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Gas Production in the Radiolysis of Poly(vinyl chloride)
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The yields of H and CI were determined in the radiolysis of deaerated, aerated, and water mixtures of
poly(vinyl chloride) (PVC) powders witly-rays and 5 MeV He ions. Hyields with y-rays are low at about

0.25 molecule/100 eV and they double with He ion radiolysis indicating a second order formation process.
The production of H in the y-radiolysis of water-PVC mixtures is much greater than expected from the
weight fraction of the components and is due to acidification of the aqueous phase by the evolution of HCI
from the polymer. Ct yields in they-radiolysis of PVC with number average weights of 22 000, 47 000, and
99 000 Daltons are 19.6, 33.8, and 32.5 atoms/100 eV c@htinuously evolves from the polymer for days
following radiolysis. The extremely large yields suggest that a chain process involving radicals stabilized on
the polymeric chain are responsible. Reflectance UV/vis and infrared spectroscopy show subtle changes in
the PVC with radiolysis while UV/vis absorption spectra clearly indicate the formation of polyenes with 1 to
11 units. Ct formation is probably initiated by CI radical production followed by an electron rearrangement
mechanism along the PVC chain to produce more &id polyenes.

Introduction responses of irradiated PV@1° The early studies clearly
established the main products, but quantitative analysis is still

d problematic. For instance, measured HCl yields vary by almost

a factor of 2 depending on the radiation dé%e&lhe wide
ariations of yields found in the literature further suggest that

Poly(vinyl chloride) (PVC) is a common polymer used
extensively in construction and packaging materials expose
to ionizing radiationt Applications include cable insulation,
water pipes, medical devices, and pharmaceutical packaging tha . - ; s
mustvf/)itﬁlstand radiation environmpents or radiatior?steril?za?ion he mechanism is not un(_jerst_opd and that certain critical
that may alter its integrity or lead to the production of hazardous parar'ne.ters have not been identified.
compounds. However, a mechanistic description of the behavior ~ Scissions of the €Cl and C-H bonds of PVC are assumed
of PVC under irradiation has not been firmly established. The !0 initiate the decomposition leading to gas production and to
radiolytic degradation of PVC is important from a fundamental Polyene formation, which is responsible for discoloratich.
standpoint when it is compared to polyethylene or polystyrene. Polyene formation was originally proposed for PVC thermal
These compounds are essentially composed of a caitaybon degradatlon and sul_)_sequently assumed to occur in radiolysis.
backbone with or without aromatic side chains. The nature of Environmental conditions can have a large impact on product
side chains can have a huge effect on radiation stability. For Yi€ld. PVC irradiated under a vacuum has a yield of HCI of
instance, polyethylene shows moderate decomposition when2-3 molecules/100 eV, but that yield is 3.0 molecules/100 eV
irradiated, and polystyrene is generally considered to be radiationwhen |rra_d|ated in-an Qenv[ronmenll.6 The wide variety of
inert2 A detailed comparison of polymers with similar back- Product ylellds found in the_lltergture suggests that a comple'Fe
bones may lead to the capability for predicting the radiolytic understanding of PV(.Z.radlonS|s requires a more systematic
responses for a wide variety of similar compounds. approach where specific parameters are examined selectively.

The earliest studies on the radiolysis of PVC identified the Furthermore, most of the literature addresses the radiolysis of
production of gaseous HCl and predicted radical precufsdrs. PVC in a vacuum or in an Oatmosphere. Many practical
Along with HCI production, discoloration of the compound was appllcatlons involve PVC in intimate contact with water for
readily apparent. Many of the early ideas on radiation damage Which no study has been undertaken. An aqueous phase may
in PVC came from Observations Of |tS thermal degradatior‘]l Stablhze reactive |ntermed|ates del’lved fI’0m PVC or water
which established that the loss of chlorine atoms results in deécomposition products may react with PVC leading to different
conjugation of the polymer chain by processes involving the Products and/or yields.
production of radical€-1* Variations in radiation effects fol- In this work, the yield of the formation of Cland H, from
lowing different thermal pretreatments were also shéh@as the radiolysis PVC with various amounts of water was deter-
evolution studies found HCI to be the main component in mined. The PVC powder was further examined using a variety
radiolysis, but H and other compounds were also obserfeéd. of spectroscopic technigues including reflectance and absorption
Recent work has focused on the optical and magnetic resonance&JV/vis, diffuse reflectance infrared Fourier transform (DRIFT),
and Raman. Gaseous products are correlated with the spectro-
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thermal and radiation effects. Only pure PVC was examined in SCHEME 1

this work to establish the basic mechanisms and identify the cl

appropriate intermediates to final, observed products. Once this

baselin_e is established, oth(_e_r efforts will be better able to ... CHy— CH aww ——> o CHp — 5,_, ww + oCl 1
determine the effects of stabilizers.

cl
Experimental Section . |
. ww CH — CHwww + oH I
Materials. The PVC powders had number average molar
masses, M of 22 000, 47 000, and 99 000 with weight average cl
molar masses of 43 000, 80 000, and 233 000, respectively. All ]
the polymers were from Aldrich and contained no additives. wws CHy — C www + oH I

They were outgassed by baking in a vacuum oven for 48 h at

50°C. Typical water loading when exposed to 100% humidity . . . . .

is about 0.4 wt %. Particle area measurements were determined-" (.:m) f[hat were irradiated and then crushed n the |_nlet line.

on a Quantachrome Autosorb 1 surface area analyzer byCahbrauon Of. the dgtec}ors was performgd by injecting pure

measuring nitrogen adsorption and desorption from the surface2 with a gastéght rtr)ncrcé)hter 35;é/r|nge. Error in gas measurement

at an equilibrium vapor pressure using the BrunatEnmet- was estimated to be about 5%.

Teller (BET) method of surface area calculation. Specific areas . SPECtroscopic AnalysisThe irradiated PVC powders were

of the three powders were similar at about 1.%gnwhich dried l_Jnder ambient c_ondltlons_ and placed in sample cups for

correspond to particle diameters of about 3 mm assuming pel,fectreflectlve spectroscopic analy5|s of the surface. DRIFT spec-

spheres. Nano pure water (resistivity 18 @\ém) from an in- troscopy was performed using a Bruker Vertex 70 FT-IR

house HOnly system (consisting of a UV lamp and several spectrometer with a resolution 4 chand 512 scans in the range

124 i

microporous ultrafilters) was used to prepare all mixtures. OféOO_—lrlIOOO Fim : Ra_man spectroscopy szas [:\)/(\e/rfoered V‘l"th

y-Radiolysis. Radiolysis withy-rays was performed using a a Renishaw Raman microscope using a 12 mW 514 nm laser

Shepherd 109°Co source at the Radiation Laboratory of the source With 21200 grooves/mm grating. Diffuse rgflection uv/
University of Notre Dame. The dose rate was about 83 Gy/min vis analysis was performed with an Ocean Optics USB2000

as determined using the Fricke dosiméfteThe sample cell spectrometer, LS-1 t_ungsten-halogen '_a"?p' and a RIOO.
for they-irradiations was made froa 1 cmquartz cuvette with reflectlon/backsca}tterlng probe. T(ansm|53|on UV/vis analysis
inlet and outlet ports for purging the sample before and after was performed with an HP8453 diode array spectrometer.

: - : : Formation of C} was determined by th&l, N-diethyl-p-
adiation. Sample size was 0.5 g unless otherwise stated, and L X . :
Itgtal Idcl)ses Weré) vasrilzd Vl:/ps;o 10% llJ(GySS rwise s phenylenediamine (DPD) colorimetric technique, EPA Method

. e R .
4He Radiolysis. The “He ion irradiations were performed 330.5, using a Chemetrics 1-2001 analyticalRiThis technique

using the FN Tandem Van de Graaff facility of the University Ir?voé\éﬁortgjs g)é?(;?gﬁnljveﬂc lerte(z)aé'lfqign k\]/\)lll?l‘? %'Igtr 'ti' IA?gr ?erss
of Notre Dame Nuclear Structure Laboratory. The window yp y P

; o o give iodine. lodine reacts with DPD to give a red color with
assembly and irradiation procedure were the same as reporte - . L
o192 A . . wo wide absorption bands at 510 and 550 nm. Calibration was
earlier?:?2 Energy loss of the helium ions in passing through

all windows was determined from a standard stopping power pe(r:fr)jrge? W't.h kp;)wrjnl:l ISC':I'rtracee;blte zct‘g.tandards. ed
compilation?® The samples were irradiated with completely lermination. the .1 concentrations were measur

stripped ions at a charge beam current of about 1.5 nA. AbsoluteYSNY an lon chromatograph (Dionex model 500) having a 25

dosimetry was obtained from the product of the integrated beam”l‘ sample loop, lonPac AS11 (4 mm 250 mm) analytical

: o : - lumn, lonPac AG11 guard column (4 mxn50 mm), Anion
current and the particle energy. The radiation chemical yields co .
represent all processes from the initial particle energy to zero Self-Regenerating Suppressor (ASRS ULTRA), suppressed

and are track averaged yields. The sample geft (L cm, L ~ conductivity detector CD25, and a Dionex AS40 automated
0.3 cm) was made of quartz with a thin4—6 mg/cn?) mica sampler.' Remote operation of .the instrument and data analy5|s
window epoxied to the front for the beam entrance. Inlet and was cartied out using commercial softwar_e (Chromeleon, version
outlet ports allowed the cell to be purged before and after the ‘15-20)-]‘? elxent v&a 6 mMNaOH ?%I;tloz ata rowl_raée th
irradiation. The use of absolute dosimetry directly gave the mL/min. A suppresser current of 22 mA was applied to the
radiation chemical yield relative to the energy deposited in the auto suppressor. Under these conditions, the retention time was

entire sample. However, only a small portion of the total sample ;t;ﬁgdglc;] nglr ?gn(ietecnon. Calibration was performed using
was actually irradiated®( = 6.4 mm,L ~ 0.023 mm) so the utions.

local dose rate is about 3.6 kGy/s. Irradiations were performed Fleadiz?tior; cher(;]ical i’i&;d?/'v?ltufﬁ' are giveg in l:_nitStOfth
at room temperature (ZX), and the dose rate was sufficiently Q\?gcu 33 ormed pebr q et 0 10 a lene:g/ylSOSO\T(I&n o the
small that no macroscopic heating was observed. and any adsorbed water (1 molecule BVLUA X

Gas Analysis. Hydrogen was determined in deaerated 1077 mol/J).
samples using an inline technique with a gas chromatograph.
Ultrahigh purity argon was used as the carrier gas with a flow
rate of about 50 mL/min. The argon passed through a constant Initial Decomposition. The radiolytic decomposition of PVC
flow regulator, an injection septum, and a four-way valve and was originally proposed by ChapifoRadical formation is
into a 3 meter % molecular sieve column of an SRI 8610C initiated by cleavage of the €4 and C-Cl bonds, as shown
gas chromatograph with a thermal conductivity detector. The in Scheme 1. The bond energies are 424 and 326 kJ/mol,
sample was connected to the gas analysis system using the fourrespectively, so Cl atom production resulting in the formation
way valve, purged of air, isolated, irradiated, and then injected of radical (l) is expected to dominaté® There is no direct
into the carrier gas stream,Mas determined in aerated samples determination of the strength of the two types ofi& bond @
and in water mixtures using flame sealed tuligs-(1 cm,L ~ andp to the Cl), but the radical formed by H atom loss by the

Results and Discussion
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TABLE 1: H; Yields in the Radiolysis of PVC

condition M y-rays 5 MeV He ions
deaerated 22000 0.23 0.45
deaerated 47 000 0.27 0.41
deaerated 99 000 0.25 0.39
aerated 22000 0.22
wet/aerated 22000 0.2D.67
SCHEME 2
oH + oH —_—> Hy
cl cl
eH + www CH,— CH ww —>

'N"W"‘CHZ— C w4 H2
[ ]

Cl Cl
| e |
eH + www CH,— CH ww — ww CH — CHww + Hp
cl
| .
oH + ww» CH, — CH ww+ ——> wmw CHy — CH ww + HCI

methylene group, radical (Il), is more unstable than radical
(111). 19 Chain scission is also expected to a lesser extent with
a subsequent loss of molecular wei¢ftMost of the observed
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Figure 1. Production of H in the y-radiolysis of PVC (M = 22 000)
and deaerated water as a function of the water weight fraction. The
dose of 10 kGy is determined with respect to the entire system.

combination processes that involve H atoms or excited states.
H, yields show little dependence on the presence of oxygen so
these second-order processes are too fast to be scavenged.
Helium ion radiolysis shows a slight decrease nykeld with
increasing molecular weight of the PVC that is probably due

radiation chemical products are expected to be due to theto a local increase in density thereby slowing the second-order

formation and subsequent reactions of the Cl and H atoms.
H» Production. Molecular hydrogen production is important

in enclosed radiation environments where explosive concentra-

tions may accumulate. Th8-value for H was found to vary
from 0.23-0.27 molecule/100 eV in the-radiolysis of the three

process responsible foroHbroduction.

H, production in the presence of liquid water has not been
previous determined even though this environment is commonly
encountered in many applications. Figure 1 shows the yields
of H, in the y-radiolysis of PVC (M, = 22 000) with various

types of PVC in a deaerated atmosphere, Table 1. No systematineight fractions of liquid water. Yields at the two extremes are

variation was observed with molecular weight and the small

differences between the types of samples are probably due to

systematic errors. The radiolysis of polyethylene and polystyrene
under similar conditions gives yields of 3.3 and 0.04 molecule/
100 eV, respectively. The former yield is about half the
expected maximum yield of-56 molecules/100 eV expected
for typical aliphatic hydrocarbons, while all yields in most
aromatics are very small.Clearly, the stability of PVC with
respect to H production lies between these two extremes.

H, formation from H atom precursors can proceed by two
main mechanisms, as shown in Scheme 2. Combination of two
H atoms to give H can occur, but this process requires the
diffusion of H atoms and it is not expected to be dominant if
other reactants for H atoms are available. Another pathway for
reaction of the free H atom is to abstract an H atom from the
parent PVC. Two different H atom donor groups are available
and both will lead to the production of;H

Increasing the linear energy transfer (LET—dE/dx) of the
incident radiation leads to an increase in the local concentration

simply those for deaerated PVC and neat water. However, the
intermediate values are not linearly dependent on the water
fraction. A maximum value of5(H;) = 0.67 molecules/100

eV is observed at about 60 wt % water. The slight enhancement
of H, is probably due to an increase in the hydronium
concentration produced as the counterion to the @l be
discussed below. The mixtures are becoming more acidic with
radiolysis leading to an increase in Hroduction in the water
phase. This increase is expected to be dependent on the total
dose and can have significant consequences in many applica-

tions.

Cl, Production. Cl atoms produced by the initial PVC
decomposition may combine to give Clrradiations of PVC

water mixtures were performed withrrays and with 5 MeV

He ions of 100 and 500 kGy, respectively.,COlapidly
hydrolyzes in water to give CIOH, which can readily be detected

with standard water purity kits. No CIOH was detected in any

of the irradiation mixtures suggesting-values for the Gl

of reactive species within the track. Second-order reactions formation of less than 0.01 molecule/100 eV. Abstraction
become more favored over first-order processes. The heavy ionféactions of Cl atoms must dominate their chemistry with

radiolysis of polyethylene and polystyrene show increasipg H
yield with increasing LET. PVC exhibits almost a doubling of
the H yields from they-radiolysis to the 5 MeV He ion
radiolysis (see Table 1). These results indicate thatsHot
formed mainly by a first-order process and therefore H atom

negligible competition from CtCI combination reactions.

CI~ Formation. In the studies of dry PVC, HCl is typically
determined by measurement of the pressure or displaced volume
of the head space gases following irradiatfofil617 The
extremely reactive nature of HCl may cause problems using

abstraction reactions are negligible. The latter reactions of the this technique unless due care is taken. Also, other gases such
H atom are expected to be common so the dominant reactionas H or CO, must be taken into account by condensation using

may be the abstraction of Cl atoms to give HCI instead of H
atoms to give K Similar processes have been observed in the
radiolysis of aqueous solutions of the chlorinated meth&hes.

A relatively small amount of Klis formed by second-order

a series of traps. This work measured the formation of i@l

a PVC—water mixture. Variations in amount of water had little
effect as long as the PVC was covered by the liquid phase.
HCI or CI~ produced in the radiolysis was quickly solvated in
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Figure 3. Discoloration of PVC (M = 22 000) in y-radiolysis to
different total doses.
0.10 7 3

be expected for the lower temperatures of this study. Because
this work focuses on the gas production and spectroscopic
studies, no attempt was made to examine the correlation between
0.05 the rates of radical decay and Clormation.

The maximum vyield of radiolytic species produced by the
direct decomposition of organic compounds is found to be about
0.00 L 5—6 molecules/100 e¥’ This limit arises from the nearly

0 20 40 60 80 100 constant ionization yields for the parent compounds. Signifi-
Dose (kG cantly higher yields are indicative of a chain process in which
y) - o

) ) ) I a radical precursor produces a stable product and an additional
Figure 2. Production of C in the y-radiolysis of PVC and aerated  ragical that repeats the process until termination by reactions
Zv?tgéorpzt)u;\rﬂes:sgg(f)%gcnon of dosem)(M, = 22 000; @) Mn = of two radicals or quenching by an impurity. The high observed
' " ' yields of 20-30 atoms of Cf per 100 eV suggest that a chain
TABLE 2: CI ~ Yields in the Radiolysis of PVC process is responsible for its formation. Post radiolysis effects
indicate that the chain process is very slow and must be due to

CI (umol/g)

e

condition -rays 5 MeV He ions
M ey a radical or other energetic state that is stabilized on the polymer
wet/aerated 22 000 19.6 1.18
backbone.
wet/aerated 47 000 33.8 . .
wet/aerated 99 000 325 Spectroscopic StudiesPVC has been reported to turn dark
with radiolysis or thermal degradation due to the formation of
the aqueous phase. Throughout this work, the yield of i€l unsaturated site’s!2 Figure 3 shows the progressive darkening
assumed to represent that of HCI. of PVC upony-radiolysis of up to 100 kGy. A color change is

In agreement with the literature, this work finds that the major observable immediately following radiolysis even at the very
product in the radiolysis of PVC is CE~816.17Figure 2 shows lowest doses. UV/vis reflection studies were performed on
the formation of Ct as a function of the dose for the three deaerated, aerated, and water mixtures of PVg£\22 000).
different types of PVC. Low-dose yields are found to be 19.6, Samples were irradiated withrays to a given dose, and those
33.8, and 32.5 atoms/100 eV for number average PVC molecularcovered with water were subsequently dried. The resulting UV/
weights of 22 000, 47 000 and 99 000, respectively, (Table 2). vis spectra are given in Figure 4 as a function of dose for the
Unlike H, formation, there is a noticeable difference in"Cl three different environments. Two broad bands at 500 and 800
yields with PVC molecular weight, and its production is not nm are observed with little or no detailed structure. No
linear with dose. Several indicators suggest that the formation significant variations are apparent in the spectra for the three
of CI~ is not completely due to a direct action of radiation on environmental conditions. The literature contains a variety of
PVC. explanations for the transitions responsible for the observed UV/

The vyields of CI were observed to depend on the time vis spectra, but an extensive study has eliminated the possibility
interval between radiolysis and analysis. A considerable amountof a charge-transfer complex or a carbonium 3&n.
of post-radiolysis delay is required before Glields become Mixtures of PVC (M, = 22 000) and water were irradiated
stable, that is, invariant with further delay time. In practice, the with y-rays, subsequently dried under ambient conditions, and
yield of CI~ was found to be constant after-3 days depending  then examined using DRIFT spectroscopy to identify specific
on the dose. The production of Chiven in Figure 2 was bond features. DRIFT spectra are shown in Figure 5 as a
measured after a delay of 5 days to ensure completion of thefunction of radiation dose. Similar spectra were observed for
radiation-induced processes. Yields measured immediately afterdeaerated and aerated PVC. No variation in theOCbonds is
radiolysis were only about-23 atoms/100 eV, which are similar  observed at the low conversions used in this work due to the
to the results observed by other investigators and consistent withlarge total absorption in that spectral region. A small decrease
radiation chemicalG-values for energy transfer evenfs. in the CH, stretch mode with increasing dose may be associated
Literature values for HCI yields in pure PVC vary from about with H atom formation by cleavage of the—® bond. An
1.8 to 27 molecules/100 e¥816.17 Once the yields were increase in the formation of<€0 and OH is probably due to
allowed to stabilize, the measurements were very reproducible.oxygen addition to radicals on the PVC carbon backbone.
Increasing the dose rate leads to a decrease in HCI Yield. Residual oxygen is common in PVC, and simple deaeration is
Radiolysis with He ions leads to an effective high local dose not sufficient to eliminate gases completely from the bulk
rate compared tg-radiolysis and a decrease in"Glield from polymer. Heat and high vacuum are required to draw out
19.6to 1.2 atoms/100 eV (Table 2). These observations suggestbsorbed oxygen. Therefore, products derived from oxygen
that a slow chain process is responsible for most of the ClI reactions with radicals produced by PVC degradation are
production. High dose rates or high LET leads to decomposition expected.
or quenching of the precursor to ClPrevious EPR studies Reflectance spectroscopy examines the PVC powder surface,
found a very long decay time for radicals produced in PVC and the spectra are not very sensitive to the relatively small
radiolysis® About 50% of the initially produced radicals conversions associated with the doses given in this work.
survived for at leas4 h and 20% remained for up to 80 h Irradiated PVC samples were dissolved in THF and reexamined
following the radiolysis of PVC at 5%C. Far longer times may  using UV/vis absorption spectroscopy. The absorption spectra
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Figure 4. UV/vis reflection spectra of deaerated, aerated, or a water
mixture of PVC (M, = 22 000) as a function of dose following
y-irradiation.
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Figure 5. Diffuse reflectance infrared Fourier transform, DRIFT,
spectra of PVC (M = 22000) as a function of dose following
y-irradiation of a water mixture with subsequent drying.

shown in Figure 6 have more of the fine structure commonly
associated with thermal degradation of P¥CSpectra obtained
from room temperaturg-ray irradiations do not seem to have
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Figure 6. Transmission UV/vis spectra of PVC ¢V 22 000) as a
function of dose followingy-radiolysis and dissolving in THF. The
vertical lines indicate the expected wavelengths for absorption maxima
with the given number of double bonds.

3.0
212 nm, n=1
251
20r 241 nm, n=2
(]
[&]
c
§15) /
§ ol 262 nm, n=3
c // 283 nm, n=4
05F P
' ./
0.0 jkl N 1 1 1 1
0 20 40 60 80 100
Dose (kGy)

Figure 7. Variation in the absorbance of PVC (M= 22 000) at
different wavelengths corresponding to the listed number of double
bonds in Figure 6 as a function of dosejirradiolysis.

peak at 212 nm increases with increasing dose and a series of
fine structure peaks tail off at higher wavelengths. The peak at
212 nmis due to vinyl chloride as determined by the absorbance
of a solution of the pure compound. Vinyl chloride is the
monomer used to make PVC, and residual contamination is to
be expected. However, vinyl chloride or something similar is
also formed by radiolysis. Figure 7 shows the linear increase
in the absorbance at 212 nm with increasing dose. There is also
a slight shift in the peak maximum to the red, which probably
represents the small difference in absorption of monomeric vinyl
chloride and a single unsaturation site along a PVC backbone.
Previous thermal degradation studies observed absorption
spectra with similar fine structure to that found in this wé#k14
The fine structure is attributed to the formation of a series of
conjugated €C double bonds along the PVC carbon backbone.
A zipper mechanism was suggested to account for the formation
of the series of conjugated bonds following the abstraction of
an H atom from the polymer by a free Cl atdit.The resulting
radical is unstable, and a series of elementary electron-transfer
reactions lead to the further elimination of Gi/hile propagating

been published, and the results from low-temperature irradiationsthe unsaturation down the polymer chain (Scheme 3). Each

are somewhat similar to those observed in this worke large

successive peak at the higher wavelength corresponds to a longer
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SCHEME 3
cl cl

eCl + wwCHy— CH ww —> www CHy— C www + HCI
°

Cl Cl
o
oCl + 'v"mCHZ—(lH—CHZ—CchHZ—CHvWM ——> ~»w(CH 7lH—CH2—CHfCH270HWWW

+ HCI
Cl Cl Cl Cl Cl

L] (]
wwwCH —CH——CHy——CH—CHy—CHwww ——»  aww CH == CH—— CH ——CH——CHz——CHww

+ HCI
Cl Cl Cl

[d
wowsCH == CH—— CH — CH——CHy—CHww~ —— wwowCH==CH—— CH==CH— GH——CHew
+ Hel

chain of unsaturation. The thermal degradation work of Abbas elementary electron transfer along the PVC chain to produce
and Sorvik lists the wavelengths associated with polyene more CI- and polyenes.

sequence lengths of-3.2 units and shows that the wavelength

gap between absorption maxima is constaithe wavelength Acknowledgment. The authors thank Professor Michael
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Figure 3 clearly shows darkening with doses as low as 10 kGy
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