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Triphenylmethyl dye cyanides have been known to be
sensitive to ultraviolet radiation since early in this
century. Under appropriate conditions, exposure to uv
leads to heteropolar fission of the C-CN bond (photoioni-
zation) and intense coloration due to dye formation.

Thin homogeneous films of hexahydroxyethyl pararo-
saniline cyanide in a nylon matrix (Far West Technology)
have been used to study the photochemistry of the dye
cyanide in a solid medium and also to investigate its
potential as a uv dosimeter.

The dye cyanide in nylon absorbs strongly in the uv
(epayx = 6-25 x 10% liter mole™ ! em™ ! at 277 nm) and dye
is produced by excitation at wavelengths < 340 nm. The
dye absorbs strongly in the red region (e = 7.0 x 10%

max

liter mole ! cm™ ! at 608 nm). The extent of photoioniza-



tion may thus be determined from the optical density in
the red region. In addition, the dye has been found to
fluoresce when excited with a helium-neon laser at 633 nm
and this property may also be used to follow the course of
photolysis.

The film response is reproducible, stable after ex-
posure for many,days, and dose-rate independent. However,
at room temperature the partitioned quantum yield for dye
formation varies from 0.4 at 260 nm to about 1 at 340 nm.
Furthermore, the quantum yield is strongly dependent on
the temperature during photolysis. These features 1limit
the use of the film as an integrating actinometer for
erythemal uv, but it should be valuable as a routine lab-
oratory actinometer for monochromatic radiation.

A model is presented to account for the observed

photochemical behavior.
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THE SOLID STATE PHOTOCHEMISTRY AND PHOTOPHYSICS OF
A TRIPHENYLMETHYL DYE CYANIDE

INTRODUCTION

Triphenylmethane compounds were first reported to be
photochromic (colored by light) early in the twentieth
century. Lifschitz (1919) noticed that colorless solutions
of crystal violet cyanide in ethanol became intensely
colored upon eprsure to ultraviolet radiation. He immedi-
ately recognized that this system might be a useful acti-
nometer for uv. Since Lifschitz's discovery the photo-
chromism of triphenylmethyl dyes has been studied exten-
sively and applied in dosimetry of both uv and ionizing
radiation.

Triphenylmethyl dyes consist of a central carbon atom
surrounded by three phenyl rings. The characteristic color
(i.e., position of visible absorption bands) of the dye is
determined by the substituents, which are in positions para
to the methane carbon atom. The formulae of several tri-
phenylmethyl dyes are shown in Figure 1.

Colored solutions of triphenylmethyl dyes in polar sol-
vents are decolorized when treated with various anions,
especially cyanide, hydroxide, and bisulfite. In some sol-
vents the solution will become intensely colored again
upon exposure to uv, the color formed being that of the

original dye. Upon removal of the radiation the color
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Crystal Violet N(CH,) N(Ci,)
372 372
Pararosaniline NH2 NH2
Magenta III NH2(OCH3) NHZ(OCHB)
Malachite Green N(CH3)2 H
Brilliant Green N(C2H5)2 H
Hexahydroxylethyl N(C2H50)2 N(C2H50)2

Pararosaniline

Figure 1. Classical formulae of some triphenylmethyl
dyes. (Based on Oster and Oster, 1962)



fades and the cycle can be repeated. The reverse (fading)
reaction rate increases with temperature and may also be
increased by addition of the appropriate anion. Weyde and
Frankenburger (1931) proposed crystal violet cyanide in
ethanol as a reusable actinometer of uv. The equilibrium
of the dye cyanide and the dye was dependent on the inten-
sity of the ultraviolet light. The equilibrium was also
affected by temperature since the reverse reaction rate is
temperature dependent.

The reverse reaction was found to be strongly inhibited
by the presence of acid in the solution and Harris and
Kaminsky (1935p)proposed an acidified solution of malachite
green cyanide in ethanol as an integrating actinometer of
uv. Their actinometer, unlike Frankenburger's, measured
uv exposure rather than light intensity and showed little
temperature response

In the solutions described above the purpose of the
ethanol was not just to affect solution but also to render
the dye cyanide sensitive to light. Pure crystalline dye
cyanide is insensitive to uv (Chalkley, 1952), as are many

solutions (e.g., nonpolar solutions) of the dyestuff. The

1 . . . .
The terms "exposure' and "intensity' will be used in

this thesis with the following definitions. Exposure refers

to the number of quanta incident per cm?2. Intensity refers

to the number of quanta per unit time per cm?.



presence of a photoactivating agent is required for photo-
chromism. The term photoactivating agent is used here to
refer to any substance which when used as a solvent or added
in small amounts as an additive causes the dye cyanide to
become photochromic. Several classes of compounds have been
found to be effective as photoactivating agents (Bishop,

et al, 1973 and Chalkley, 1952):

1. nitriles, in which there is a hydrogen atom
attached

2. amines

3. aromatic carbinols

4. polyoxy compounds

5. alcohols

6. hydroxy compounds

7. carbhoxylic acids

8. ethers especially poly ethers

9. esters of phosphoric acid and some other inorganic

acids

Chalkley (1952, 1959) found that in solid solution,
various triphenylmethyl dye cyanides with certain organic
activator additives (e.g., B-(p-tert.-butyl-phenoxy) ethyl
alcohol) were both uv sensitive and stable after irradia-
tion. He produced uv sensitive impregnated papers and gela-
tine films. Chalkley (1955, 1961) also discovered that
certain solutions, both liquid and solid, of dye cyanides

were sensitive to ionizing radiation as well as uv. Since
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this discovery most research with triphenylmethyl dye de-
rivatives has been aimed at perfecting the system as an
integrating chemical dosimeter of gamma and X rays and high
energy particles. This research has lead to the develop-
ment of thin films of various plastics containing dye
cyanide which are sold as dosimeters of ionizing radiation

(Humpherys and Wilcox, 1970).

The Photochemistry of Triphenylmethyl Dye Cyanides

The ultraviolet absorption spectra of triphenylmethyl
dye cyanides are basically the sum of the spectra of the
‘individual aryl groups. This indicates that the three aryl
groups are non-interacting electronic systems. This is
consistent with the molecular structure usually given for

which
the dye cyanide/has the three phenyl rings widely separated,
forming, with the CN group, the four corners of a regular
tetrahedron around the central carbon atom. The spectra
show strong absorption @maxs4x10“liter mole lem 1) in the

. * D
region 250-275 nm probably due to a m > 7 tran51t10n.? A

2The extinction coefficients(e) used in this thesis
are decadic molar extinction coefficients determined from
the following form of Beer's law:
I =_1O—ec1
Iy )
Where I, represents incident light intensity
1 represents transmitted light intensity
¢ is the molar concentration of the absorbing
species
1 is the path length in cm
This decadic molar extinction coefficient is sometimes
called molar absorptivity, absorption coefficient or molar
absorbancy index.



weaker absorption band (e=0.8x10"1liter mole ‘em ') in the
area of 295-310 nm is probably due to n > n* transitions in
the ring substituents. A weaker absorption band at 240-
250 nm in both the dye cyanide and the dye is assumed to be
associated with the benzene nucleus (McLaughlin, 1966).

The ultraviolet sensitivity of the triphenylmethyl dye
cyanide typically extends to about 350 nm (Brown, 1971,
page 311).

The dye cyanides are not very thermochromic, unlike
the dye bisulfites and dye hydroxides (Brown, 1971, page
322), and this is one of the reasons why cyanide dye de-
rivatives are almost exclusively used for actinometry and
dosimetry.

The mechanism by which the photochromism occurs is
not fully understood. The conversion from leucodye to dye
is usually assumed to take place via at least one inter-
mediate state, but the nature of these intermediate states
is disputed. Lifschitz and his colleagues (1919) proposed
a simple mechanism for the reactions involving an ionized,
nonsolvated intermediate state based on studies of the con-
ductivity of solutions before, during, and after photoly-
sis. They found that the conductivity of the photolysed
solutions was not as high as‘wou]d have been expected if
all of the dye cyanide was completely dissociated. They
therefore proposed an intermediate which was nonsolvated

and therefore did not enhance conductivity. The suggested



mechanism was then:

D—CN'22Q¥712[61CN_]322?D+ + CN~
colorless colorless colored
nonsolvated
intermediate

Harris and Kaminsky (1935a)showed that the thermal
reverse reaction was complicated by reaction with the sol-
vent. By varying the solvent they found the decoloration
reaction can result in the formation of products other than
the dye cyanide. 1In solutions containing water they sug-
gested that the colorless dye hydroxide was formed. Their
reaction mechanism also included a colorless intermediate
species although they offered no evidence for the exist-
ence of this species.

Holmes (1957) used malachite green leucocyanide in
various solvents to show that the photochromism was still
more complex. He proposed that the reaction path depended
upon the dielectric constant of the solvent, the wavelength
of exciting light, and in some cases the dipole moment of
solvent. His proposed mechanism is shown in Figure 2. 1In
this proposed scheme, irradiation of the dye cyanide in a
solvent with a dielectric constant > about 4.5 leads to
formation of dye cations. 1In solvents of lower dielectric
constant Holmes noticed that irradiation produced a de-
crease in the absorption at the 270-280nm region and an
increase at other wavelengths not associated with the dye.

His conclusion was that in solvents of low dielectric con-
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Figure 2. Photochromic scheme for malachite green leucocyanide proposed

by Holmes (1957).



stant the photoreaction may be cleavage of substituents on
the amine nitrogens and formation of the triphenylmethyl
free radical. This conclusion was reached solely on the
basis of absorption spectra of photolysed solutions with
various solvehts. Sporer (1961) claimed to observe the
cleavage reaction and the formation of the triphenylmethyl
free radical. The free radicals were detected by electron
spin resonance techniques. He suggested that this reaction
occurs in all media, but in solvents of higher dielectric
constant it is masked by the dye formation reaction which
occurs with a much higher quantum yield. Sporer propbsed
that the cleavage reaction occurs in photoexcited molecules
in the triplet state and dye formation occurs when the
excited molecule undergoes internal conversion to a high
vibrational level of the ground electronic state.

The conclusions of Brown, et al (1962) based on a
study of kinetics of the reaction of methyl violet with KCN
in various solvents, generally conflict with the ideas of
Holmes and Sporer. They concluded that free radicals are
never formed but ion-pair complexes are formed as inter-
mediates in all photoreactions. In solvents of lower di-
electric constant these complexes never completely disso-
ciate to form the dye cation and cyanide anion.

The quantum yield for dye formation based on photons
absorbed by the dye cyanide of alcoholic solutions of tri-

phenylmethyl dye cyanide has been measured by several
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researchers. The usual result is that the quantum yield is
unity within the limits of experimental error over the range
of ultraviolet absorption. This was the result obtained by
Weyde and Frankenburger (1931), Harris and Kaminsky (1935b),
and Calvert and Rechen (1952) all using triphenylmethyl dye
cyanides in ethanol. A more recent study by Fisher, et al
(1967) gives a quantum yield for dye formation of 0.91 *
0.01 using malachite green cyanide in ethanol. In addition,
Fisher and his associates showed that the quantum yield was
independent of intensity when the intensity was varied by

a Tactor of ten. The apparent guantum yield may decrease

as the dye concentration increases due to internal filter-
ing by the dye (which absorbs in the uv). The quantum yield
for dye formation may also vary with solvent as mentioned
above. In water, Sporer (1961) found a quantum yield of
0.25. In solvents like cyclohexane with a low dielectric
constant the qguantum yield for dye formation may be zero

(Holmes, 1957).

‘The Photochemistry of Triphenylmethyl Dyes

The visible absorption spectra of triphenylmethyl dyes
may consist of one or two absorption bands. All of the
dyes exhibit intense absorption (emax=8x10% liter mole !

cm“l) in the region 540-610 nm. Diamino-triphenylmethyl

dyes have in addition a less intense absorption band
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( = 5 x 10" liter mole™! em~!) at 408-426 nm. These

c
max
two absorption bands at either end of the visible spectrum
give diamino~-triphenylmethyl dyes a green color. Trimino-
triphenylmethyl dyes have only one absorption band in the

visible, generally in the red region, and hence appear

blue or violet (Brown, 1971).

The triphenylmethyl dyes also absorb in the ultra-
violet region. This absorption, which is less intense than
the visible absorption (s:maX:2x1()L+ liter mole lem 1) is
typically in the wavelength regions 300-318nm and 240-260nm.
Triamino-triphenylmethyl dyes may also absorb in the region
352-396nm (Brown, 1971).

The apparent extinction coefficient of a particular
commercial dye will vary considerably from batch to batch
(Fisher, et al, 1967). The position of the absorption
peaks are little affected by solvent but the intensity of
absorption and shape of the peaks depend somewhat on the
solvent (Brown, 1971, page 314). The cyanide anion, which
is typically present in solution with the dye, does not
absorb in the visible or uv region discussed above (Brown,
1971, page 311).

The structure of triphenylmethyl dyes and triaryl
compounds in general has been investigated and debated for
more than thirty years. There are two reasonable and popu-
lar models for their structure. The first is a model pro-

posed by Lewis, and the other is a more recent model pro-
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posed by Newman and Deno. Lewis, et al, (1942) proposed
that triphenylmethyl dyes normally exist ih a "windmill"™
structure. The molecule is almost planar, but each phenyl
group is rotated slightly in the same direction. The three
phenyl groups share the positive charge equally. Complete
coplanarity is impossible because of the repulsion of the
hydrogen atoms ortho to the methane carbon. Martin and
Smith (1964) calculate the rotation of the phenyls as
50-60° based on the probable distances of separation of the
hydrogens and the forces of repulsion involved.

Lewis, et al, (1942) also noticed that there was a
shoulder on the short wavelength side of the visible ab-
sorption peak of some triphenylmethyl dyes. This they
attributed to a second windmill-like isomer, but this time
with one of the "blades" (phenyl groups) turned in the
opposite sense of the other two. This isomer is thought
to have more energy than the symmetrical one.

The other popular structural model for triphenyl-
methyl dyes is a 'distorted" one with two of the rings
involved in the resonance interaction at a given time. The
stability of triphenylmethyl dyes could be attributed to
the large number of contributing resonance structures that
are possible when all three rings are coplanar, but the
propeller model destroys this coplanarity. Newman and Deno
(1951) suggested that an alternative way of achieving this

stabilization is by having one or two of the rings sharing
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the positive charge at any given time. The rings not con-
tributing to the resonance are essentially perpendicular
to the plane of the central carbon atom. This model is
supported by paramagnetic resonance studies (de Groot, et
al, 1966) and studies of ionization and dissociation equi-
libria in liquid sulfur dioxide (Lichtin, et al, 1957).

Triphenylmethyl dyes are not normally fluorescent.
However, in rigid solvents they display appreciable fluor-
escence (Lewis, et al, 1942). Studies of the effect of
viscosity of the medium on this fluorescence show that it
increases with viscosity (Oster and Nishijima, 19356).
Their explanation depends on the fact that one way that
these molecules in the excited state can return to the
ground state is by energy dissipation via rotation of the
phenyl groups. In a medium of high viscosity this process
would be restricted and a higher proportion of the excited
molecules would undergo de-excitation by fluorescence. By
way of comparison, di- and triphenyl compounds with a
"bridge'" between the phenyl groups to prevent rotation
(e.g., xanthene dyes) do fluoresce strongly even in non-
rigid solutions (Venkataraman, II, 1952, page 744). Oster
and Nishijima (1956) proposed the dégree of fluorescence
of triphenylmethane dyes as a practical measure of vis-
cosity of a medium.

Fluorescence of triphenylmethyl dyes in non-rigid

media is observed when the dye is bound to a high mole-
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cular weight polymer (Oster and Oster, 1962). The biﬁding
apparently also inhibits rotation of the phenyl groups and
thus increases the probability of fluorescence.

The fluorescence emission spectrum of triphenylmethyl
dyes which lack trigonal symmetry is found to depend on the
wavelength of the exciting light. These green dyes have
two absorption peaks associated with two independent elec-
tronic systems. These two absorption peaks were called
x and y bands by Lewis and his coworkers (Lewis and
Bigeleisen, 1943b, 1943@q; Lewis, et al, 1944). Absorption
of the two different wavelengths of light amounts to ex-
citing two perpendicular independent electronic systems.
The fluorescences produced are different in color and
polarized in perpendicular orientations.

Lewis and Bigeleisen (1943b) also produced photo-
chemically asymmetrical dyes from leucocyanides in rigid
media. They found that the dye molecules could be produced
in specific orientation by using polarized light. The ab-
sorption Specfrum of the dye then depended upon the polari-
zation of the light used to determine absorption.

Triphenylmethyl dyes have notoriously poor lightfast-
ness in practical application. The photofading of tri-
phenylmethyl dyes has been attributed to oxidation, reduc-
tion, and decomposition. The products of the bleaching
were found by Iwamoto (1935) to depend on the presence or

absence of air. In the presence of air, he found solid
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malachite green and crystal violet were converted into

p-dimethylaminobenzophenone and Michler's ketone respective-
1

V.
Malachite green —m—> <::>—CO- <::> --— N(CH3),

p-dimethylaminobenzophenone
Crystal violet ———)(CH3)2N<:>—CO-—O~ N(CH3),

Michler's ketone '
These reactions are interpreted as being due to oxidation
because when crystal violet was exposed to sunlight in the
absence of air only the leuco compound was produced.
Crystal violet —_— [(CH3),NCgH, -7 ,3CH

Leuco crystal violet

Hillson and Rideal (1953) studied the elecfrical no-
tentials created on electrodes submerged in a triphenyl-
methyl dye solution as it was exposed to light. They
concluded that the excited dye molecules may undergo either
oxidation or reduction. The reduction process yielded the
leuco base as shown below.
Dye + Hy, + e — > 1leuco base
The photooxidation process had to involve either hydroxyl
ions or water molecules. They found the rate bf oxidation
to be independent of the concentration of hydroxyl ions and
hence concluded that the reaction must be with water.
Leaver (1972) studied photobleaching of crystal violet

in solutions of dimethylformamide, ethanol, and water and

in poly (vinyl alcohol) films. He used electron spin
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resonance, absorption, and fyuorescence spectroscopy to
identify the photoproducts. He determined that in both
solution and film, the semireduced tri—(p—dimethylaminb—
phenyl )methyl was the chief product. This radical is a
likely precursor of the fully reduced leuco crystal violet
and thus Leaver's work seems to indicate that except in
pure solid state, photoreduction is the dominant method
of bleaching for triphenylmethyl dyes.

Oster and his associates (Oster, et al, 1956, 1957,
1959; Oster and Oster, 1962) have made an extensive study
of photoreduction of triphenylmethyl dyes. They have no-
ticed that the dyes do not normally undergo photoreduction
in solution in the presence of mild reducing agents. How-
ever, some of the dyes are readily photoreduced under the
conditions in which they display fluorescence, namely in
a rigid medium or when bound to high molecular weight
polymers. They claim that this photoreduction proceeds via
a long-lived intermediate state. The existence of this
intermediate state is suggested by the kinetics of the
reactions. Specifically, addition of a reductant does not
significantly quench the fluorescence of bound dye. This
must mean that the normal excited state of the dye does
not directly react witﬁ a reductant to give the reduced dye,
for this reaction would compete with fluorescence. If the
first elecfronically excited state does not react with the

reductant, another excited species-must be involved. Oster
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and Bellin (1957) claim that this intermediate species is
produced via:

Dye in first electronically excited state + ground
state dye—> intermediate state dye + ground state dye
The production of intermediate state dye is thought to pro-

ceed in this manner rather than directly from the normal
excited state because the quantum yield for photoreduction
is proportional to the dye concentration.

The intermediate state is assumed to be long-lived
because of its intimate relationship with phosphorescence
of the dyes. The appearance of phosphorescence is a nec-
essary criterion for photoreduction of a triphenylmethyl
dye. As a result, the intermediate state and the phos-
phorescent state are assumed to be the same.

The intermediate state involved in the photoreduction
of triphenylmethyl dyes is now thought to be the triplet
state. Flash spectroscopy studies on closely related com-
pounds have given proof that reductive photobleaching pass-
es through the triplet state (Venkataraman, IV, 1971, page
436). The lifetime of this intermediate state in water is
estimated at 10—4 seconds. This compares with the 1life-
time of the first electronically excited singlet state in
water of 109 seconds (Oster and Oster, 1962).

The photoreduction process then is assumed to involve
reaction of the intermediate excited triplet state of the

dye with a reductant. The rate of photoreduction then
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depends on the number of dye molecules in the triplet state.
By increasing the viscosity of the medium or binding the
dye to high molecular weight polymers, conversion from the
singlet excited state to the ground state by internal
rotation of the phenyl groups is inhibited and the number
of transitions to the intermediate state increases. This
would then imply increased photoreduction. However, photo-
reduction involves binary encounters between the inter-
mediate state and an electron donor. Such encounters are
diffusion-controlled and their frequency is inversely re-
lated to the viscosity of the medium. Increasing viscosity
then has two opposing effects on the rate of photoreduction
(Oster, et al, 1959).

Most of the discussion here has been on the photofading
of triphenylmethyl dyes by reduction. Oxidation and other
processes are also involved, especially under certain con-
ditions. The probable photochemical reactions of tri-

phenylmethyl dyes are summarized in the following diagram:

D = dye molecule (with net positive charge)
D* = dye molecule in singlet excited state
D' = dye molecule in long-lived intermediate
(triplet) state
R = reductant
[)—JDL—> D* light absorption
p¥ ——> D fluorescence

p¥ —— D via internal rotation

p* + D—> D'+ D production of the long-lived inter-
mediate state

D' — D phosphorescence

D' + RH— DH + R reduction

D* + HOH-— DOH + H oxidation
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The lightfastness of triphenylmethyl dyes can be im-
proved by introduction of suitable substituents (e.g.,
p-anisidino or p-phenelidino groups or an indolyl nucleus)
or by reacting them with a complex acid (Egerton and Morgan,
1970). As is the case with most dyes, the lightfastness
depends as heavily upon the physical state of the dye as
upon its chemical reactivity.

The Aims of the Present Study

Triphenylmethyl dye cyanides in various media are
presently produced commercially for use in dosimetry of
ionizing radiation. One popular method of utilizing the
dye derivatives is in homogeneous solid solution in a thin
film of nylon. Films of this type are produced by Far West
Technology. The films are inexpensive and possess several
characteristics which make them useful for measurement of
high doses of radiation (103 - 107 rads) (Humpherys, 1973):

— linear response over a wide range of doses

- dose-rate independence up to 105 rad/sec

- energy independence down to a few kev

- equivalent response to X rays, gamma rays and

electrons

- small temperature dependence

- long shelf life

~ low atomic number constituents

- simple readout
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These films are of course sensitive to ultraviolet

radiation as well as ionizing radiation. The aim of the
present study was to investigate the response of a partic-
ular triamino-triphenylmethyl dye cyanide, hexahydroxyethyl
pararosaniline cyanide, in a solid nylon medium to ultra-
violet radiation. A second goal was to explore the po-
tential of the dye cyanide in nylon as a practical acti-

nometer for ultraviolet 1light.



21
EXPERIMENTAL METHODS

Materials

The films used in these experiments were supplied by
Kent C. Humpherys of Far West Technology and were pre-
pared especially for this study using the same materials
and manufacturing procedures used for the production of
radiochromic films sold by Far West Technology for use in
dosimetry of ionizing radiation. The films used are a
homogeneous solid solution of hexahydroxyethyl pararosa-
niline cyanide in nylon (DuPont Elvamide 8061). Most ex-
periments were performed with films containing 0.1% or
1.0% concentrations of dye cyanide, although films con-
taining 10% dye cyanide and various concentrations of the
uv absorber Tinuvin were available. Films of nylon with no
dye cyanide added were also used. The thickness of a 6"
X 6" sample of each type of film was measured with a microm-
eter in 20 random locations. The results are shown in the

table below:

FILM THICKNESS
Maximum Minimum Mean Std. Dev.

0% dye 7.2x10-2mm 5.5x%x10-2mm 6.38x10"2mm .507x10~2mm

0.1% dye 7.6x10672 5.8x1072 6.17x10~2 .43x10-2
1.0% dye 7.2x10-2 5.5x102 6.10x16-2 .535x10-2

A sample of hexahydroxyethyl pararosaniline cyanide in
powder form was also obtained from Far West Technology.

The purity of this sample was checked using a specific ion
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electrode (Chemtrix C 800 CN). This electrode, when placed
in a solution containing cyanide ions, can produce a po-
tential proportioﬁal to the CN™ concentration. A Radiom-
eter type PHM 26 pH-millivolt meter was used to monitor the
potential produced between the selective ion electrode and
a reference electrode (a Radiometer type K401l calomel elec-
trode). A calibration curve was first determined using
solutions of known concentration of sodium cyanide. This
curve is shown in Figure 3. The NaCN solutions were made
up using triply distilled water and reagent grade sodium
cyanide. These solutions were also made 0.1 M in sodium
perchlorate to ensure uniform ionic strength.

Since the photolysis of hexahydroxyethyl pararosani-
line cyanide produces CN™ ions, the concentration of CN~—
in a completely photolysed sample of the dye cyanide pro-
vided a check of the concentration of dye cyanide in the
original solution. The purity of the dye cyanide sample
was checked in this manner. A solution nominally 2.5x1076M
in hexahydroxyethyl pararosaniline cyanide was prepared
using triply distilled water, 0.1 M in sodium perchlorate.
This solution was then exposed to sunlight in stages with
the CN— concentration checked after each exposure using the
specific ion electrode. The maximum potential produced by
this solution was =273 mv and -276 mv in two independent
experiments. Using the calibration curve of Figure 3,

these potentials correspond to a CN™ concentration of
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2.5 x 1075 M and 2.8 x 107% M. This compares to 2.5 x 107®M
if 100% sample purity is assumed. However, due to the
logarithmic nature of the calibration curve and uncertain-
ty in the potential reading, the estimated CN- concentra-
tion has a fairly large uncertainty associated with it.

For use in determining extinction coefficients, this
sample of hexahydroxyethyl pararosaniline cyanide was
assumed 100% pure.

~Determination of Reflection Losses

Experimental apparatus used for determination of re-
flection losses is diagramed in Figure 4. The 1light source
was a 100 watt tungsten-halogen lamp with a quartz bulb
(Sylvania 6.6 A/T24-Q/CL-100). Both monochromators were
Bausch and Lomb monochromators with uv gratings (33-86-01).
The monochromatic beam was made nearly pafallel using an
achromatic condenser lens (Bausch and Lomb 33-86-53) and
then was split into two components by partial reflection
from a plate of Spectrosil fused silica. Both detectors
were RCA 1P28 photomultipliers. They were both connected
to voltage-frequency converters (Dymec model 2210) produc-
ing a voltage across the converter's 16% ohm input re-
sistor. The output signal from the voltage-frequency con-
verters was fed into two Harshaw scalers. The count rate
on each scaler should then be proportional to the photo-
multiplier's output. The linedrity of the count rate vs.

light intensity was periodically checked using neutral
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Figure 4. BApparatus used to determine reflection losses from films.
(A) Movable photomultiplier and film positioned so that
specular reflection from the film is monitored. (B) Movable

photomultiplier rotated to monitor incident light intensity
with film removed.
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density filters of known transmittance in-the light path.

The reference photomultiplier and its readout system
served as a concurrent check on the consistency of the
light source. The movable photomultiplier could be used to
monitor the reflected light at any of several angles as
shown in Part A of Figure 4. It could also be used to
determine the intensity of the incident light by moving it
to Position B (Figure 4) and removing the reflector (film).
The ratio of the count rates from the movable photomulti-
plier in these two positions was the fraction of the light
reflected.

The apparatus and procedure for reflection measure-
ments was checked before use with the film by measuring
reflection from a Spectrosil fused silica plate. The op-
tical constants of the fused silica plate are available
from the manufacturer (American Therma Fused Quartz Co.).
Using Fresnel's laws of reflection on this data, the theo-
retical reflectivity at normal incidence from an air-fused
silica interface can be calculated. For non-zero angles
of incidence the polarization of the incident light must be
considered. This was experimentally determined by measur-
ing the relative transmittance of a uv linear polarizer
(Polaroid HNP'B) in vertical and horizontal orientations in
the incident light path. This data was then used to cal-
culate the theoretical reflectivity at various angles of

incidence and various wavelengths of an air-fused silica
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interface. The calculations were done using the equation:

_ i(tan (i-r) - sin (i-r) _
R = 3(ton(irry (70 * sin(iery (D))
R = reflectivity
i = angle of incidence
p = polarization of incident light
r = angle of refraction = sin-1 (sin i/r)

The total fraction of the incident light that should
be reflected from the two air-fused silica interfaces was
calculated following Hunt and Hill (1947):

1-R )
1+R

IO

The calculated theoretical fractions reflected for several
angles of incidence and several wavelengths were then com-
pared with experimentally determined reflection data for the
fused silica plate. A typical result is shown in Figure 5
for reflections at 320 nm. For all wavelengths investi-
gated there was good agreement between experimental and
theoretical results.

The fractional reflection at normal incidence from
films was determined by graphical extrapolation of experi-
mentally determined fractional reflection data at non-zero
angles of incidence. Data for reflection with angles of
incidence of 200, 22.59, 250, 30°, 35° and 40° was plotted
as in Figure 6.

The fractional reflection from films containing 0%
and 1% dye cyanide was also determined using a Beckman DK2
ratio recording spectrophotometer equipped with an inte-

grating sphere. The film tested was placed on a black
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A typical plot of per cent of incident
light reflected from a film (1% dye cyanide)
vs. angle of incidence. The wavelength of
light used in this case was 340 nm. The
per cent reflected at normal incidence was
extrapolated using graphs of this type.
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background and the instrument was set up for détermining
total (specular plus ditfuse) reflection. Correction was
made for light reflected from the black background as
follows:

A A

- 3 A 2pA
Rcor Runcorrected (T™) Rb

where TA is the fractional transmission of the
film and Rb is the fractional reflection from
the ''black' background itself.

Absorption Spectra

All absorbance measurements in the uv and visible
regions were done in a Cary 1501 spectrophotometer equipped
with a digital data recording system. Infrared absorption
spectra of the films were determined using a Shimadzu
MPS-50L recording spectrophotometer.

The absorption spectra of all liquids were determined
using 1 cm path length fused silica cells. The spectra
of solutes in liquid solution was determined from the
absorption of the solution compared to the absorption of
the solvent itself. This was determined directly by using
a 1 cm path length fused silica cell filled with solvent in
the reference beam of the spectrophotometer.

The absorption spectrum of dye cyanide and/or dye in a
nylon film was determined by placing the film in the sample
chamber of the spectrophotometer with a film of pure nylon
of the same thickness in the reference chamber. The thick-

nesses were matched by comparing absorbances in a wave-
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length region where neither the dye nor the dye cyanide
absorb. A small correction was then made for the differ-
ence in reflection losses from the two films as determined
using the integrating sphere. The absorption spectrum of
the film as a whole was determined from the absorbance ob-
served with only air in the reference chamber of the spec-
trophotometer. TFor determination of fractional absorption
for quantum yield calculations, the spectra were correctéd
for the light lost by reflection.

Determination of the Extinction Coefficient of the Dye and

the Dye Cyanide in the Nylon Film

The extinction coefficients of the dye cyanide in

dimethyl sulfoxide (DMSO) were determined using Beer's law

-5

from the absorption spectrum of a 1.98 x 10 M solution of

hexahydroxyethyl pararosaniline, giving the value 6.25 x

10% 1liter mole ™t em™! at the absorption maximum 277 nm and

at 20° C. Similar values for ¢ were obtained using differ-
ent concentrations. The solutions used in these determina-
tions of & were made up using the dye cyanide in powder

form obtained from Far West Technology with the assumption

of 100% purity.
The extinction coefficient of the dye cyanide in the

film was determined by comparison of dye cyanide absorption
in the filh and in DMSO. The absorbance at 277 nm due to
dye cyanide in a film was determined and the volume of the
same film was calculated from micrometer measuremen%s. The
dye cyanide was then leached from the film by a small vol-

ume of DMSO. Twice a day for three days the DMSO was
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poured off into a volumetric flask and new DMSO was poured
onto the film. At the conclusion of this process the
film's absorption spectrum was determined and found to show
no remaining absorption peak in the region of dye cyanide
absorption. The DMSO containing the dye cyanide was diluted
to 10 ml and the absorption of the dye cyanide in the solu-
tion was determined. Using Beer's law, the path lengths,
volumes, and absorbances determined, the ratio of the
extinction coefficients of the dye cyanide in nylon film
and in DMSO was obtained as shown below:

Afiim = ®film Cfilm lfilm

A = ¢ c 1 = ¢ c (VLilm,
DMSO ~ €DMSO °pMsSo DmsO T €pMSO Cfilm'Vpyso

dividing one equation by the other =

DMSO

©ritm _ 2film pMSO Vfilm

epuso  “puso ltilm VDMSO

A
This analysis was carried out at the wavelength of maximum
dye cyanide absorption (277 nm). The results on two inde-

pendent experiments were:

€277 nm €277 nm

film _ Tilm _
577 om - 928 and 277 om -96
€pMSO DMSO

Because these ratios are essentially one (within experiment-
al error limits), the extinction coefficient of the dye
cyanide at 277 nm was assumed to be the same in the film

as in the DMSO. The value of ¢ = 6.25 x 10% liters mole™!

em™! at 277 nm was thus adopted.
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The extinction coefficient of the dye in nylon was
obtained by comparison of dye cyanide absorption before
photolysis and dye absorption after photolysis in the same
film. The absorption due to dye cyanide in a film was
measured at 277 nm. The film was then exposed to uv under
conditions most favorable to dye formation (335 nm and
80° C, see discussion section). The absorbance at the dye
peak was checked frequently during photolysis and photolysis
continued until the maximum dye absorption was obtained.
At this point all of the dye cyanide was assumed to be con-
verted to dye. The ratio of the absorbance of the dye to
the absorbance of dye cyanide was then used to calculate

the extinction coefficient of the dye in the film.

608 nm 608 nm

A €

a4 - 4 = 1.12

A277 nm €277 nm T
d-c d-c

using the value of 8327 0N obtained above:

608 nm

€4 = 7.0 x 10% liter mole™! cm™!

The value of the maximum extinection coefficient for
the dye in DMSO was found to be 9.3 x 10" liter mole~! cm™!.
The shape of the absorption spectrum used in determining the

dye ¢ in the film is very similar to the absorption

max
spectrum of a solution of dye cyanide in DMSO after expo-
sure to maximum dye concentration (compare Figures 14 and

20).
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Actinometry

The intensity of uv at 302 nm was determined using
differential oxalate actinometry (Pitts, et al, 1955). The
actinometry solution (0.005 M H2C204 and 0.001 M U02C204)
was prepared using reagent grade oxalic acid and uranyl
oxalate prepared by Robert Satcher (Ph.D. Thesis, 1971).
The 1.35 x 10-2 M Ce' solution was prepared using reagent
grade ceric ammonium sulfate. The.Ce+4 solution was made
0.8 N with HZSO4 to improve the stability of the solution.
All solutions were made with triply distilled water and
stored in the dark.

Three ml of actinometry solution (0.005 M H2C2O4 and
0.001 M U2C204) were saturated with oxygen by bubbling 02
through the solution for five minutes and then irradiated
in a 1 cm fused silica cell. Two ml of this irradiated
solution was then placed in a 25 ml volumetric flask along
with two ml of Cet? solution. The flask and its contents
were heated for 15 minutes in a water bath at 709 C and
then cooled to room temperature. The contents were then
diluted to 25 ml using 0.88 N H2SO_. The resulting final
solution was about 0.8 N H2SO4and ready for readout.

The use of the actinometer depends on the following
reactions:

U0, ** + hv —> (U0, ")*

2

++ ) * ] o TS
(U0, )T+ HyCh0,—— U0, + CO, + CO + Hy0

The overall result is that oxalate is consumed by the
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photochemical reaction. The quantum yield for oxalate con-
sumption is well known. The value of 0.57 at 302 nm was
used (Calvert and Pitts, 1966, page 787). The oxalate re-
maining after photolysis is oxidized by the Ce*4 added.

C,072 + 2 Ce™—— 2 CO, + 2 Ce*3
The solution was heated to ensure that this reaction goes
to completion. |

cet4 has a broad absorption band in the near uv with
a maximum at 320 nm where the extinction coefficient in
0.8 N H,S0, is 5609 liter mole~! em-1 (Boyle, 1962). The
absorbance of the final solution at 320 nm was used to de-
termine the Cet4 remaining after the Ce*4 had reacted with
the oxalate.

The procedure described above was carried out after
photolysis at 302 nm for various time intervals. In each
case a control actinometry solution was treated exactly
as the irradiated actinometry solution except that it was
not exposed to uv. The difference in absorbance of 1 cm
path lengths of final control and irradiated solutions was
measured and plotted in Figure 7. The slope of the line
was determined by linear regression analysis to be
4.05 x 1073 min~'. Since

Ay = ¢ AcCel (Beer's law)

this corresponds to a rate of change in Cet4 concentration

of:
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irradiated final actinometry solutions as a
function of exposure time.
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beag A/ At B 4.05 x 10~3 min—! B

At T el T 5609 1 mole-! em=~ T x 1 cm

7.22 x 10-7 mole liter~! min~!
Allowing for the fact that two Ce+4 ions are reduced by

one C204_2 ion and dilution of the actinometry solution,

the rate of change of concentration of oxalate in the
original actinometry solution was:

AcmS _ E. 25 ml ACho+4 _

At 5" 2 ml At

4.51 x 107% mole liter~! min-—1
Since the volume of the actinometry solution was 3 ml,
this corresponds to 1.35 x 1078 moles of oxalate consumed
per minute. Using the quantum yield:
moles of oxalate consumed/min

2= einsteins absorbed/min = 0.57

2.37 x 1078 einsteins were absorbed per minute. The ir-
radiated area of the actinometry solution was 0.92 cm?, so
that the intensity of absorbed light (Ia) was 2.59 x 1078
einstein cm™2 min~!

The intensity of light incident at the front surface
of the fused silica photolysis cell was calculated from the
result above using the method of Hunt and Hill (1947).

This method corrects for reflection from the cell and for

transmission.
1

In = [T T} Lo T
=Ty -
To T, - R P +To_ 57}
I = intensity at front surface of cell

(@]
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T, = fraction transmitted by empty cell

T = fraction transmitted by cell filled with actinom-
etry solution

R = reflectivity of fused silica-air interface

T, and T were determined experimentally and R was calculated
using Fresnel's laws of reflection assuming normal incidence
with the index of refraction at 302 nm provided by the Amer-
ican Thermal Fused Quartz Company. " The resulting intensity
of uv at the front of the cell was 3.5 x 1078 einstein cm™2
min~!.

The experimental apparatus used for actinometry and
determination of quantum yield at 302 nm is shown in
Figure 8. Thellight source was a 500 watt high pressure
mercury lamp (PEK Model 912). Most of the infrared light
emitted by the lamp was absorbed by water in two 1 cm
quartz photolysis cells. The monochromator was the same
type used in the reflection experiments. The reference
photomultiplier and its readout system was also the same as
that used in the reflection experiments. The count rate
from the reference photomultiplier was constantly monitored
during exposure and later compared with count rates during

film exposures for quantum yield determinations.

Determination of Quantum Yield at 302 nm

The quantum yields at 302 nm were determined using the
experimental apparatus in Figure 8. The actinometry solu-

tion was replaced by a small piece of film containing 0.1%
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dye cyanide behind a plate of fused silica. The irradia-
tion of the film was done just after the actinometer ex-
posures. The count rate from the reference photomultiplier
was also monitored during film exposures to assure that the
intensity of the light in the exposure chamber was the same
as it was during exposure of the actinometry solutions.

The film was exposed to 302 nm uv for short intervals
and immediately transferred to the Cary 1501 spectrophoto-
meter for absorbance measurement. The absorbances at 769,
608, and 277 nm were measured after each of 14 consecutive
exposures. The absorbance at 769 nm (where neither the dye
cyanide nor the dye absorb) was used as a check to compen-
sate for any small changes in absorbance reading due to
spectrophotometer sensitivity changes, position of the film
holder, etc. The change in absorbance at the other two

wavelengths was calculated from:

bgog = (Agog ~ Agog) * (A7g9 ~ A7g9)
_ _ 40 o
Mogy = (Aggg = Aggn) + (Aggg = Aggg)

where the superscripts on the A's indicate the absorbance
'readings of the unexposed film. The graphs of change in
absorbance vs. éxposure time for these two wavelengths are
shown in Figure 9; The initial slopes of these curves were
determined by fitting the data with AA <.25 to a curve of
the form:

— _~KT
BA = A o (1-e™%)
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Figure 9. The change in absorbance at the dye absorption
peak, 608 nm (circles), and at the dye cyanide
absorption peak, 277 nm (squares), Vs.
exposure time. The top line shows the initial
rate of change in absorption at the dye peak.
The bottom line shows the initial rate of dye
cyanide loss.
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where T is exposure time. The value of 1.2 was used for
Amax since this was a typical value for the maximum absorp-
tion obtained under these conditions. The value of the
constant K was determined by regression analysis using a
Hewlett-Packard 9100A calculator. The initial slope of the
curve was then calculated:

initial slope = 1.2 ke¥ 0 = 1.2 K
This elaborate procedure was used instead of simply fitting
the data to a straight line because in some cases the cur-
vature was greater than in Figure 9.

The initial rate of change of absorbance was trans-

formed to an initial rate of change in dye concentration

using Beer's law:

dA608
ch _ dt
dt eDl

The initial rate of dye formation per square cm is then:

dD _ de _ vol (liters) _ da®%%7dt _

dt dt * area (cm ) 608
D

5.4 x 107% mole em™ % min~}

Similarly, the initial rate of dye cyanide loss was:

aoc _ da?""jat _ 5.8 x 107% mole em~2 min~!
at 277
E

277 277 _ 277 _

where the effective e at 277 = hte £p = ep

5.0 x 10% 1 mole-! cm-!
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Before the quantum yields can be calculated, the frac-
tion of the incident light which is absorbed by the film
(f) is needed. This was determined from the absorption
spectrum of the film after correction was made for reflec-
tion losses. At 302 nm this fraction was 0.63. The rate
of photon absorption by the film was then:

I, = I_(f) = (3.5 x 107% einstein cm™?min~1!)(.63)
The quantum yields for dye formation and dye cyanide loss

based on rate of photon absorption by the total film are

~then found by:

rate of dye formation =

Qdye ~ Tate of photon absorption by film
5.4 x 107° mole cm™2 min~! = .23
2.4 x 10-8% einstein cm™? min™!:

s _ rate of dye cyanide loss _

DC rate of photon absorption by film

.8 x 10”9 mole em™2 min~! = .24
.4 x 1079 einstein cm™% min~ !

Determination of Action Spectrum and Quantum Yield at

Various Wavelengths

The apparatus used for studying the photochemical
response of the film at various wavelengths is shown in
Figure 10. A 150 watt xenon lamp (Bausch and Lomb 33-86-
20-01) and one monochromator (Bausch and Lomb 33-86-01)
were used as the source of monochromatic uv. The mono-

chromator slit widths were set to allow a band width at
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one-half maximum of 10 nm for the output beam, which was
collimated with an achromatic condenser lens (Bausch and
Lomb 33-86-53). A fused silica plate coated on the front
surface with sodium salicylate was placed at the center of
the exposure chamber. The sodium salicylate coating was
formed by spraying a solution of sodium salicylate in
methanol on the plate using an atomizer and drying with a
warm air flow. The entrance tb the movable photomultiplier
was covered with a Corning 3-73 filter. This sharp cutoff
filter has 10% transmission at 410 nm and is opaque to uv.
The photomultipliers and their readout systems were identi-
cal to those described in the reflection determination
section and the linearity of the count rate from these
photomultipliers vs. light intensity was checked periodic-
ally using neutral density filters of known transmittance.

Sodium salicylate is strongly fluorescent with a
guantum yield for fluorescence which is nearly constant for
excitation in the wavelength region 160 - 350 nm (Sampson,
1967). The emission from the sodium salicylate has a peak
at about 420 nm. The 3-73 filter allows a constant frac-
tion of the fluorescence emitted by the sodium salicylate
to reach the moﬁable photomultiplier but prevents reflected
or scattered uv from reaching the detector. The light in-
cident on the movable photomultiplier should then be pro-
portional to the intensity of uv striking the sodium sali-

cylate (in photons min‘l), independent of the wavelength of



46
the exciting light.

The sodium salicylate plate was excited with uv of 11
different wavelengths and the count rates from both photo-
multipliers were recorded over a period of one minute. The
ratio of the count rate from the reference‘photomultiplier
to the count rate from the movable photomultiplier is a
measure of the relative sensitivity of the reference photo-
multiplier to uv of that wavelength. The results are shown‘
in Table 1.

Films containing 0.1% dye cyanide were then placed in
the exposure chamber in the position of the scintillatér in
Figure 0. A film was exposed to a series of short exposures
at each of 11 wavelengths. The absorbance at 769, 608, and
277 nm was determined before and after each exposure. All
exposures were done at 20° C. At each wavelength a graph
of change in absorbance at both 277 and 608 nm vs. cumula-~
tive exposure in counts measured from the reference photo-
multiplier was completed. The initial slope of each of
these curves was determined in the same manner as described
in the section on quantum yield at 302 nm determination.

A typical graphvand its calculated slope are shown in Fig-
ure 11.

The initial slope is related to the initial rate of
dye formation, but correction must be made for the relative
sensitivity of the reference photomultiplier before com-

parisons among wavelengths can be made. This was done



Table 1. Count rates from movable and reference photomultipliers and the relative
sensitivity of the reference photomultiplier at various wavelengths.

Count Rate

Count Rate

Movable Reference Relative
~ Phototube Phototube Sensitivity
240 nm 30120 ct/min 110160 ct/min 3.6€xcount/photon
250 37880 139600 3.69
260 53700 191940 3.57
270 66280 220380 3.32
280 83730 250610 2.99
290 106840 289120 2.71
302 135930 341620 2.51
310 159190 391810 2.46
320 215790 519280 2.41
330 245400 577740 2.35
340 279100 698120 2.50

yAY
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A typical graph of change in absorbance

at 608 nm (circles) and 277 nm (squares)
vs. exposure in counts. The wavelength of
uv used in this case was 270 nm. The
initial slopes determined by curve fitting
are shown as the straight lines.
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using the data in Table 1. The relative sensitivity of the

film per photon incident (action spectrum) was calculated

as:
relative sensitivity = initial slope x relative sensi-
tivity of reference photo-
multiplier
- For quantum yield calculations, the fraction of the
incident 1light which is absorbed was necessary. Since

fairly wide slits were used on the monochromator and the
xenon lamp emits a continuous spectrum, light of many
wavelengths is actually incident on the film at any mono-
chromator setting. As a result, the integrated fraction
absorbed by the film over the range of incident wavelengths
was needed. These integrated fractional absorptions were
approximated by numerical integration using a Hewlett-

Packard 9100A calculator.
I T &11I /2 ")
O o O
where (EA) is the fractional absorption by the film at X.
I JX
o)

Ix is the monochromator's output intensity at X. IO was
the total monochromator output intensity. The integration
was carried out by dividing the wavelength region around
the monochromator setting into ten 2 nm wide bands. The

fractional absorption at the center of each of these bands

was determined from corrected absorption spectra. The mormo-
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chromator output in each of these bands was approximated by
placing a second monochromator with very narrow slits. (3
width = 0.48 nm) behind the original monochromator. The
second monochromator was assumed to transmit only one wave-
length. The Second monochromator was set at various wave-
lengths and the intensity of the light transmitted by the
two monochromators in tandem was determined by the count
rate from the reference photomultiplier. In this way the.
spectral output from the original monochromator was ob-
tained. The intensity within each 2 nm wide wavelength
band was calculated from this data.

The relative quantum yields were calculated by using:

relative sensitivity
fractional absorption of film

relative quantum yield =

Temperature Effects

The effect of changes in film temperature during photo-
lysis was studied by irradiating films using the same ex-
perimental setup used in determination of the quantum yield
at 302 nm. The wavelength was, however, changed to 315 nm.
The temperature of the film was taken by measuring the air
température inside the exposure chamber near the film
holder with a mercury thermometer. Films were heated to
‘above room temperature with a stream of warm dry air from
a heat gun (Master Appliances Model H G 301 LD). The tem-

perature and velocity of the air flow were controlled with
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a voltage adjuster on the heat gun. Temperatures below
room temperature were obtained by allowing the cool nitro-
gen boiling off a flask of liquid nitrogen to flow into the
exposure chamber. Precise control of film temperature was
difficult by these methods and temperature variations were
frequent. However, every effort was made to keep the tem-
perature reading within 39 C of the desired temperature.

Ih all cases, the absorbance of a film at 608 nm was
measured before irradiation and the film was then placed
in the exposure chamber for three minutes to allow it to
reach the desired temperature. The film was then exposed
for a short time, the absorbance at 608 was rechecked, and
the film was returned to the exposure chamber for tempera-
ture equilibration. Several exposureswere made at each
wavelength. At each wavelength, exposures were continued

until the absorbance at 608 nm began to decline.

Intensity Effect

| The dependence of film response on the intensity of
ultraviolet radiation was tested in two separate but simi-
lar experiments. The intensity dependence over a range of
low intensities with monochromatic uv was studied using the
apparatus shown in Figure 10. All components and their
arrangement were the same as used in determination of the

action spectrum except the monochromator slits were narrow-



52
ed to emit a 2 nm half-width beam. All exposures were with
the monochromator set at 310 nm. Commercial filters of
various transmittance were placed between the xenon lamp
‘and the monochromator to vary the intensity of the beam.

As before, the coﬁnt rate from the reference photomulti-
plier was assumed to be proportional to the intensity of
the beam in the exposure chamber. The validity of this
assumption was checked periodically using neutral density
filters of known transmittance.

Film containing 1.0% dye cyanide was placed in the
exposure chamber and given a series of exposures. The ab-
sorbance at 608 nm was checked before and after each ex-
posure. The length of the exposure was dictated by the
cumulative number of counts recorded from the reference
photomultiplier while the film was being exposed. All
films were exposed to 10, 30, 60, 100, 100, 400, 800,

1600 x 104 cumulative counts regardless of how long it
took for the counts to accumulate. This series of ex-
posures was carried out with three different light in-
tensities. The highest intensity used in this series of
tests produced an absorbance of 1.0 at 608 nm after 50
minutes of expoéure.

In the second series of tests of the effect of changes
in intensity, much more intense polychromatic light was
used. The experimental apparatus was the same except that

the xenon lamp and monochromator were replaced by a 500
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watt high pressure mercury lamp (PEK Model 912). No mono-
chromator was used, but two 1 cm fused silica cells filled
with water were placed between the lamp and the beam splitter
to filter out most of the infrared emitted by the lamp.

The infensity of the beam in the exposure chamber was

varied by placing fine metal grids in the beam path be-

tween the water filters and the beam splitter.

Exposures were made using a procedure similar to that
described in the first series of tests. 0.1% dye cyanide
film was used in this case for all exposures. A series of
exposures to 5, 10, 20 x 104 counts were made at six dif-
ferent intensities. The highest intensity used produced

an absorbance of 1.0 at 608 nm in 0.6 min.

Fluorescence

Studies of the fluorescence properties of the films
were carried out in three ways. The fluorescence of both
the dye and tﬁe dye cyanide in nylon film were studied
using a Baird-Atomic fluorescence spectfophotometer (Model
SF-100). The films were placed on an aluminum foil back-
ing and placed in the cell compartment with the film at a
450 angle with respect to both the exciting beam and the
fluorescence detector. No attempt was made to make quan-
titative measurements of the shapes or intensities of the

emission spectra by this method. The general wavelength
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region of fluorescence emission from both the dye and the
dye cyanide was determined by this method. The general
wavelength region of fluorescence emission from both the
dye and the dye cyanide was determined by this method.

The fluorescence of the dye in the film was also
studied by exciting the film containing dye with a helium-
neon laser (Spectra-Physics Model 133). The apparatus was
arranged as shown in Figure 12a. The monochromator was a
Bausch and Lomb (Model 33-86-01) uv grating monochromator.
The slits were adjusted to emit a 2 nm band width at 3
maximum. The detector used was a EMI 9558 Q1B photo-
multiplier. This photo tube was used instead of the 1P 28
because of its greater red sensitivity. The photomulti-
plier was connected to a voltage-frequency converter and a
scaler as in the experiments described above. The count
rate from the photomultiplier was found to be proportional
to the light intensity entering the photomultiplier by
varying the beam intensity with neutral density filters of
known transmittance.

With the laser light (633 nm) incident on the film,
the monochromator was set at various wavelengths and the
count rate from the photomultiplier was recorded. In this
way, the general shape of the emission spectrum of the dye
fluorescence could be obtained except in the 630-635 nm
region where reflected and scattered laser light was trans-

mitted by the monochromator. Detection of laser 1light was
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MONOCHROMATOR

PHOTOTUBE

FILTER

PHOTOTUBE

Figure 12. Apparatus used to study fluorescence of
the dye in the film. Arrangement a allows
study of the emission at various wave-
lengths. Arrangement b was used to compare

overall fluorescence intensity in various
films.
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shown not to be a problem at other wavelengths by putting
a piece of highly reflecting aluminum foil in place of the
film and checking the count rate for various wavelength
settings of the monochromator. The spectrum obtained is,
however, uncorrected for variation in spectral sensitivity
of the photomultiplier over the wavelength range.

The overall intensity of the dye fluorescence from
various films was also studied using the apparatus shown
in Figure 12b. The only change from the apparatus showﬁ in
Figure 12a is the replacement of the monochromator by a red
filter (Corning 2-64). This filter is nearly opaque to the
laser light (633 nm), but transmits much of the fluorescence
emission from the dye (A>650 nm). Various films were
placed in the exposure chamber and excited with the laser.
The count rate from the photomultiplier was assumed to be
proportional to the intensity of the fluorescence.

Fading of the Dye

The light induced fading (photobleaching) of the dye
in the nylon films was studied using films originally con-
taining 0.1% dye cyanide which were irradiated to near
maximum dye concentration. The films were then exposed to
monochromatic uv or_visible light to determine which ab-
sorption band of the dye was more responsible for the
photobleaching. The source of visible monochromatic light

was a helium-neon laser (Spectra-Physics Model 133). This
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laser emits red light of wavelength 633 nm. The monochro-
matic uv was supplied by the 300 watt high pressure mercury
lamp and monochromator used for determination of the quantum
yield at 302 nm. The monochromator was set on 302 nm with
slit widths set for a 10 nm spectra peak width at % maxi-
mum. The relative intensity of these two sources was es-
timated by comparing their effect on a RCA 1 P 28 photo-
multiplier, with correction made for the very different
photomultiplier sensitivities at the two wavelengths. The
laser was estimated to produce the intenser beam at the
film (in quanta per unit area per unit time) by a factor of
ten. Films were checked for their ;bsorbance at 608 nm and
placed in the exposure chamber for exposure to either uv or
visible light. The films were periodically removed from
the chamber and checked for changes in absorbance due to
dye destruction.

Fading of the dye in the absence of light was also
studied using films originally containing 0.1% dye cyanide.
These films were irradiated to produce a near maximum dye
concentration. The absorbance of the films at 608 nm was
determined and the films were placed in light tight paper
envelopes. Films were stored at room temperature (200 C),
in a freezer compartment (-17° C), and in a refrigerator
(2.2° C). The films were later allowed to reach room tem-
perature, removed from the envelopes, and checked for

change in the absorbance at 608 nm.
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RESULTS

Absorption Spectra

The absorption spectra of films originally containing
0.1% dye cyanide are shown in Figures 13 and 14. The
spectra show absorption by an unexposed film and a film
containing a maximum dye concentration. These spectra are
not corrected for reflection losses. Dye formation leads
to absorption increases in four wavelength regions: 460-
710 nm, 350-400 nm, 290-340 nm, and 240-280 nm. These
absorption bands correspond well with the typical absorp-
tion bands of triphenylmethyl dyes given by Brown (1971).

The near infrared absorption spectrum of an unexposed
film containing 0.1% dye cyanide is shown in Figure 15.
There is little infrared absorption by the dye cyanide.

Figure 16 shows the uncorrected absorption of a film
of nylon containing no dye cyanide or dye. The absorption
of nylon extends to longer wavelengths than would be ex-
pected based on the absorption of the amide groups. Amide
absorption spectra show strong absorption at wavelengths
shorter than 200 nm with absorption becoming negligible at
260 nm (Calvert and Pitts, 1966, page 452). The absorption
by nylon at longer wavelengths may be due to hydrogen bond-
ing between the amide groups. The fact that nylon absorp-
tion extends into the region where the dye cyanide absorbs

brings about the possibility of energy transfer. Conceiv-
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ably, the nylon may absorb photons of wavelength 240-340 nm
and transfer the energy received from these photons to dye
cyanide molecules. This could lead to dye formation and
increase the guantum yield for dye formation.

Figure 17 shows the extinction coefficient of the dye
cyanide and the dye vs. wavelength. The shapes of the
curves were obtained from comparison of absorption spectra
of films containing dye or dye cyanide with the absorption
spectrum of a film of nylon of the same thickness with
correction made for the different reflectivity of the films.
The extinction coefficient scale was based on the value of
e=7.0 X 10* liter mole~! cm~! at 608 nm.

Figure 18 shows the absorption due to dye cyanide and
dye in a solution with DMSO. The general shapes of both
curves resemble the comparable spectra in Figure 17.

Figure 19 shows the build up of the principle dye
absorption peak in a film originally containing 0.1% dye
cyanide. The absorption, uncorrected for reflection losses,
is shown after 0, 10, 80, 320, and 2700 seconds in the sun.
With extensive exposure to sunlight the dye peak begins to
diminish and shift to slightly shorter wavelengths. This
is probably due.to photobleaching of the dye by solar uv.
The shoulder on the short wavelength side of the absorption
peak which was attributed to a dye isomer by Lewis et al

(1942) is visible in this figure.
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Figure 20 is a graph showing typical results obtained
when the uncorrected absorbance at 608 nm of the film is
determined after a series of exposures to sunlight. The

log-log plot is nearly linear initially.

Reflection from Films

The fractional reflections from films obtained using
the apparatus shown in Figure 4 were surprisingly small.
The reflection from the film containing dye cyanide was
smaller than the reflection from films of pure nylon even
in regions where the dye cyanide does not absorb (360-400
nm). Close inspection of the films reveals that the sur-
face of films containing dye cyanide are irregular. The
result is probably considerable diffuse reflection from
these films. Some of this diffuse reflection is not de-
tected in the experimental apparatus used for reflection
measurements since it was designed to measure specular
reflections. The fractional reflection data for the film
cdntaining 1% dye cyanide is as a result probably errone-
ously low.

Because these values were in question, the fractional
reflection was also determined using a spectrophotometer
with an integrating sphere. These results are shown in
Figure 21. The values represent specular plus diffuse
fractional reflection. All absorbance data needed for
quantum yield calculations were corrected for reflection

losses using this data.
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indicate the cumulative exposure time in secs.
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Action Spectrum

The action spectrum (relative response per photon
incident) of film containing 0.1% dye cyanide is shown in
Figure 22. The curve shows the relative sensitivity of the
film per incident photon. The curve roughly resembles the
shape of the absorption spectrum of the dye cyanide.

Film qontaining dye cyanide was shown to be unaffected
by light of wavelengths longer than 350 nm by expoSing
films to sunlight between two Corning 0-52 filters which
are opaque to X < 350. The films were unaffected by even
20 minutes in the sun under these conditions.

Quantum Yields

The quantum yield for dye formation per photon ab-
sorbed by the film at room temperature is shown in Figure
23 asva function of wavelength of incident 1light. The
shape of the curve was obtained from the results of the
relative quantum yield experiments. The absolute numerical
scale was added based on the quantum yield for dye formation
found at 302 nm. The quantum yield depends strongly on the
wavelength of the incident light, as would be expected if
light absorbed by the dye cyanide was primarily responsible
for dye formation.

Quantum yields for dye cyanide loss were not calcu-
lated at all wavelehgths because the high noise level in

the spectrophotometer readings at 277 nm (A = 1.7) made
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values of initial rate of change in dye cyanide concentra-
tion very uncertain.

A second quantum yield was calculated at each wave-
length. This is the quantum yield for dye production per
photon absorbed by the dye cyanide. This will be referred
to as the partitioned quantum yield @p). The relative par-
titioned quantum yields were obtained by dividing the rela-
tive sensitivity of the film at each wavelength by the
fraction of incident light that was absorbed by the dye
cyanide. The fraction of light absorbed by the dye cyanide

(Idc) was calculated from

Adc

I = I —
Afilm

de film >

where the absorbance values and the fraction of light ab-
sorbed by the film were obtained from absorption spectra
corrected for reflection losses. Table 2 gives the value
of Idc for the 11 wavelengths used for excitation.

The absolute partitioned quantum yield at 302 nm was
obtaiﬁed from the known light intensity and fractional
absortion by the dye cyanide at this wavelength.

The absolute partitioned quantum yield at other wave-
lengths was obtained by normalizing the relative parti-
Ationed quantum yields to the value of ¢p = .44 at 302 nm.
The results are shown in Figure 24. The partitioned gquantum

yield is nearly unity at the longest wavelengths of dye

cyanide absorption but is considerably smaller at shorter
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Table 2. Per cent absorption by a film containing 0.1%
dye cyanide as a whole and per cent absorption
by the dye cyanide at various wavelengths.

The values were determined from absorption
spectra corrected for reflection losses.

Per cent Fraction Per cent

Absorption Absorbed By Absorption By
~ Of Film Dye Cyanide Dye Cyanide
240 nm 76% .16 12%

250 78 .46 36
260 84 .72 60
270 90 .80 72
280 91 .81 74
290 74 .61 45
302 62 .52 33
310 59 .55 32
320 53 .52 28
330 44 .31 14

340 37 .09 3
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wavelengths. This result would seem to indicate that energy
transfer from the nylon to the dye cyanide is not important
as a cause of photoionization. If it were important, the
partitioned quantum yield for dye formation would be ex-
pected to be largest at wavelengths where the nylon absorbs
strongly (A < 255 nm).

Temperature Dependence

The results of photolysis of films originally contain-
ing 0.1% dye cyanide at various temperatures is shown in
Figures 25 and 26. Figure 25 shows the maximum absorbance
obtained at 608 nm as a function of temperature. The films
used were all exposed to 315 nm uv until maximun absorption
in the dye peak was obtained. The height of this peak and
apparently the maximum amount of dye that can be produced
depends strongly on the temperature of the film during photo-
lysis.

During the same series of exposures, the change in ab-
sorbance of each film after exactly two minutes of photo-
lysis was recorded. Since the intensity of the light source
and the fractional absorption by the dye cyanide probably
did not vary appreciably from one exposure to the next, the
change in absorbance after two minutes was assumed propor-
tional to the relative partitioned quantum yield for dye
formation. The absolute partitioned quantum yield for each

temperature was calculated by normalization to the value of

@p = .50 for excitation at 315 nm at 20° C (from Figure 24).
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The results are shown in Figure 26.
The partitioned quantum yields for dye formation thus
determined seem to increase with temperature and approach a
limiting value of nearly unity.

Intensity Dependence

The results of the experiments aimed at testing for an
intensity dependence (dose-rate dependence) for film response
are shown in Figures 27 and 28. In both graphs the change
in absorbance at 608 nm after two fixed exposures (as de-
termined by the accumulated counts from the reference photo-
multiplier) are plotted vs. relative intensity of the photo-
lysis beam.

The intensities used in experiments leading to Figure
27 are several hundred times smaller than the intensities
leading to the graph in Figure 28. Thus the graphs cover
two very different ranges of intensity. There seems to be

1ift1e evidence for failure of the reciprocity law.

Fluorescence

Both the dye cyanide and the dye were found to be
fluorescent in the rigid nylon medium. Experimentation with
the fluorescence spectrophotometer showed that the dye
cyanide fluoresces when excited at wavelengths shorter than
350 nm. The emission seems to peak at about 390 nm. The

fluorescence emission spectra of both the dye cyanide and
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the dye as determined in the fluorescence spectrophotometer
are shown in Figure 29. These spectra are not corrected
for the spectral sensitivity'of the spectrophotometer and
hence only give an approximation of the shape of the fluor-
escence emission spectrum of the dye and the dye cyanide.
Furthermore, no correction is made for the different in-
tensities used to excite the two fluorescent substances.
Hence no comparison of relative fluorescence efficiency
between the two should be made.

The fluorescence from the dye was studied in more de-
tail using excitation with a helium-neon laser. The emis-
sion spectrum obtained in this manner is shown in Figure
30. Some of the emitted fluorescence is of shorter wave-
length than the 633 nmrexciting light (anti-stokes radia-
tion).

The use of the intensity of fluorescence from a film
when excited by the laser as a means of determining dye
concentration was also investigated. This was done by com-
paring fluorescence intensity with the absorbance of a film
at the dye absorption peak (608 nm). Both of these should
increase as dye concentration increases. A film was ex-
posed to a low pressure mercury lamp (Mineralight R531) in
11 stages. The fluorescence intensity and the absorbance
at 608 nm were checked after each exposure. The results

are shown in Figure 31. The fluorescence intensity does

increase with increasing dye concentration. The rate of
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Intensity of fluorescence from a film origin-
ally containing 0.1% dye cyanide when excited
by a helium-neon laser compared with
absorbance at 608 nm for the same film. The
film was exposed to uv in 11 stages.
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increase decreases at high dye conéentrations, probably due
to internal filtering of the emitted light by the dye
molecules.

Fading of the Dye

Ultraviolet light was shown to be much more effective
than visible light in producing bleaching of the dye in
films. The gradual fading of the dye is shown in Figure
32. The absorbance at the dye absorption maximum (608 nm)
can be seen to decrease at a faster rate under irradiation
by uv. This is true even though the visible (laser) light
is estimated to be about ten times more intense. Using
this estimate, the rate of fading per photon incident is
about 35 times greater using uv light.

Even using uv, the rate of photobleaching is much
smaller than the/%g%gi%% dye formation. Figure 33 follows
the photolysis of a film originally containing 0.1% dye
cyanide as the dye is rapidly formed and gradually destroy-
ed by uv. The initial rate of dye formation was about 500
times greater than the rate of fading of the dye during the
photolysis of this film.

The fading of films kept in the dark is very slow.

The table below shows the absorbance change at the dye peak
over a period of 298 days for films stored in the dark at

various temperatures
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Approximate
Temperature A608 A608 AA608
8/23/74 6/17/75
20° C 0.556 0.509 -.047
2° C 0.781 0.756 -.025

-17° C 0.725 0.745 +.020
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The change in absorbance at 608 nm for a film originally containing
0.1% dye cyanide vs. the exposure. The exposure is in terms of
counts on the reference photomultiplier during photolysis. The
exposure was at 302 nm. The straight lines indicate the initial
rate of dye formation and the rate of photobleaching of the dye.
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DISCUSSION

Variations in the Quantum Yield

The variation of the partitioned quantum yield for
dye formation with temperature and wavelength of excitation
was somewhat unexpected. Alcoholic solutions of triphenyl-
methyl dye cyanides have been reported to show no change
in quantum yield over the range of uv absorption (Harris

and Kaminsky, 1935b and Calvert and Rechen, 1952).3 In
‘addition, Harris and Kaminsky found that the temperature
coefficient for their actinometer was essentially 1.

The temperature coefficients for response to ionizing
radiation of liquid and solid solutions of triphenylmethyl
dye derivatives are, however, apparently larger than unity.
Although Humpherys and Wilcox (1973) claim the temperature
dependence of film of the type used in this study is < 10%
over the range 0-100° C, other studies with similar films
indicate a greater temperature dependence. Over the tem-
perature range -20° to 80° C, both Bishop et al (1973) and
Hussman and McLaughlinv(1970) observed a variation in re-
sponse to cobalt 60 gamma rays of nearly 50%. Liquid so-

lutions of triphenylmethyl dye cyanides have been reported

3The distinction between total quantum yield and
partitioned quantum yield is less important in the case
of alcoholic solutions since the alcohol does not absorb
appreciably. Virtually all absorption is due to the dye
cyanide and the two quantum yields are essentially the
same.
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to have similar temperature response when used with ioniz-
ing radiation (McLaughlin and Kosanic, 1974).

Examination of the absorption spectra of various films
exposed to maximum absorption at the dye peak, lead to an
interesting discovery. Films exposed at short wavelengths
or at low temperatures showed considerable absorption in
regions where neither the dye cyanide nor the aye absorb
appreciably. This absorption must be attributed to the
formation of an alternative photo product (X). Using the
spectrum of a film exposed with 245 nm uv at 20° C to maxi-
mum dye concentration, the absorption spectrum of this
photoproduct was determined. The spectral separation was
done using the previously determined extinction coefficients
for the dye in the film, with the assumptions that the ab-
sorption due to X at 608 nm was negligible and that no dye
cyanide remained in the film. The resulting spectrum is
shown in Figure 34. This‘broad absorption band in the near
and middle uv shows up in spectra of all films exposed at
low temperatures and short wavelengths.

Mechanism
The mechanism shown in Figure 35 is proposed to ex-

plain the observed variations in the quantum yield.
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In this scheme the absorption of a photon by a dye cyanide
molecule can lead to either formation of ions or the alter-
native photoproduct X. Whichever photoproduct is formed,
it is trapped in a '"cage'" of nylon. If ions are formed,
they can dissociate ohly if one of the pair can escape

from the cage. Otherwise they will eventually recombine
and form the dye cyanide.

The fact that more X is formed at short wavelengths
and the partitioned quantum yield for dye formation is
dependent on wavelengths indicates that the relative amount
of each of these formed depends on the wavelength of ab-
sorbed light. One explanation of this is that absorption
of light by the two absorption oscillators in the dye
cyanide lead to different photochemical results. Absorp-
tion of a photon by the lower energy oscillator may gener-
ally lead to photoionization. Absorption of a photon to
excite the higher energy oscillator may be more likely to
lead to a different chemical change and the formation of X.

The two absorption oscillators correspond to the 277 nm and



94
the 315 nm peaks in the dye cyanide absorption spectrum.
No direct evidence for this explanation is claimed. It is,
however, a simple possible explanation for the wavelength
dependence of the partitioned gquantum yield for dye forma-
tion.

The quantum yield variation with temperature during
photolywis is explained in the proposed scheme by relating
~the quantum yield to the rate of escape of ions from the
cage of nylon. For small particles trapped in a cage like
this, mathematical approximation of the rate of escape and
its dependence on temperature is possible. The solvent
(nylon) is assumed to consist of molecules each occupying
volume v at temperature T. This volume v will consist
partly of free space since the molecules are vibrating about
an equilibrium position and consequently excludiﬁg other
molecules from taking up positions too close to them.

There is the possibility that in this situation some of
the molecules will move apart and leave a "hole" in the
solvent. The probability that a particle trapped in the
cage will escape is proportional to the probability that
a hole of sufficient size will be found adjacent to the
cage. Bueche (1962) used this simple model to calculate
that the probability of a hole of sufficient size (radius

z b*) being next to the cage is:
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1
P

Probability = (we*/kT)Z% exp(-e*/kT)
where:

k = Boltzman constant

e¥ = 4neb*? = activation energy

e = surface energy per unit area
In the calculations leading to this result the additional
assumption that the activation energy is much greater than
kT was made.

The probability of escapé will thus be approximately
proﬁortional to exp(—e*kT) since the exponential is much
more temperature sensitive than the pre-exponential factor.
The rate of diffusion of ions out of the cage (k1 in Figure
35) is then:

k =()expee*/kT)

1
where 0 depends only slightly on temperature and will be
assumed constant. If the rate of recombination of dye

cyanide (kz in Figure 35) is assumed temperature indepen-
dent, the fraction of the caged ions which dissociate to

form dye will be:

0 exp(-c¥/KT)

fraction dissociated = 0 exp(-e /KT) + Kk

2

The observed partitioned quantum yieid for dye production

should then be:

*
o = o (O exp(-c /KT)
o

p 0 exp(-¢ /KT)+ k,

where ¢, is the quantum yield for production of ions in the

cage.
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If the mechanism described above fits the data, a plot
of 1n(%p - %0) vVS. % based on experimentally determined par-
titioned quantum yields for dye production at various tem-
peratures should be linear. Such a graph is shown in
Figure 36. The value of @O = 0.99 was assumed in this
case. This value was adopted because this was the limit
which the'partitioned quantum yield for dye formation at
315 nm approached at high temperatures. At this iimit
every pair of ions formed would dissociate and @p = @O.
The slope of the best straight line fit (determined by re-

gression analysis) is 4.9 x 10~3 °K. This is equal to:

e¥ =4.9 x 103 °K
K

which gives an activation energy:
e¥ = 6.8 x 10720 joules/molecule =

9.8 kcal/mole
This value is within the range of typical values of e*
given by Bueche (1962). It is also of the same magnitude
as the activation energy given by Crank and Park (1968) for

diffusion of simple gasses (which should be similar in size

to the cyanide ion) through various polymers.

1

1 .
7 ) Vs. = 1s reason-
o

T

The fact that the plot of 1n(% -
ably linear and the value of e obtgined in this way is of
a reasonable size is evidence that the mechanism proposed
above is a possible explanation of the observed variation in

quantum yield with temperature during excitation.
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Figure 36. The natural logarithm of(l - l) VS.

inverse temperature. The gppr%Ximate
linearity of this data indicates that the
model proposed to explain the temperature
dependence of ¢p fits the data.
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In summary, then, the proposed mechanism is as follows:
absorption of uv may lead to formation of ions or X, either
of which will be trapped in a cage within the solid nylon
matrix. The formation of X is more likely when the high
energy absorption oscillator is excited. When ions are
formed they may dissociate to form dye or they may recom-
bine. Dissociation requires that one of the ions escape
from the cage. The probability of escape from the cage is
shown using the model discussed above to increase with tem-
perature. Hence @p increases with temperature.

Potential as a uv Actinometer

The potential of the films as actinometers of ultra-
violet radiation is limited to some extent by the varia-
bility of the quantum yield and other factors. The strong
temperature dependence of the quantum yields requires that
for actinometry the film temperature during irradiation be
determined. The change in quantum yield with wavelength
limits the use of the film for actinometry to monochromatic
light of known wavelength. Even when used with monochro-
matic light with a known film temperature, a complicated
table or formula of ¢ vs. XA and temperature would be required
before absolute uv intensity could be determined. The vari-
ability of the film from batch to batch may require cali-
bration of each batch individually to allow for differences

in dye cyanide concentration, film thickness, and reflectivity.



99

One of the original reasons for our interest in the
film was to investigate its potential as an actinometer of
solar erythemal uv in various locations. This application
is limited by two additional considerations. Both unex-
posed and exposed films are affected by water. The dye or
dye cyanide in the film is to some extent transferred to
the water whenever the film gets wet. If the film is
soaked in water for several days, virtually all of the dye
and dye cyanide will be removed. In many biological appli-
cations, care would have to be exercised to avoid getting
the film wet to avoid erroneous apparent response.

The spectral response of the particular film used does
not match the normal spectral erythema response curves as
well as it would in the ideal situation. For example,
human skin has an erythemal action spectrum which indicates
there is little response to uv of wavelength >315 nm (Koller,
1952). The spectral sensitivity of the film extends to
somewhat longer wavelengths (A = 345 nm), as was shown in
Figure 22. 1In fact, when exposed to sunlight, the film
responds primarily to uv of wavelength 315 to 345 nm, which
is much more intense than the shorter wavelength uv. EX-
perimental evidence of this was obtained by exposing films
to sunlight between mylar filters which are opaque to light
of wavelength < 310 nm. The response of the film is not
significantly reduced in this situation compared to films

exposed to unfiltered sunlight. The film used in this
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study will thus not directly monitor the solar erythemal uv.

For use with monochromatic light in the laboratory or
for determination of relative uv intensity, several char-
acteristics of the film make it desirable for actinometry.
As shown in Figures 27 and 28, the response of the film is
not dependent on the ihtensity of exciting light. This
dose-rate independence is essential for a useful actinometry
system. The films studied were very sensitive to uv and the
sensitivity can be increased or decreased at the manufactur-
ing stage by altering the concentration of dye cyanide in
the film. In addition, many of tﬁe characteristics of the
film which have lead to its use as a dosimeter of ionizing
radiation are positive features for uv actinometry. These
include: 1long shelf life, high resolution images, and no
need for ultra-pure, ultra-clean handling (Humpherys, 1973).
The fading of the film has been found to be very slow both
by our own experiments and by studies by Humpherys and
Wilcox (1972).

The optical read-out procedure is simple and may be
carried out with nearly any absorption spectrometer or
densitometer. The fluorescence of the dye in the solid nylon
medium provides‘an alternative read-out system. The inten-
sity of the fluorescence from a film increases with dye
concentration as shown in Figure 31. This fluorescence can
be fairly intense if excited by a helium-neon laser and very

small changes in dye concentration may be detected. The
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equipment needed for this read-out procedure is a small
laser, appropriate filter, photomultiplier, and a micro-
ammeter or some other device indicating the photomultiplier's
output signal. Most of this equipment is inexpensive and
the fluorescence read-out system may be a desirable alter-
native because of its sensitivity to low dye concentrations.

The uv response of nylon films containing triphenyl-
methyl dye cyanide may be put to use in other applications
in addition to actinometry. The film provides a convenient
method of determinihg the shape and uniformity of a uv light
beam. In this way it may be useful for alignment of optical
apparatus when uv is used. Other proposed uses involving
the uv sensitivity of films containing dye cyanides include
uv photography and holography and data storage (Humpherys

and Wilcox, 1973).
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