M, ECP 300, PAl
B4-153-5 IM 92.4 3M, ECP 300, PAl
B4-153-5 M 70.3 704 89.8 94l 949 3M, ECP 300, PAI
B4-153-5 IOM  78.4 92.8 93.2 3M, ECP 300, PAI
B4-153-5 I3M 77.8 93.7 94.0 3M, ECP 300, PAI
B4-153-5 IeM  71.1 92.8 93.6 3M, ECP 300, PAL
B4-153-6 iM 92.2 3M, ECP 300, PAL
B4-153-6 M 59.6 89.4  94.8 958  96.1 3M, ECP 300, PAl
B4-163-6 IoM  73.9 93.9 94.9 3M, ECP 300, PA!
B4-163-6 I3M  79.2 9.4 94.9 3M, ECP 300, PAl
B4-163-6 leM  72.1 93.2 93.7 3M, ECP 300, PAI

This sample set has developed (at 10M) a mottled appearance that casual inspection would suggest is
a light surface dirt layer; however, it does wash away but only under special cleaning conducted at
3M. At 13M, surface scratches and a mottled appearance are visible but the optics remain good at
& mrad.

GROUP 3 ECP 300 Lot 8, Acrylic Seal

B4-157-1 IM 91.6 3M, ECP 300, PAI
B4-157-1 4M 70.5 90.6 95.3 95.5 96.0 91.7 3M, ECP 300, PAI
B4-157-1 ™ 83.5 95.2 95.6 91.6 3M, ECP 300, PAI
B4-157-1 10M 87.3 94.9 95.6 3M, ECP 300, PAI
B4-157-1 I3M 82.6 93.7 94.5 3M, ECP 300, PAl
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Table C-2. Reflectance of Commercial Mirrors After Outdoor Weathering in
Golden, Colo. (Continued)

Aperture (mrad)

a
Sample E’)l('?r?]se re Full-Cone Angle Film/Substrate
4 6 8 10 12 HS HY

B4-157-3 IM 92.0 3M, ECP 300, PAI
B4-157-3 4M 92.1 3M, ECP 300, PAI
B4-157-3 M 84.8 94.6 95.0 91.6 3M, ECP 300, PAI
B4-157-3 IOM  8l1.7 94.3 94.8 3M, ECP 300, PAl
B4-157-3 I3M 77.4 93.1 94.1 3M, ECP 300, PAI
B4-159-10 IM 92.1 3M, ECP 300, PAI
B4-159-10 4M 299 664 91.0 941 954 923 3M, ECP 300, PAl
B4-159-10 7M  61.8 89.9 90.8  93.1 3M, ECP 300, PAI
B4-159-10 10M  66.8 89.6 90.6 3M, ECP 300, PAI
B4-159-10 I3M 647 81.7 82.9 3M, ECP 300, PAI
B4-160-5 IM 91.9 3M, ECP 300, Al
B4-160-5 4M  66.1 923 959 9.5 959  92.0 3M, ECP 300, Al
B4-160-5 M 82.6 96.1 96.7 91.9 3M, ECP 300, Al
B4-160-5 oM 84.8 9.7 95.6 3M, ECP 300, Al
B4-160-5 13M  80.5 94.6 95.0 3M, ECP 300, Al
B4-160-8 M 91.9 3M, ECP 300, Al
B4-160-8 4M 713 940 957 959 96.0 92,0 3M, ECP 300, Al
B4-160-8 7M  83.6 93.0 93.5 93.1 3M, ECP 300, Al
B4-160-8 I1o0M  8l1.3 92.4 92.9 3M, ECP 300, Al
B4-160-8 I3M  81.3 89.4 90.2 3M, ECP 300, Al
B4-160-9 IM : 92.2 3M, ECP 300, Al
B4-160-9 4M  64.0 88.4 92.2 93.1 9Ll 925 3M, ECP 300, Al
B4-160-9 ™M 727 9l.4 92.0 92.6 3M, ECP 300, Al
B4-160-9 IoM 815 90.1 90.8 3M, ECP 300, Al
B4-160-9 I13M 735 86.4 87.2 3M, ECP 300, Al
GROUP #4 ECP 300 Lot 7

Y1-14-3 13W  63.6 924 955 946 955 92.0 3M, ECP 300, Al
Y1-14-3 26W  77.9 94.5 95.0 3M, ECP 300, Al
Y1-14-3 IoM  76.5 95.7 96.0 3M, ECP 300, Al
Y1-14-3 I3M  83.5 94.5 94.8 3M, ECP 300, Al
Yi-14-5 13W  68.0 924 956 95.8  95.6 98.5 3M, ECP 300, Al
Y1-14-5 26W  81.5 93.9 94.6 3M, ECP 300, Al
Y1-14-5 I10M  86.1 95.3 95.5 3M, ECP 300, Al
Y1-14-5 13M  81.7 95.3 95.6 3M, ECP 300, Al
Y1i-14-10 13w  77.3 934 953 955 957 98.5  3M, ECP 300, Al
Yi-14-10  26W  75.5 93.3 94.2 3M, ECP 300, Al
Y1-14-10 1OM  78.0 95.0 95.2 3M, ECP 300, Al
Yi-14-10  I3M  84.1 92.9 93.2 3M, ECP 300, Al
ECP 300 Lot 7, Lot 2 ARC

Y1-14-11 13w 43.8 80.8 93.8 95.6 959 92.5 3M, ECP 300, Al
Yi-14-11  26W  57.0 9l.1 93.7 3M, ECP 300, Al
Y1-14-11 IOM  57.5 90.8 4.4 3M, ECP 300, Al
Y1-14-11 [3M 60.8 92.9 9.5 3M, ECP 300, Al
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Table C-2. Reflectance of Commercial Mirrors After Outdoor Weathering in
Golden, Colo. (Continued)
Aperture (mrad)a
Sample E)‘;li)ronse re Full-Cone Angle Film/Substrate
c yd
4 6 8 10 12 Hg Hgg
Yl-14-12  13W 409 714  89.7 947  95.4 98.7 3M, ECP 300, Al
Yi-14-12  26W  50.8 85.4 94.4 3M, ECP 300, Al
Y1-14-12 1I0OM  57.1 93.0 9.7 3M, ECP 300, Al
Yl-14-12  I3M 618 91.7 95.3 3M, ECP 300, Al
Y1-14-13  13W 42,1 746 91.6 947 955 99.1  3M, ECP 300, Al
Y1-14-13  26W  49.2 91.4 95.8 3M, ECP 300, Al
Y1i-14-13 1OM 56,5 91.7 93.5 3M, ECP 300, Al
Y1-14-13 I3M  55.1 90.1 94.7 3M, ECP 300, Al
ECP 300 Lot 7, Lot 1B ARC
Y1-14-22 13W 42,0 76.7 92,5 946 951 923 3M, ECP 300, Al
Y1-14-22  26W 548 92.0 95.3 3M, ECP 300, Al
Y1-14-22 I0OM  66.1 90.7 93.4 3M, ECP 300, Al
Y1-14-22  I3M 487 89.9 93.7 3M, ECP 300, Al
Y1-14-23  I13W 453 796 921 944 95.2 98.2  3M, ECP 300, Al
Y1-14-23  26W  58.4 90.7 95.3 3M, ECP 300, Al
Yi-14-23 IOM  65.8 91.6 94.2 3M, ECP 300, Al
Y1-14-23 I13M  72.2 93.4 95.0 3M, ECP 300, Al
Y1-14-30 13W  46.0 78.8 92.0 94.0 94.6 98.5 3M, ECP 300, Al
Y1-14-30 26W  53.9 91.9 94.5 3M, ECP 300, Al
Yi-14-30 10M  60.9 92.8 94.6 3M, ECP 300, Al
Y1-14-30 13M  57.9 90.4 93.4 3M, ECP 300, Al
GROUP #5 ECP 300A Lot 9
Y1-30-5 tM 534 88.0 96.2 969 97.0 929 3M, ECP 300A, Al
Y1-30-5 M 66.4 92.6 9.4 3M, ECP 300A, Al
Y 1-30-5 IOM 715 93.4 94.5 3M, ECP 300A, Al
Y1-30-5 I3M  76.7 94.6 95.9 3M, ECP 300A, Al
Y 1-30-6 4M 57,5 89.8 9.0 97.1 97.1  93.0 3M, ECP 300A, Al
Y 1-30-6 M 695 93.3 94.3 3M, ECP 300A, Al
Y 1-30-6 IoM 727 9.7 95.7 3M, ECP 300A, Al
Y 1-30-6 13 78.9 93.9 94.9 3M, ECP 300A, Al
Y 1-30-8 4M 597 893  96.0 96.8 969 925 3M, ECP 300A, Al
Y1-30-8 M 735 93.0 .2 3M, ECP 300A, Al
Y 1-30-8 IOM  74.4 93.4 95.5 3M, ECP 300A, Al
Y 1-30-8 I3M  79.0 94.7 95.4 3M, ECP 300A, Al
Y 1-30-14 4M 66,2 923 964  97.4 97.6  93.0 3M, ECP 300A, PAI
Y1-30-14 M 763 93.1 93.6 3M, ECP 300A, PAI
Y1-30-14 1OM 819 95.2 95.9 3M, ECP 300A, PAl
Y1-30-14 I13M  63.3 92.1 93.6 3M, ECP 300A, PAl
Y1-30-16 4M 714 93.0 956 961  95.8 928 3M, ECP 300A, PAl
Y1-30-16 M 82.0 93.8 9.1 3M, ECP 300A, PAl
Y1{-30-16 10M  85.0 95.1 9.5 3M, ECP 300A, PAl
Y1-30-16 I3M  33.1 94.8 95.8 3M, ECP 300A, PAl
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Table C-2. Reflectance of Commercial Mirrors After Outdoor Weathering in
Golden, Colo. (Concluded)

Aperture {mrad)

a
Sample E)’I(‘]i)ronse re Full-Cone Angle Film/Substrate
c d

4 6 8 10 12 Hg Hge
Y1-30-18 UM 62.6 898 95.0 96.2 96.2 92.7 3M, ECP 300A, PAI
Y1-30-18 M 724 93.2 94.1 3M, ECP 300A, PAl
Y1-30-18 IOM  78.5 94.5 5.4 3M, ECP 300A, PAl
Y1-30-18 I3M 75.5 94.6 95.6 3M, ECP 300A, PAI
Y1-105-4 0 945 96.6 96.6 92.8 3M, ECP 300A, Alph
Y1-105-4 IM 95.4 96.3 96.5 93.% 3M, ECP 300A, AIP
Y1-105-4 2M 954 96.7 97.0  92.5 3M, ECP 300A, AIP
Y1-105-5 0 92.0 96.2 96.5 92.9 3M, ECP 300A, AIP
Y1-105-5 IM  93.2 96.6 9%6.0 93.1 3M, ECP 300A, AIP
Y1-105-5 2M 92.6 96.9 97.4  92.6 3M, ECP 300A, AlIP
Y1-107-1 0 93.6 95.8 95.8 929 3M, ECP 300A, SS!
Y1-107-1 IM 95.8 97.1 97.1 93.1 3M, ECP 300A, SS
Y1-107-1 2M 96.3 96.9 97.3 92,5 3M, ECP 300A, SS
Y1-107-2 0 926 95.5 95.5 927 3M, ECP 300A, SS
Y1-107-2 IM 943 96.1 96.0 93.1 3M, ECP 300A, SS
Y1-107-2 2M 938 96.2 96.6  92.2 3M, ECP 300A, SS
GROUP #t6 ECP 300 Lot 7
Y1-62-1 1ow  96.8 : 9.4 92.3 3M, ECP 300, Glass
Y1-62-1 20w 96.0 96.4 92.4  92.4 3M, ECP 300, Glass
Y1-62-1 35w 93.3 94.3 94.6 3M, ECP 300, Glass
Y1-62-1 48W  95.7 96.6 96.4 3M, ECP 300, Glass
Y1-62-2 1ow  95.1 9.4 92.3 3M, ECP 300, Glass
Y1-62-2 20W  95.4 95.6 959 92.4 3M, ECP 300, Glass
Y1-62-2 35W  94.0 94.9 9.4 3M, ECP 300, Glass
Y1-62-2 48W  95.7 96.4 96.9 3M, ECP 300, Glass
Y1-62-3 1ow  95.0 96.3 92.3 3M, ECP 300, Glass
Y1-62-3 20w 91.6 94.9 95.2  92.4 3M, ECP 300, Glass
Y1-62-3 35w 90.3 93.7 93.7 3M, ECP 300, Glass
Y1-62-3 48w  94.2 93.6 96.7 3M, ECP 300, Glass
Y1-62-32 0 93.1 96.0 96.3  92.7 3M, ECP 300, AIP
Y1-62-32 IM 94.8 96.9 96.7 929 3M, ECP 300, AP
Y1-62-32 2ZM 948 96.7 97.5 923 3M, ECP 300, AIP |
Y1-70-2 ly 47.8 83.0 9.5 956 96.1 - 3M, ECP 300, Al, MNJ,D®

2Wavelength = 660 nm; angle of incidence = 20°; beam diameter = 10 mm.
W = weeks, M = months, Y = years.
CSolar-weighted hemispherical reflectance (AM L.5).

Hemispherical reflectance at 660 nm.

€D = discontinued.

fSent to 3M, cleaned specially at 3M.
EPAI is painted aluminum.

"'/AlP = polished aluminum

1SS = stainless steel.

JMinnesota.
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Table C-3. Reflectance of Commercial Mirrors After QUV Exposure

- a
Exposyre ~_/perture (mrad) Full-Cone Angle

Sample x Film/Substrate
Time 4 6 8 o 1z K Y
Experimental Samples
B2-34-4 38W 24.5 419 49.9 52.3 53.0 3M, EXP, Al, D€
B2-34-12 38W 43,8 50.1 51.8 52.5 52.9 3M, EXP, AL, D
B2-34-13 38W 50.8 66.4 70.0 71.3 71.3 3M, EXP, AL, D
B4-25-5 20W 189 36.6 52.5 60.8 65.5 82.0 3M, EXP, Al
B4-25-5 28W 22.8 45.4 62.2 70.0 72.4 80.2 83.8 3M, ECP, AL, D
B4-25-6 20W 28.8 52.1 64.3 68.1 68.9 78.2 3M, EXP, Al
B4-25-6 28W 19.0 40.6 60.5 65.5 66.4 81.7 76.0 3M, EXP, AL, D
B4-25-7 20W 24.7 42.2 59.3 68.8 72,2 82.0 3M, EXP, Al
B4-25-7 28W 22.6 444 58.7 65.8 63.8 80.1 83.6 3M,EXP, AL D
B4-25-15 20W 33.1 59.8 73.0 75.3 75.7 30.4 3M, EXP, Al
B4-25-15 28W 30.2 56.8 70.0 72.5 72.9 79.2 84.1 3M, EXP, A, D
B4-25-16 20W 42,4 67.8 74.8 75.8 76.2 81.0 3M, EXP, Al
B4-25-16 28W 37.5 62,0 70.3 72.2 72.3 79.4 83.1 3M,EXP, AL, D
B4-25-17 20W 35.5 59.0 71.1 73.2 74.0 80.3 3M, EXP, Al
B4-25-17 28W 31.5 56.6 66.6 70.0 70.1 79.0 83.8 3M, EXP, AL, D
B4-25-25 20W 29.1 49.8 64.4 69.6 71.8 88.0 3M, EXP, Al
B4-25-25 28W 18.4 41.1 544 60.1 62.0 81.8 86.3 3M, EXP, A, D
B4-25-26 20W 23.1 44,9 57.5 6L.4 64.1 82.8 3M, EXP, Al
B4-25-26 28W l16.4 33.0 43.8 49.2 51.3 80.8 84.4  3M, EXP, AL, D
B4-25-27 20W 28.5 5S4 727 80.8 83.9 89.7 3M, EXP, Al
B4-25-27 28W 219 48,5 70.3 79.2 32.5 88.6 9.4  3M, EXP, AL, D
ECP 300 Lot 7
B4-150-2 IM 87.4 3M, ECP 300, Al
B4-150-2 5.5M 349 60.7 73.0 76.8 77.7 30.6 3M, ECP 300, Al
B4-150-2 6.5M 5.5 17.2 29.4 3M, ECP 300, AL, D
B4-151-7 IM 86.3 3M, ECP 300, Al
B4-151-7 5.5M 37.3 o644 77.3 79.8 80.2 80.2 3M, ECP 300, Al
B4-151-7 6.5M 5.3 lé.1 27.7 3M, ECP 300, Al, D
B4-152-9 IM 86.5 3M, ECP 300, Al
B4-152-9 5.5M 14,7 33.1 48.9 57.4 61.9 80.0 3M, ECP 300, Al
B4-152-9 6.5M 3.6 11.9 22.1 3M, ECP 300, Al,
B4-153-4 IM 86.4 3M, ECP 300, PAl
B4-153-4 5.5M 15.4 29.0 4l.6 48.0 51.2 76.7 3M, ECP 300, PAI
B4-153-4 6.5M [.2 4.5 8.8 3M, ECP 300, PAL, D
B4-153-7 IM 85.4 3M, ECP 300, PAI
B4-153-7 5.5M 24,5 43,2 55.2 6l.4 64.4 78.7 3M, ECP 300, PAI
B4-153-7 6.5M 3.5 10.2 18.0 3M, ECP 300, PAL, D
B4-154-10 IM 34.7 3M, ECP 300, PAI
B4-154-10 5.5M 7.3 17.3 29.0 37.3 41.8 76.6 3M, ECP 300, PAI
B4-154-10 6.5M L.4 4.9 9.6 3M, ECP 300, PAL, D

Samples B4-150-2 through B4-154-10 all badly crazed at 6.5 months (was not noticed at 5.5 months).
No difference bare or painted aluminum substrates. White edge tape intact, clear edge tape
attacked, no blisters.
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Table C-3. Reflectance of Commercial Mirrors After QUV Exposure (Continued)

Aperture (mrad) Full-Cone Angle?

Sample E?POS re Film/Substrate
ime 4 6 8 o 12 H HY
ECP 300, Lot 8, Acrylic Seal
B4-157-2 IM 89.2 3M, ECP 300, PAIL
B4-157-2 M 409 71.2 78.6 79.9 80.1 82.2 3M, ECP 300, PAI
B4-157-2 6M 48.6 73.7 76.4 3M, ECP 300, PAIL, D
B4-158-6 IM 89.4 3M, ECP 300, PAI
B4-158-6 M 35.0 62.7 77.5 80.5 80.8 82.0 3M, ECP 300, PAI
B4-158-6 6M 5.1 lé6.6 29.6 3M, ECP 300, PAL D
B4-158-7 IM 89.3 3M, ECP 300, PAI
B4-158-7 M 33.3 64.6 78.4 80.5 81.1 83.1 3M, ECP 300, PAL
B4-158-7 6M 19.9 48.6 62.3 3M, ECP 300, PAL, D
B4-159-2 IM 90.4 3M, ECP 300, Al
B4-159-2 M 353 647 77.8 79.8 80.5 8l.6 3M, ECP 300, Al
B4-159-2 6M 41.3 71.6 76.0 3M, ECP 300, AL, D
B4-160-7 IM 90.5 3M, ECP 300, Al
B4-160-7 SM 46.1 70.1 76.2 78.2 78.5 81.8 3M, ECP 300, Al
B4-160-7 6M 41.9 62.9 68.1 3M, ECP 300, AL, D
B4-161-10 IM - 38.5 3M, ECP 300, Al
B4-161-10 M 34.6 59.2 70.1 73.7 74.3 80.5 3M, ECP 300, Al
B4-161-10 6M 7.8 22.3 36.1 3M, ECP 300, Al, D

Samples B4-157-2 through B4-161-10 all badly crazed, little difference between painted and
unpainted aluminum substrate, no blisters.

EXP 300 Lot 7

Y1-14-1 13W 33.4 654 78.5 8l1.2 8l.6  84.l 3M, ECP 300, Al
Y1-14-1 17w 30.0 61.8 77.7 797 79 3M, ECP 300, Al
Y1-14-1 21w 37.7 75.1 77.8  8l1.3 3M, ECP 300, Al
Y1-14-1 26W 14.5 36.2 S5l.4 3M, ECP 300, AL, D
Y1-14-2 13w 39.0 68.4 80.8 835  84.1 95.9 3M, ECP 300, Al
Yi-14-2 17W 42.3 73.7 84.2 86.2  86.3 3M, ECP 300, Al
Y1-14-2 21w 45.0 78.0 80.9 81.9 3M, ECP 300, Al
Y1-14-2 26W 40.0 71.5 75.3 3M, ECP 300, AL, D
Y1-14-6 13w 37.4 72.1 838 85.2 R&5.6 96.6 3M, ECP 300, Al
Y1-14-6 17w 35.6 72.2 82.6 83.5  83.7 3M, ECP 300, Al
Y1-14-6 21w 44.0 79.8 82.2 82.6 3M, ECP 300, Al
Y1-14-6 26W 51.0 79.0 79.4 3M, ECP 300, AL, D

Samples Y1-14-~1, 2, and 6 discontinued, all badly crazed.
ECP 300 Lot 7, Lot 2 ARC

Y1-14-15 13W 33.1 67.0 82.7 86.6 87.1 86.5 3M, ECP 300, Al
Yi-14-15 17w 34.0 66.0 &l1.7 849 85.7 3M, ECP 300, Al
Y1-14-15 21w 46.9 80.6 84.5  83.7 3M, ECP 300, Al
Y1-14-15 26W 46.5 77.6 8l.4 : 3M, ECP 300, Al
Y1-14-15 30w 36.5 74.1 79.6 3M, ECP 300, Al, D
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Table C-3. Reflectance of Commercial Mirrors After QUV Exposure (Continued)

Aperture (mrad) Full-Cone Angle?

Exposyre )

Sample - Film/Substrate
Time & 6 8 10 12 H  H

Y1-14-19 13w 40.6 68.3 819 87.0 85.6 97.7 3M, ECP 300, Al
Y1-14-19 17W 31.2 65.7 83.1 85.4 85.6 3M, ECP 300, Al
Y1-14-19 21W 39.6 79.8 85.2 84.0 3M, ECP 300, Al
Y1-14-19 26W 41,7 75.8 82.5 3M, ECP 300, Al
Y1-14-19 30W 35.7 75.0 80.4 3M, ECP 300, Al, D
Y1-14-20 13W 346 64.0 380.5 83.6 84,3 96.1 3M, ECP 300, Al
Y1-14-20 [7W 23.3 50.8 69.2 79.5 82.7 3M, ECP 300, Al
Y1-14-20 21W 29.3 63.1 78.1 82.6 3M, ECP 300, Al
Y1-14-20 26W 42.8 74.1 79.1 3M, ECP 300, Al
Y1-14-20 30W 27.4 58.6 66.7 3M, ECP 300, A, D
Samples Y1-14-15, Y1-14-19, and Y 1-14-20 discontinued, all slightly crazed.
ECP 300 Lot 7, Lot 1B ARC
Y1-14-26 13w 32,7 615 794 83.5 83.5 85.7 3M, ECP 300, Al
Y1-14-26 17w 34.4 55.6 78.2 8l.4 81.7 3M, ECP 300, Al
Y1-14-26 21W 34.0 72.3 79.3 83.0 3M, ECP 300, Al
Y1-14-26 26W 19.2 44.5 59.6 3M, ECP 300, AL, D
Y 1-14-27 13W 30.3 60.9 76.9 80.0 80.6 95.6 3M, ECP 300, Al
Y1-14-27 17W 30.4 58.5 75.5 80.3 8l.1 3M, ECP 300, Al
Y1-14-27 21W 24,8 52.3 66.5 81.5 3M, ECP 300, Al
Y 1-14-27 26W 7.0 19.6 32.9 3M, ECP 300, AL, D
Y1-14-29 13W 25.5 52.0 69.9 75.4 77.7 94.5 3M, ECP 300, Al
Y1-14-29 17w 23.4  51.2 70.9 76.6 78.4 3M, ECP 300, Al
Y1-14-29 21W 18.3 41.9 56.7 81.0 3M, ECP 300, Al
Y1-14-29 26W 8.3 20.7 29,9 3M, ECP 300, AL, D
Samples Y1-26, 27, and 29 discontinued, all badly crazed.
ECP 300A Lot 9
Y 1-30-2 4M 29.6 59.1 77.3 81.6 82.1 85.5 3M, ECP 300A, Al
Y 1-30-2 M 15.3 37.5 52.8 3M, ECP 300A, AL, D
Y 1-30-3 4M 34.6 63.8 80.3 85.6 86.5 87.0 3M, ECP 300A, Al
Y1-30-3 M 12.9 33.2 49.2 3M, ECP 300A, Ai, D
Y 1-30-9 4M 36.9 727 879 91.6 92.2 89.3 3M, ECP 300A, Al
Y 1-30-9 M 11.0 30.3 u7.4 3M, ECP 300A, AL, D
Y1-30-11 4M 37.6 68.9 86.6 38.8 89.3 87.6 3M, ECP 300A, PAI
Y1-30-11 7M 16.0 38.4 55.0 3M, ECP 300A, PAL, D
Y1-30-12 4M 39.3 74.8 88.3 91.3 91.9 88.7 3M, ECP 300A, PAI
Y1-30-12 7M 19.2 46.6 62.7 3M, ECP 300A, PAL, D
Y1-30-15 4M 34.3  69.4 90.2 93.4 93.5 90.1 3M, ECP 300A, PAI
Y1-30-15 7M 50.4 78.9 82.9 3M, ECP 300A, PAL, D
Y1-105-1 0 88.6 96.5 9.9  93.1 3M, ECP 300A, AIPE
Y 1-105-1 IM 87.9 95.6 95.9 92.1 3M, ECP 300A, AlIP
Y1i-105-1 zZM 83.9 94.8 95.7 91.2 3M, ECP 300A, AIP
Y1-105-3 0 89.9 96.4 96.9 92.8 3M, ECP 300A, AIP
Y1-105-3 IM 85.9 95.0 95.4 92.0 3M, ECP 300A, AlP
Y1-105-3 2M 86.8 95.9 96.6 91.0 3M, ECP 300A, AlP

Samples Y1-30-2, 3,9, 11, 12, and 15 discontinued, all except Y1-30-15, badly crazed.
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Table C-3. Reflectance of Commercial Mirrors After QUV Exposure (Concluded)

Aperture (mrad) Full-Cone Angle?

Exposyre .

Sample - Film/Substrate
Time s 6 8 10 12 H  H

Y1-107-3 0 90.8 93.9 93.9 92.6 3M, ECP 300A, SSh
Y1-107-3 M 90.2 95.2 95.3 92.2 3M, ECP 300A, SS
Y1-107-3 2M 85.1 91.4 93.3 90.7 3M, ECP 300A, SS
Y1-62-31 0 90.8 95.0 95.3 92.7 3M, ECP 300A, AIP
Y1-62-31 IM &5.0 94.8 94.9 91.9 3M, ECP 300A, AlP
Y1-62-31 M 87.7 95.0 95.8 90.6 3M, ECP 300A, AlP
ECP 300 Lot 7
Y1-62-4 5W 94.8 95.2 95.1 94.0 93.9 89.3 95.7 3M, ECP 300, Glass
Y1-62-4 9w 84.8 87.4 87.6 87.9 88.1 86.8 3M, ECP 300, Glass
Y1-62-4 14w 83.1 82.6 83.6 34,7 3M, ECP 300, Glass
Y1-62-4 33W 75.3 75.3 75.6 3M, ECP 300, Glass, D
Y1-62-5 S5W 92.2 92.2 93.7 93.9 94.0 29.0 95.6 3M, ECP 300, Glass
Y1-62-5 9w 85.5 87.4 88.4 88.7 88.8 86.9 3M, ECP 300, Glass
Y1-62-5 14w 83.2 84.3 85.3 85.3 3M, ECP 300, Glass
Y!1-62-5 33w 23.3 43.0 52.2 3M, ECP 300, Glass, D
Y1-62-8 5W 94.0 94.3 944 94.5 93.7 89.2 95.8 3M, ECP 300, Glass
Y1-62-8 ow 86.5 87.7 88.3 88.3 88.5 86.7 3M, ECP 300, Glass
Y1-62-8 14W 82.3 82.8 83.5 85.0 3M, ECP 300, Glass
Y1-62-8 33w 69.0 69.8 70.0 3M, ECP 300, Glass, D

All crazed samples.

a

bWavelength = 660 nm; angle of incidence = 20°; beam diameter = 10 mm.

W = weeks, M = months.

CSolar-weighted hemispherical reflectance (AM 1.5).
dHemispherical reflectance at 660 nm.

D = discontinued.

fpal = painted aluminum.

8AIP = polished aluminum.

hss = stainless steel.
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Table C-4. Reflectance of Commercial Mirrors After Weather-Ometer Exposure

Aperture (mrad) Full-Cone Angle?

Sample Eﬁg‘se 3¢ Film/Substrate
4 6 8 10 12 H,  Hgg
ECP 300 Lot 7
B4-150-1 IM/NoUV 92.0 3M, ECP 300, Al
B4-150-1 IM 91.4 3M, ECP 300, Al
B4-150-1 4M/NoUV 55.1 85.0 94.1 95.7  96.1 91.8 3M, ECP 300, Al
B4-150-1 4M 41.3 727 84.4 &85.4  85.8 82.4 3M, ECP 300, Al
B4-150-1 5M/NoUV 53.0 85.4 933 94.0 94.6 3M, ECP 300, Al
B4-150-1 SM 34.4 62.4 73.0 75.0 75.1 3M, ECP 300, Al
B4-150-1 6M/NoUV 6l.5 89.6 92.6 91.3 3M, ECP 300, Al
B4-150-1 6M 35.6 6l.4 63.4 71.4 3M, ECP 300, Al, D€
B4-151-4  IM/NoUV 92.1 3M, ECP 300, Al
B4-151-4 IM 91.2 3M, ECP 300, Al
B4-151-4  4M/NoUV 48.83 80.4 93.8 95.2 96.0 91.9 3M, ECP 300, Al
B4-151-4 4M 51.2 76.3 83.8 34.7 84.9 81.3 3M, ECP 300, Al
B4-151-4  5M/NoUV 41.6 77.4 92.8 95.0 95.1 3M, ECP 300, Al
B4-151-4 M 41.6 66.6 72.5 73.7 73.9 3M, ECP 300, Al
B4-151-4 6M/NoUV 61.0 90.9 92.3 91.2 3M, ECP 300, Al
B4-151-4 6M 39.7 59.2 6l.4 70.9 3M, ECP 300, AL, D
B4-151-5 IM/NoUV 92.0 3M, ECP 300, Al
B4-151-5 IM 91.4 3M, ECP 300, Al
B4-151-5 4M/NoUV 55.4 83.1 93.1 95.0 96.0 92.3 3M, ECP 300, Al
B4-151-5 4M 51.0 79.2 89.7 90.6 91.1 84.6 3M, ECP 300, Al
B4-151-5 5SM/NoUV 53.5 80.9 92.6 9.6  94.8 3M, ECP 300, Al
B4-151-5 5M 48.1 74.6 85.2 87.3 87.3 3M, ECP 300, Al
B4-151-5 6M/NoUV 74.6 94.9 97.2 92.0 3M, ECP 300, Al
B4-151-5 6M 58.0 72.1 72.3 72.3 3M, ECP 300, Al,
B4-152-1 IM/NoUV 92.5 3M, ECP 300, PAI
B4-152-1 1M 92.2 3M, ECP 300, PAI
B4-152-1 4M/NoUV 45.5 76.6 89.3 92.1 93.0 91.6 3M, ECP 300, PAI
B4-152-1 4M 51.8 77.4 87.5 89.2 90.3 89.0 3M, ECP 300, PAl
B4-152-1 5M/NoUV 40.8 73.4 87.5 90.8 91.9 3M, ECP 300, PAI
B4-152-1 5M 46.7 72.9 84.2 36.3 37.0 3M, ECP 300, PAl
B4-152-1 6M/NoUV 53.9 89.9 91.4 92.0 3M, ECP 300, PAI
B4-152-1 6M 47.0 76.9 32.8 87.2 3M, ECP 300, PAL, D
B4-153-8  IM/NoUV 91.2 3M, ECP 300, PAI
B4-153-8 IM 91.0 3M, ECP 300, PAI
B4-153-8 4M/NoUV 54.3 80.4 928 94.2 94.6 90.7 3M, ECP 300, PAI
B4-153-8 4M 63.6 854 90.9 91.3 91.5 88.8 3M, ECP 300, PAI
B4-153-8 5M/NoUV 47.0 79.0 8&9.9 92.4 93.0 3M, ECP 300, PAI
B4-153-8 SM 57.6 80.6 87.2 88.2 38.3 3M, ECP 300, PAI
B4-153-8 6M/NoUV 64.1 93.3 94.6 90.6 3M, ECP 300, PAI
B4-153-8 6M 59.9 86.2 87.1 87.7 3M, ECP 300, PAI
B4-153-8 9M/NoUV 66.8 91.6 92.9 3M, ECP 300, PAI
B4-153-8 M 61.8 83.0 34.2 3M, ECP 300, PAI
B4-153-8 12M/NoUV 66.8 91.6 92.6 3M, ECP 300, PAl
B4-153-8 12M 62.4 79.4 80.8 3M, ECP 300, PAI
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Table C-4. Reflectance of Commercial Mirrors After Weather-Ometer Exposure (Continued)

Aperture (mrad) Full-Cone Angle®

Exposyre .

Sample - Film/Substrate

° Time s 6 8 10 12 H  HY

, B4-154-11 1M/NoUV 91.5 3M, ECP 300, PAI

‘ B4-154-11 IM 91.8 3M, ECP 300, PAI
B4-154-11 4M/NoUV 52.5 79.3 90.3 91.9 92.7 89.9 3M, ECP 300, PAI
B4-154-11 4M 52.6 80.6 919 93.0 93.5 89.8 3M, ECP 300, PAI
B4-154-11 5M/NoUV 47.6 779 383.8 91.3 91.6 3M, ECP 300, PAI
B4-154-11 SM 47.2 74.6 86.5 90.0 90.5 3M, ECP 300, PAI
B4-154-11 6M/NoUV 63.5 90.6 91.4 89.0 3M, ECP 300, PAI
B4-154-11 6M 58.3 36.8 90.9 38.2 3M, ECP 300, PAI
B4-154-11 9M/NoUV 61.8 83.1 91.2 3M, ECP 300, PAI
B4-154-11 M 62.7 85.1 86.3 3M, ECP 300, PAI
B4-154-11 12M/NoUV 69.4 89.4 91.0 3M, ECP 300, PAI
B4-154-11 1M 65.6 83.2 84.0 3M, ECP 300, PAI

Samples B4-150-1, B4-151-4, and B4-151-5 after 6 months have intact, clear edge tape, minor surface
scratches, no blisters, sharp demarcation and graying at the UV/No UV edge. Same for B4-152-1,
B4-153-8, and B4-154-11, except the effect of UV is much less severe with painted aluminum sub-
strate, also latter three have intact white Teflon edge tape. The first three samples have been dis-
continued, the latter three will be continued until they degrade about the same amount as the first
three.

ECP 300 Lot 8, Acrylic Seal
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B4-157-4 IM 92.2 3M, ECP 300, PAI
B4-157-4  4M/NoUV 41,9 785 94.3 9e.l 9%6.6 91.8 3M, ECP 300, PAl
B4-157-4 4M 36.4 757 90.7 92.0 92.3  88.7 3M, ECP 300, PAI
B4-157-4  5M/NoUV 35.4 86.2 93.1 91.1 3M, ECP 300, PAI
B4-157-4 5M 41.1 82.4 8.8 87.9 3M, ECP 300, PAI
B4-157-4 8M/NoUV 61.1 91.7 94.3 3M, ECP 300, PAl
B4-157-4 &M 54.8 86.0 37.8 3M, ECP 300, PAI
B4-157-4 12M/NoUV 52.6 93.6 96.0 3M, ECP 300, PAI
B4-157-4 12M 47.7 82.8 85.1 3M, ECP 300, PAl
B4-158-5 IM 91.8 3M, ECP 300, PAl
B4-158-5 4M/NoUV 57.4 87.6 95.0 959 96.1 91.6 3M, ECP 300, PAI
B4-158-5 4M 54.0 82.3 90.6 915 91.7  88.2 3M, ECP 300, PAl
B4-158-5 5M/NoUV 58.2 90.3 93.2  93.2 3M, ECP 300, PAl
B4-158-5 M 55.3 86.3 88.2  86.2 3M, ECP 300, PA!
B4-158-5 8M/NoUV 76.6 94.3 94.1 3M, ECP 300, PAI
B4-158-5 &M 65.5 86.2 36.8 3M, ECP 300, PAl
B4-158-5 12M/NoUV 78.0 96.2 96.7 3M, ECP 300, PAI
B4-158-5 12M 76.6 86.5 86.9 3M, ECP 300, PAI
B4-158-8 IM 92.1 3M, ECP 300, PAI
B4-158-8  4M/NoUV 39.7 77.7 94.6  96.5 96.9 91.6 3M, ECP 300, PAI
B4-158-8 4M 44,0 788 91.0 92.6 92.8  88.8 3M, ECP 300, PA!
B4-158-8  5M/NoUV 52.5 89.4 9.5 9l 3M, ECP 300, PAI
B4-158-8 5M 53.8 85.2 87.5  83.0 3M, ECP 300, PAl
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Table C-4. Reflectance of Commercial Mirrors After Weather-Ometer Exposure (Continued)

a
Exposyre Aperture (mrad) Full-Cone Angle

Sample : Film/Substrate
Time « 6 8 10 12 H . HY
B4-158-8 8M/NoUV 66.8 91.6 92.9 3M, ECP 300, PAl
B4-158-8 &M 61.8 83.0 84.2 3M, ECP 300, PAI
B4-158-8 12M/NoUV 74.6 95.8 96.7 3M, ECP 300, PAI
B4-158-8 1ZM 63.8 86.2 86.9 3M, ECP 300, PAI
B4-159-3 IM 91.9 3M, ECP 300, Al
B4-159-3 4M/NoUV 51.2 85.5 94.9 96.3 96.6 92.1 3M, ECp 300, Al
B4-159-3 4M 41.7 75.1 87.2 89.0 89.3 84.3 3M, ECP 300, Al
B4-159-3 5M/NoUV 58.3 90.6 93.6 91.5 3M, ECP 300, Al
B4-159-3 M 46.1 74.1 76.5 78.8 3M, ECP 300, Al, D
B4-159-4 IM 91.6 3M, ECP 300, Al
B4-159-4  4M/NoUV 53.7 85.3 949 96.3 96.5 93.0 3M, ECP 300, Al
B4-159-4 4M 57.5 85.0 90.7 91.1 9l.1 87.6 3M, ECP 300, Al
B4-159-4  5M/NoUV 58.3 90.6 93.6 91.0 3M, ECP 300, Al
B4-159-4 5M 60.9 84.5 86.3 36.6 3M, ECP 300, Al, D
B4-160-6 IM 92.1 3M, ECP 300, Al
B4-160-6 4M/NoUV 63.1 89.8 95.0 95.5 95.9 91.7 3M, ECP 300, Al
B4-160-6 4M 39.8 65.5 729 73.7 74.0 76.7 3M, ECP 300, Al
B4-160-6 5M/NoUV 63.0 91.2 92.9 91.6 3M, ECP 300, Al
B4-160-6 M 35.6 50.1 51.9 64.8 3M, ECP 300, Al, D

Samples B4-157-4, B4-158-5, and B4-158-8 have intact acrylic edge bead, minor surface scratches, no
blisters, sharp demarcation and graying at the UV/No UV edge and these samples with painted alumi-
num substrates are less degraded by UV than those with unpainted substrates (B4-159-3, B4-159-4,
and B4-160-6).

ECP 300 Lot 7

Y1-14-4  13W/NoUV 45.2 83.6 95.3 96.1 96.0 92.8 3M, ECP 300, Al
Yi-14-4 13W 33.0 70.4 899 91,9 92.0 89.2 3M, ECP 300, Al
Y1-14-4  26W/NoUV 61.2 91.4 93.1 3M, ECP 300, Al
Y1-14-4 26W 45.3 85.5 87.5 3M, ECP 300, Al
Yi-14-4  39W/NoUV 60.0 92.8 95.1 3M, ECP 300, Al
Yi-14-4 39W 515 37.8 89.1 3M, ECP 300, Al
Y1-14-4  52W/NoUV 64.2 94.0 95.8 3M, ECP 300, Al
Y1-14-4 52W 52.3 82.3 83.8 3M, ECP 300, Al
Y1-14-8  13W/NoUV 49.8 83.5 94.2 955 959 99.7  3M, ECP 300, Al
YI-14-8 13w 31.0 67.9 89.3 91.8 92.1 96.7  3M, ECP 300, Al
Y1-14-8  26W/NoUV 59.4 91.1 92.9 3M, ECP 300, Al
Yi-14-8 26W 43.6 83.0 87.8 3M, ECP 300, Al
Y1-14-8  39W/NoUV 73.5 94.9 95.8 3M, ECP 300, Al
YI1-14-8 39W 50.9 87.5 89.1 3M, ECP 300, Al
Y1-14-8  52W/NoUV 54.3 94.4 96.9 3M, ECP 300, Al
YI1-14-8 52W 46.9 84.2 86.1 3M, ECP 300, Al
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Table C-4. Reflectance of Commercial Mirrors After Weather-Ometer Exposure (Continued)

Exposyre

Aperture (mrad) Full-Cone Angle?

Sample - Film/Substrate
Time « 6 8 10 12 H  HY
Y1-14-9  13W/NoUV 48.3 82,9 94.0 95.4 95.7 98.7  3M, ECP 300, Al
Y1-14-9 13W 36.5 72.1 90.4 92.4 92.6 97.6  3M, ECP 300, Al
Y1-14-9 26W/NoUV 60.3 91.3 93.4 3M, ECP 300, Al
Y!1-14-9 26W 43.5 &3.1 87.2 3M, ECP 300, Al
Y1-14-9 39W/NoUV 71.8 9.1 95.3 3M, ECP 300, Al
Y1-14-9 39w 59.1 84.8 87.5 3M, ECP 300, Al
Y1-14-9 52W/NoUV 60.0 94.6 94.9 3M, ECP 300, Al
Y1-14-9 52w 45.2 79.9 82.2 3M, ECP 300, Al
ECP 300 Lot 7, Lot 2 ARC
Y1-14-14 13W/NoUV 3283 63.4 892 94.6 96.0 93.3 3M, ECP 300, Al
Y1-14-14 13w 35.7 69.8 88.3 93.6 94.0 91.0 3M, ECP 300, Al
Y1i-14-14 26W/NoUV 42.6 37.9 93.5 3M, ECP 300, Al
Yi-14-14 26W 43.5 83.9 89.8 3M, ECP 300, Al
Y1-14-14 39W/NoUV 48.9 89.7 95.1 3M, ECP 300, Al
Y1-14-14 39W 52.9 85.9 90.7 3M, ECP 300, Al
Y1-14-14 52W/NoUV 46.7 84.4 94.3 3M, ECP 300, Al
YI1-14-14 52W 42.9 83.2 87.9 3M, ECP 300, Al
Y1-14-16 13W/NoUV 28.8 63.8 87.2 948 95.8 99.2  3M, ECP 300, Al
Y1-14-16 13W 41.8 73.0 89.6 92.6 93.1 96.9 3M, ECP 300, Al
Y1-14-16 26W/NoUV 42.9 88.7 93.4 3M, ECP 300, Al
Y1-14-16 26W 44.5 84.3 88.9 3M, ECP 300, Al
Y1-14-16 39W/NoUV 53.9 93.2 94.1 3M, ECP 300, Al
Y1-14-16 39w 52.7 86.5 89.3 3M, ECP 300, Al
Y1-14-16 52W/NoUV 39.8 85.5 96.6 3M, ECP 300, Al
Yi-14-16 52W 33.3 80.9 87.0 3M, ECP 300, Al
Y1-14-18 13W/NoUV 31.4 65.0 89.5 94.8 95.8 99.0 3M, ECP 300, Al
YI-14-18 13W 36.0 67.6 87.5 94.0 94.7 98.0  3M, ECP 300, Al
Y1-14-18 26W/NoUV 46.0 94.7 102.2 3M, ECP 300, Al
Yi-14-18 26W 45.1 92.1 99.1 3M, ECP 300, Al
Y1-14-18 39W/NoUV 53.0 91.1 94.8 3M, ECP 300, Al
Y1-14-18 39W 55.0 87.8 90.2 3M, ECP 300, Al
Y1-14-18 52W/NoUV 45.7 90.4 96.4 3M, ECP 300, Al
Y1-14-18 52W 45.5 83.8 38.9 3M, ECP 300, Al
ECP 300 Lot 7, Lot 1B ARC
Y1-14-21 13W/NoUV 30.0 64.4 90.8 95.0 96.2 92.9 3M, ECP 300, Al
Y1-14-21 13W 35.6 68.5 89.4 93.1 92.2 90.1 3M, ECP 300, Al
Y1-14-21 26W/NoUV 44,5 85.5 95.7 3M, ECP 300, Al
Y1-14-21 26W 41.4 86.1 91.8 3M, ECP 300, Al
Y1-14-21 39W/NoUV 51.3 39.0 95.7 3M, ECP 300, Al
Y1-14-21 39w 45.8 85.8 89.8 3M, ECP 300, Al
Y1-14-21 52W/NoUV 46.5 91.3 96.8 3M, ECP 300, Al
Y1-14-21 52W 48.6 75.3 79.4 3M, ECP 300, Al
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Table C-4. Reflectance of Commercial Mirrors After Weather-Ometer Exposure (Continued)

Exposyre

Aperture (mrad) Full-Cone Angle®

Sample - Film/Substrate
Time s 6 8 10 12 H  HY
Yi-14-25 13W/NoUV 3l.4 68.6 8&7.7 92.4 93.6 98.7  3M, ECP 300, Al
Y1-14-25 13W 35.3 723 90.5 935 94.0 97.3  3M, ECP 300, Al
Y1-14-25 26W/NoUV 45.8 89.4 94.2 3M, ECP 300, Al
Y1-14-25 26W 51.7 88.9 92.7 3M, ECP 300, Al
Y1-14-25 39W/NoUV 47.4 87.3 92.3 3M, ECP 300, Al
Y1-14-25 39W 30.3 86.1 89.8 3M, ECP 300, Al
Y1-14-25 52W/NoUV 42.0 88.9 96.5 3M, ECP 300, Al
Y1-14-25 52W 40.7 77.9 87.8 3M, ECP 300, Al
Y1-14-28 13W/NoUV 37.7 739 91.3 9.4 95.0 98.7  3M, ECP 300, Al
Y1-14-28 13W 32.8 62.2 845 90.2 91.6 96.4  3M, ECP 300, Al
Y1-14-28 26W/NoUV 53.8 91.3 95.9 3M, ECP 300, Al
Y1-14-28 26W 36.3 83.5 91.0 3M, ECP 300, Al
Y1-14-28 39W/NoUV 52.4 90.3 93.7 3M, ECP 300, Al
Y1-14-28 39W 57.4 87.3 89.6 3M, ECP 300, Al
Y1-14-28 52W/NoUV 55.6 81.3 96.0 3M, ECP 300, Al
Y1-14-28 52W 51.3 82.9 85.8 3M, ECP 300, Al
ECP 300A Lot 9
Y1-30-1 4M/NoUV 39.9 739 924 9538 96.1 92.4 3M, ECP 300A, Al
Y1-30-1 4M 44,5 76.1 88.4 90.7 91.2 87.3 3M, ECP 300A, Al
Y1-30-1 7M/NoUV 57.0 89.5 95.8 91.7 3M, ECP 300A, Al
Y1-30-1 M 46.2 68.6 70.5 754 3M, ECP 300A, Al
Y1-30-1  10M/NoUV 60.2 92.2 95.3 3M, ECP 300A, Al
Y1-30-1 10M 2.4 35.7 36.7 3M, ECP 300A, Al
Y1-30-1  13M/NoUV 49.2 91.9 96.2 3M, ECP 300A, Al
Y1-30-1 13M 22.0 36.6 38.5 3M, ECP 300A, AL, D
Y1-30-4 4M/NoUV 45.1 8l.1 955 96.7 96.8 91.8 3M, ECP 300A, Al
Y1-30-4 4M 31.6 63.3 3854  89.0 89.6 84.9 3M, ECP 300A, Al
Y1-30-4 7M/NoUV 63.8 92.7 95.9 3M, ECP 300A, Al
Y 1-30-4 ™ 34.0 57.7 65.1 3M, ECP 300A, Al
Y1-30-4 10M/NoUV 63.8 94.5 99.8 3M, ECP 300A, Al
Y1-30-4 oM 18.5 31.9 17.5 3M, ECP 300A, Al
Y1-30-4 13M/NoUV 59.9 91.5 95.6 3M, ECP 300A, Al
Y1-30-4 13M 8.8 16.8 17.6 3M, ECP 300A, AL, D
Y1-30-10 4M/NoUV b4 77.7 93.7 96.1 96.3 91.7 3M, ECP 300A, Al
Y1-30-10 4M 25.7 579 82.4 88.0 38.4 4.7 3M, ECP 300A, Al
Y1-30-10 7M/NoUV 51.6 91.0 94.5 3M, ECP 300A, Al
Y1-30-10 M 28.4 57.3 60.4 3M, ECP 300A, Al
Y1-30-10 10M/NoUV 64.1 93.8 96.7 93.9 3M, ECP 300A, Al
Y1-30-10 10M lé.6 31.2 32.7 54.0 3M, ECP 300A, Al
Y1-30-10 13M/NoUV 58.8 91.2 98.4 3M, ECP 300A, Al
Y1-30-10 13M 7.5 14.4 15.0 3M, ECP 300A, AL, D
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Table C-4. Reflectance of Commercial Mirrors After Weather-Ometer Exposure (Concluded)

Aperture (mrad) Full-Cone Angle®

Sample E%g]se 3E Film/Substrate
4 6 8 10 12 H;  Hgg

Y1-30-13 4M/NoUV 45.2 81.0 963 97.5 977 927 3M, ECP 300A, PAL
Y1-30-13 . 4M 4oy 799 939 964  96.4  91.6 3M, ECP 300A, PAI
Y1-30-13 7M/NoUV 56.8 94.2 96.3 93.2 3M, ECP 300A, PAL
Y1-30-13 ™ 59.4 92.9 9%.6 90.8 3M, ECP 300A, PAI
Y1-30-13 10M/NoUV 71.5 96.6 97.7  93.6 3M, ECP 300A, PAl
Y1-30-13 10M 64.5 93.5 95.1  89.7 3M, ECP 300A, PAI
Y1-30-13 13M/NoUV 50.4 92.4 94.9 3M, ECP 300A, PAI
Y1-30-13 13M 56.5 86.4 88.4 3M, ECP 300A, PAI
Y1-30-19  4M/NoUV 344 68.1 92.7 9.4 96.8  92.9 3M, ECP 300A, PAI
Y1-30-19 4M 27.8 658 884 949 955 914 3M, ECP 300A, PA!
Y1-30-19 7M/NoUV 49.6 92.1 95.7 3M, ECP 300A, PAl
Y1-30-19 ™ 40.4 86.5 92.4 3M, ECP 300A, PAI
Y1-30-19 10M/NoUV 65.6 94.5 97.7 3M, ECP 300A, PAI
Y1-30-19 10w 44,1 88.7 93.1 3M, ECP 300A, PAI
Y1-30-19 13M/NoUV 42.3 88.2 94.9 3M, ECP 300A, PAl
Y1-30-19 13M 45.6 84.2 83.0 3M, ECP 300A, PAI
Y1-30-20 4M/NoUV 38,5 77.5 94.6 96.3 96.6 92.4 3M, ECP 300A, PAl
Y 1-30-20 4M 41,5 73.8 923 954 955 915 3M, ECP 300A, PAl
Y1-30-20 7M/NoUV 58.1 92.8 95.5 3M, ECP 300A, PAI
Y 1-30-20 ™ 61.2 92.1 94.3 3M, ECP 300A, PAI
Y1-30-20 10M/NoUV 55.4 9.4 97.5 3M, ECP 300A, PAI
Y1-30-20 IoM 65.0 92.6 93.5 3M, ECP 300A, PAI
Y1-30-20 13M/NoUV 62.7 93.9 94.1 3M, ECP 300A, PAl
Y1-30-20 13M 50.2 36.0 88.1 3M, ECP 300A, PAl
Y1-105-2 0 86.3 96.1 97.1 928 3M, ECP 300A, AIP8
Y1-105-2 IM 83.3 95.9 96.1  92.8 3M, ECP 300A, AIP
Y1-105-2 2M 92.2 3M, ECP 300A, AIP
gWavelength = 660 nm; angle of incidence = 20°; beam diameter = |0 mm.

W = weeks, M = months.

CSolar-weighted hemispherical reflectance (AM 1.5).
Hemispherical reflectance at 660 nm.

€d = discontinued.

fpal is painted aluminum.

8AIP = polished aluminum.
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' APPENDIX D

REFLECTANCE OF SOLUTION CAST PMMA/SILVER MIRRORS AS A FUNCTION
OF ENVIRONMENTAL DEGRADATION

This appendix lists the results for optical reflectance measurements of silver mirrors
with cast polymeric films. The additives used, together with their concentrations in the
polymeric films, are given in Tables D-1 and D-2. The outdoor weathering data, the QUV
data, and the Weather-Ometer data are listed in Tables D-3 to D-15.

Optical measurements were limited to hemispherical values in the wavelength range
from 300 to 1000 nm and selected specular measurements at 15-mrad acceptance angle
(660 nm). Mirrors were cleaned with deionized water and detergent after degradation
and before the optical measurements.
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Table D-1. Stabilizer Additives Incorporated into Multiple PMMA
Coatings on Wet-Processed Silver (Effective stabilizer
concentration = 1.5%; total average film thickness
range: 0.5-3.0 um)

SERI Additives to PMMA
Sample # Bottom Layer Top Layer

R12-178-1 to -4 None None

-5 to -8 \% \

-9 to -12 ‘ None 1%

-13to-16 : \% ' None

-17 to -20 VI VI

-21 to -24 ~ None VI

-25 to -28 VI None

-29 to -32 VIII VIII

-33 to -36 None VIII

-37 to -40 VIII None

-41 to -44 IX IX

-45 to -48 None IX

-49 to -52 ' X None

-53 to -56 X X

-57 to -60 None X

-61 to -64 X None

-65 to -68 XI XI

-69 to -72 None XI

-73 to -76 X1 None

-77 to -80 XII (MS1-11-5) XII (MSI-11-5)

-81 to -84 None XII (MS1-11-5)

-85 to -88 XII (MS1-11-5) None

-89 to -92 XII (MS1-13-2) XII (MS1-13-2)

-93 to -96 XII (MS1-13-2) None

-97 to -100 None XII (MS1-13-2)

-101 to -104 X1 X1I

-105 to -108 None X111

-109 to -112 " XIII None
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Table D-2. Stabilizer Additives Incorporated into Solution Cast PMMA Coatings

SERI Film Thickness
Sample # Additives to PMMA (pm)
R13-100-1 No Additive 14
-2 1.5% TIN-P 13
-3 3.0% NS 18
-4 1.5% UV 17
-5 3.0% NS + 1.0% G-31 18
-6 1.5% TIN-2 16
-7 1.5% IRG 14
-8 1.5% G-31 16
-9 1.5% IST 16
-10 1.5% CH 14
-11 1.5% SP Il
-12 109% SERI-JPL-2H5V-15 25
(p-MMA-co-2H5V)
-13 20% SERI/MSI1-11-5 (p-MMA-co-MHB) 12
-14 20% SERI-MS1-13-2 (p-MMA-co-MHB) 12
-15 1.5% MHB 14
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Table D-3. Hemispherical Reflectance (H) and Specular Reflectance
(S) at 15 mrad of Multiple PMMA Coatings onto Wet-
Processed Silver After Outdoor Weathering

Hemispherical (%) Specular — 15 mrad (%)
SERI Weeks Weeks
Sample # 0 8 18 0 8 18
R-12-178-1 87.9 86.3 749 d 94 95 87 d
R-12-178-6 87.7 85.9 86.1 96 95 92
R-12-178-10 86.5 85.6 85.1 95 95 94
R-12-178-13 87.6 83.7 85.0 9 95 89
R-12-178-18 88.0 86.4 85.6 95 96 92
R-12-178-23 87.5 - 85.4 95 — 85
R-12-178-26 87.2 84.0 &4.9 94 93 83
R-12-178-31 87.4 30.1 63.9d 96 94 83 d
R-12-178-34 87.5 85.3 86.4 96 95 93
R-12-178-39 7.5 4.9 71.6d 94 94 89 d
R-12-178-43 86.5 85.0 85.3 92 95 91
R-12-178-47 87.1 84,9 d 94 92 d
R-12-178-51 86.6 81.1 84.7 95 94 92
R-12-178-55 86.9 84.8 d 94 94 d
R-12-178-59 86.4 84.5 85.4 92 95 91
R-12-178-63 86.5 84.9 d 94 93 90 d
R-12-178-67 86.3 34.0 34.8 o4 93 91
R-12-178-70 86.2 83.4 64.6d 94 93 d
R-12-178-75 87.0 83.8 83.0 94 95 91
R-12-178-78 85.2 82.5 34.4 96 94 92
R-12-178-83 87.4 84.9 85.1 96 95 92
R-12-178-87 86.0 83.8 64.5d 96 92 d
" R-12-178-90 86.5 83.2 85.5 93 93 73
R-12-178-94 86.9 85.1 34.2 96 95 86
R-12-178-99 87.2 83.8 d 96 90 d
R-12-178-101 87.3 - 35.7 96 - 88
R-12-178-105 85.5 82.8 83.4 94 9 93
R-12-178-109 26.0 d d 95 d 30d

d = delaminated.
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Table D-4. Hemispherical Reflectance (H) and Specular Reflectance (S)

at 15 mrad of Multiple PMMA Coatings onto Wet-Processed

Silver After QUV Exposures

Hemispherical (%)

Specular — 15 mrad (%)

SERI Weeks Weeks
Sample #

0 8 18 0 8 18
R-12-178-2 87.5 86.8 86.0 96 94 87
R-12-178-8 87.9 86.8 86.0 94 94 30
R-12-178-12 86.9 86.9 86.3 95 92 85
R-12-178-16 86.5 86.7 86.1 95 95 9]
R-12-178-20 88.3 86.0 85.7 95 95 94
R-12-178-22 87.0 86.3 87.1 94 94 90
R-12-178-25 86.0 86.8 77.8d 92 91 91 d
R-12-178-30 87.8 87.2 4.7 94 94 84
R-12-178-36 86.7 36.8 d 96 94 91 d
R-12-178-38 86.0 86.6 87.0 95 95 94
R-12-178-42 87.2 87.9 d 94 89 86 d
R-12-178-46 88.2 88.0 d 95 94 d
R-12-178-50 87.2 86.8 84.5 95 92 77
R-12-178-54 86.9 85.9 85.5 93 94 95
R-12-178-58 34.7 86.5 86.5 95 95 95
R-12-178-62 86.5 85.3 85.4 93 94 94
R-12-178-66 86.3 85.9 d 96 94 d
R-12-178-72 86.7 86.1 d 94 95 d
R-12-178-74 85.9 85.9 86.6 96 93 9]
R-12-178-80 85.8 83.1 d 95 90 d
R-12-178-82 85.8 85.3 83.7 96 92 72
R-12-178-86 87.4 86.7 d 97 92 d
R-12-178-92 86.4 84.0 81.2 96 95 66
R-12-178-96 86.3 86.2 85.9 95 94 91
R-12-178-98 86.0 86.0 83.1 96 91 85
R-12-178-103 85.2 84.1 82.8 95 92 38
R-12-178-107 86.1 86.9 d 95 94 d
R-12-178-111 87.4 88.1 86.8 94 95 94
d = delaminated.
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Table D-5. Hemispherical Reflectance (H) and Specular Reflectance (S) at 15 mrad
of Selected Multiple PMMA Coatings onto Wet-Processed Silver After
Weather-Ometer Exposures

Hemispherical (%) Specular — 15 mrad (%)
SERI Weeks Weeks
Sample #

i 0 3yv  3wouv  Byv  Bnouv O 8yy  dnouv  18uv 18noyv
R-12-178-4 88 d 86 d d 95 d 91 d d
R-12-178-7 88 85 87 d d 95 21 85 d d
R-12-178-11 33 86 34 d d 96 24 86 d d
R-12-178-15 87 82 87 d . d 96 52 &3 d d
R-12-178-32 38 84 87 d d 96 85 93 51d 92 d
R-12-178-56 87 84 36 d d 94 65 93 87 d 92 d
R-12-178-64 87 82 &3 &3 &3 94 58 91 74 92
R-12-178-68 86 34 &5 d d 92 29 87 84 d 92 d
R-12-178-71 86 78 36 d d 93 26 85 73d 92 d
R-12-178-76 86 84 86 83 &5 95 78 93 28 93
R-12-178-79 87 82 85 78 75 9 32 30 76 89
R-12-178-84 86 85 86 d d 96 73 91 46 d 90 d
R-12-178-88 &7 35 86 d 36 94 - 86 53d 81
R-12-178-91 87 86 86 84 86 9% 28 88 45 89
R-12-178-95 87 86 86 81 86 96 63 92 84 93
R-12-178-100 86 385 36 35 86 96 76 93 44 95
R-12-178-102 87 &3 88 &7 87 96 4y 93 56 95
R-12-178-106 86 86 86 - 86 86 95 65 &9 82 93
R-12-178-110 87 85 87 87 87 95 92 94 49 9

d = delaminated.
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Table D-6. Hémispherical Reflectance (H) and Specular Reflectance (S) at 15 mrad of Solution

PR-3057

Cast PMMA Coatings onto Wet-Processed Silver After Outdoor Weathering

Hemispherical (%)

Specular — 15 mrad (%)

SERI Weeks Weeks
Sample # 0 I 3 3 15 0 I 3 3 05
R13-100-1 88 88 89 76 d d 95 94 95 d d
-2 35 85 85 85 85 95 94 95 94 59
-3 86 86 36 d d 95 95 74 d d
-4 85 84 85 84 84 94 92 47 93 42
) 85 85 90 d d 94 95 77 d d
-6 38 38 38 89 22 97 94 92 95 63
-7 87 88 88 87 d 96 94 83 94 d
-8 &8 83 88 38 13 97 95 94 94 12
-9 36 86 86 86 &5 96 94 85 86 74
-10 39 d d d d 94 88 d d d d
-11 &5 d d d d 94 84 d d d d
-12 86 d d d d 96 92d d d d
-13 87 37 37 &7 86 94 91 91 94 69
-14 28 88 - 87 49 94 93 93 93 3
-15 &7 87 87 86 73 94 94 94 94 54
d = delaminated.
Table D-7. Hemispherical Reflectance (H) and Specular Reflectance (S) at 15 mrad of
Solution Cast PMMA Coatings onto Wet-Processed Silver After QUV Exposures
Hemispherical (%) Specular — 15 mrad (%)
SERI Weeks Weeks »

Sample # 0 T 3 6 5 0 I 3 5 15
R13-100-1 36 84 30 38 69 95 93 92 91 76
-2 85 84 - 82 76 % 94 94 93 35
-3 36 86 - d d 95 95 95 71d d
-4 85 85 84 d d 95 94 93 74 d d
) &5 85 85 32 83 93 92 93 93 87
-6 38 87 87 87 &0 97 94 95 . 96 60
-7 &7 85 - 82 37 96 93 94 90 30
-3 38 87 84 88 69 97 95 95 91 66
-9 87 85 84 82 72 96 94 95 95 82
-10 37 86 84 84 d 94 92 91 85 d
-11 34 80 82 d d 94 84 69 d d
-12 86 86 -— 80 67 96 94 93 95 77
-13 87 86 84 87 Ly L 91 94 91 37
-14 85 33 80 82 64 92 92 92 64 54
-15 87 86 84 85 47 94 94 94 72 L4y

d = delaminated.
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Table D-8. Hemispherical Reflectance (H) and Specular Reflectance (S) at 15 mrad of Solution Cast PMMA Coatings onto
Wet-Processed Silver After Weather-Ometer Exposures

Hemispherical (%)

Weeks

Specular 15 mrad (%)
Weeks

0 lyy INouv 3uv 3Nouv éuv eNouv 1duv: PPNouv

0 lyy INouv 3uv 3Nouv 6uv éNouv uv Nouv

SERI
Sample #

R13-100-1 88
-2 85

-3 86

-4 85

-5 88

-6 89

-7 88

-8 88

-9 87

-10 88

-11 84

-12 87

-13 87

-14 88

-15 87

96
96
97
90
98

92
82
96
95
96

d = delaminated.
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Table D-9. Hemispherical Reflectance (H) and Specular Reflectance (S) at 15 mrad of Filtered
Solution Cast PMMA Coatings onto Wet-Processed Silver After Weather-Ometer
Exposures (Filter: R13-100-1, transmittance characteristics given in Figure 3-16)

Hemispherical (%) Specular — 15 mrad (%)

SERI Weeks Weeks
Sample # 9 ) 3 3 3 5 I 3 3 75
R13-100-1 86 84 84 82 83 95 93 79 92 91
-2 86 83 77 62 50 96 94 78 86 38
-3 86 85 86 87 86 94 94 69 94 91
-4 87 6 87 87 87 96 95 83 96 94
-5 85 86 86 &7 86 94 94 75 95 93
-6 89 88 87 89 78 d 97 95 95 9% d
-7 87 87 86 88 88 97 95 75 95 9y
-8 88 87 87 88 88 97 95 95 96 92
-9 87 87 87 38 88 96 95 85 95 94
-10 88 - 87 d d 91 - 49 d d
-11 84 d d d d 93 d d d d
-12 86 86 83 81 78 97 94 91 91 83
-13 88 85 83 85 86 93 92 72 93 93
-14 86 &4 82 83 &4 93 92 89 94 92
-15 &7 87 86 85 86 94 94 94 96 94
d = delaminated.

Table D-10. Hemispherical Reflectance (H) and Specular Reflectance (S) at 15 mrad of Filtered
Solution Cast PMMA Coatings onto Wet-Processed Silver After Weather-Ometer
Exposures (Filter: R13-100-2, transmittance characteristics given in Figure 3-16)

Hemispherical (%) Specular — 15 mrad (%)

SERI Weeks Weeks

Sample # 0 1 3 4 i5 0 I 3 g 5
R13-100-1 86 85 84 82 78 95 93 90 90 90
2 86 84 80 72 58 96 94 95 65 65

-3 86 85 36 87 87 94 94 9% 94 9%

4 87 85 86 87 87 96 95 96 94 95

-5 85 86 86 87 87 94 9% 94 94 95

6 89 89 28 88 88 97 9u 96 9% 95

-7 87 23 87 87 83 97 95 9 9 95

8 38 87 87 88 88 97 95 96 9% 95

-9 87 87 87 38 23 9% 95 95 95 94

_10 38 - 87 d d 91 = 93 d d

-1l 84 d d d d 93 d d d d

-12 86 86 86 85 83 d 97 94 92 92 d

_13 88 85 87 87 87 93 94 94 92 94

14 26 84 34 82 81 93 92 92 94 93

_15 37 87 86 36 86 94 94 9 95 94

= gelaminated.
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Table D-11. Hemispherical Reflectance (H) and Specular Reflectance (S) at 15 mrad of Filtered
Solution Cast PMMA Coatings onto Wet-Processed Silver After Weather-Ometer
Exposures (Filters R13-100-4, transmittance characteristics given in Figure 3-16).

PR-3057

Hemispherical (%) Specular — 15 mrad (%)

SERI Weeks Weeks
Sample # 5 I 3 2 75 i) I 3 3 I3
R13-100-1 &7 86 86 84 79 96 94 91 91 91
-2 86 ’2 73 57 45 97 94 95 75 36
-3 86 &4 86 87 86 95 95 97 96 94
-4 86 -84 85 86 85 96 94 76 94 94
-5 86 87 86 87 92 d 94 94 76 95 d
-6 89 89 88 - 88 88 97 95 95 96 35
-7 88 87 87 87 87 97 95 96 96 94
-8 37 87 87 33 38 97 95 93 97 95
-9 87 87 88 88 88 96 95 74 96 94
-10 89 - 91 d d 9y - 90 d d
-11 &5 d d d d 94 d d d d
-12 &6 87 86 86 86 97 95 93 2% 89
-13 86 85 83 81 30 93 92 73 93 91
-14 86 85 81 82 83 93 92 73 93 92
-15 86 85 84 82 79 93 93 73 9y 9]
d = delaminated.

Table D-12. Hemispherical Reflectance (H) and Specular Reflectance (S) at 15 mrad of Filtered
Solution Cast PMMA Coatings onto Wet-Processed Silver After Weather-Ometer
Exposures (Filters R13-100-13, transmittance characteristics given in Figure 3-16)

Hemispherical (%) Specular — 15 mrad (%)

SERI Weeks Weeks

Sample # 0 I 3 A i3 G T 3 2 5
R13-100-1 87 86 26 85 31 9% 93 72 93 92
-2 86 - 76 65 48 97 95 82 93 53

-3 86 85 87 87 86 95 95 94 9% 95

4 36 84 85 85 84 9% 9% 94 94 93

_5 86 86 86 87 87 9% 95 9% 89 94

6 89 89 38 38 38 97 95 94 9% 95

=7 38 87 86 87 87 57 95 97 94 94

-8 87 87 87 89 89 97 95 97 9% 91

-9 87 37 87 33 87 9% 95 87 96 93

-10 89 - 90 d d o L 9 d d

-1l 85 d d d d 94 d d d d

-12 26 86 85 83 82 97 94 95 95 23

-13 86 85 82 31 30 93 92 92 93 92

1y 86 8l 82 82 84 93 92 90 90 92

-15 86 86 85 83 83 93 93 93 94 92

d = delaminated.

[11
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Table D-13. Hemispherical Reflectance (H) of Solution Cast Unstabilized PMMA Coatings onto

Irradiation Treated Wet-Processed Silver (R 14-26-1,2) After Weather-Ometer Exposures
(A wet-processed silver sample was exposed to WOM radiation for 2 h before coating)

Hemispherical (%)

SERI Time of Weeks
Sample # WOM Exposure
(h) 0 lyy Inouv 3uv 3Nouv  %uv ONouv  20uv 20Nouv
R14-26-1 87 87 87 87 87 87 86 87 87
R14-26-2 87 87 86 87 87 87 26 87 86

Table D-14. Hemispherical Reflectance (H) of Solution Cast Unstabilized PMMA Coatings onto HCl-Treated Wet-
Processed Silver (R14-26-4,5,6) After Weather-Ometer Exposures (The wet-processed silver sample

was exposed to HCI vapor for various times before coating)

Hemispherical (%)

Sa?r?pr}; # HCTlg;pgiure Weeks
(min) A 0 0 lyv INouv 3uv 3Nouv fuv SNouv 1Zuv 12nouv 20uy 20Nouv
g only) .
R14-26-4 92 84 383 82 84 84 83 83 80 80 83 84
R14-26-5 94 87 86 86 87 87 86 86 83 82 36 1 86
R14-26-6 94 86 86 85 87 86 86 36 83 86 86 85

1R=ES

7Y
=7

£60¢-9d




€Tl

Table D-15. Hemispherical Reflectance (H) of Solution Cast PMMA Coatings on Various Silver Surfaces After

Weather-Ometer Exposures

Hemispherical (%)

Weeks
SERI Coating
Sample # Type® 0 0 luv Inouv ®uv ®enouv uv ’wouv Zéuv  ZéNouv
(metal only)

Wet Processed Ag

R14-74-Al 1 95 89 90 90 90 90 89 89 88 89
-A2 2 95 89 90 90 89 89 89 88 88 88
-A3 3 95 87 87 87 84 87 84 86 84 86

Sputtered Ag

R14-74-Bl L 96 95 95 95 95 95 95 94 93 94
-B2 2 96 95 95 95 94 94 94 94 92 94
-B3 3 96 92 93 92 92 92 91 91 90 9l

Sputtered Al on

Wet-Processed Ag

RI14-74-C1 1 67 64 62 62 64 65 66 60 67 60
-C2 2 81 69 71 61 72 62 73 6! 71 60
-C3 3 81 60 60 69 61 70 61 72 57 74

3 Coating type:
l: PMMA, purified
2: PMMA, as received
3: 2+ 1.5% TIN-P

£60£-¥d
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APPENDIX E

TRANSMITTANCE OF SOLUTION CAST PMMA FILMS AS
A FUNCTION OF ENVIRONMENTAL DEGRADATION

This appendix lists the results for optical transmittance measurements of cast polymer
films. The additives used, together with their concentrations in the polymeric films, are
given in Tables D-2 and E-1. The accelerated exposure data are listed in Tables E-2 to
E—au

The optical measurements were limited to solar weighted specular transmittance values
in the wavelength range from 200 to 600 nm as measured with the Perkin-Elmer spec-
trometer PE 340. The films were cleaned with deionized water after exposure and
before the optical measurements.

Table E-1.  Stabilizer Additives
Incorporated into Solution
Cast PMMA Films

SERI Additives to PMMA
Sample ##
R13-100-1
to see Table D-2

R13-100-15
R13-100-16 14% SERI-MS1-49-2
R14-145-1 15% SERI-PGI1-27-2
R14-145-2 7.5% SERI-PG1-27-3

Table E-2. Specular Transmittance (200-600 nm)
of Solution Cast Thin Films After
Weather-Ometer Exposures

T(%)
Film Weeks
SERI Thickness
R13-100-1 22 92 90 90
-2 19 82 81 a4
-4 20 87 86 82

-13 22 36 86 86
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Table E-3.  Specular Transmittance (200-600 nm) of Solution Cast Thick Films
(ca. 3.5 mil = 89 um) After Weather-Ometer (WOM) and QUV Exposures

T(%) T(%)
SERI Weeks WOM Weeks QUV
Sample # o I 3 6 15 O 1 3 6 15
R 13-100-1 91 91 91 90 90 9] 8 8 75 b
~ -2 82 81 81 81 8l 82 81 80 80 55¢
-3 85 8 85 85 84 85 83 8 83 85
-4 82 82 8L 82 82 g2 77 65 46 Q€
R14-145-1 79 79 79 79 79 79 78 77 76 63€
ECP 3002 g8l 81 81 81 78 81 81 78 78 78

2Melt extruded film.
bBrittle failure.
CSurface crazing,.

Table E-4  Specular Transmittance (200-600 nm) of Solution Cast Thin Films
(ca. 0.5-1.0 mil = 13-25 um) After QUV Exposures

T(%)
SERI Weeks
Sample #
P 0 lgv lrid Inouv 3uv Fi® 3Nouv  fUV  SFit® ONouv

R13-100 -1 92 90 90 9] c 90 91 - 90 92
-2 83 82 81 83 82 82 83 82 82 83
3 89 388 89 88 89 83 88 90 88 89
-4 85 86 86 86 86 36 87 86 36 87
-16 88 87 83 87 c 88 86 - b 26
R14-145-2 83 83 83 83 82 83 83 81 81 83
ECP 300P 81 79 80 80 79 81 80 79 78 80

AECP 300 filter.
Melt-extruded film.
CRrittle failure.
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