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Abstract

Two indicating systems for measuring the dose of erythmal UV light have been
developed. The first system is of a viologen salt, preferably benzyl viologen
chloride, dissolved in poly(vinyl alcohol). This viologen dosimeter responds clearly
to different wavelengths and intensities of UV light, although the colour change is
hampered by the presence of oxygen, and completely reversed in the absence of UV
light. Attempts are made to enhance the rate of the reaction of the viologens with
UV light by changing the halide of the salt or adding electron donating species.
There is no positive effect noted with the addition of these materials, but changing
the halide does alter the UV spectrum of the viologen species, resulting in a slower
reaction and thus providing a way of retarding the dosimeter if required. This
dosimeter shows a demonstrable reaction to both artificial and natural sources of

erythemal light.

The second UV dosimeter is based on the tetrazolium salts and is shown to behave in
a similar way to the viologen dosimeter, with the neotetrazolium chloride salt as a
preferred material for use in the dosimeter. This tetrazolium system is shown to
respond clearly to different wavelengths and intensities of light, and shows a

demonstrable response to erythemal levels of UV.

A solvatochromic indicator is developed, using Reichardt’s dye adsorbed onto fumed
silica to identify and measure the concentration of various solvent vapours. The
fumed silica films are shown to be faster in response than polymer systems and have
been shown to distinguish between different solvent vapours, but do not do so in a
way that correlates with Reichardt’s dye in the pure solvent. These films are shown

to be more reliable in identifying alcohol vapours in a predictable manner.

A review is also carried out on existing methods of assessing the performance of

photocatalytic films, comparing them with a new method developed within the Mills

group.
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1 Introduction

1.1 Optical Sensors

Optical methods have been an active part of the analytical sciences for many years now.
Colorimetry, photometry, spot tests, and various spectroscopic methods dealing with the
visible region have all been used to qualitatively determine chemical and biochemical

species. In recent times these techniques have expanded into the area of optical sensors.

According to Wolfbeis' the initial history of optical sensors can be traced through pH
indicator strips, the O, sensor developed in the 1930s by Kautsky and Hirsch for
monitoring photosynthesis’, Bergman’s O, sensor’, and the CO, sensor developed by
Liibbers and Opitz* . The latter are even credited with creating two words to describe
their device: optode (from the greek “ontiKoo 0606” meaning optical way or path) or
optrode (from optical electrode). Other than the pH strips all of these systems are based
around the change in fluorescence of a species upon exposure to the relevant analyte. In
truth all of these systems rely on the same methodology: the chosen analyte causes a
change in the optical properties of the system which can be distinguished by sight, as in
the pH strips, or via use of a spectroscopic device such as a fluorimeter. This method
has now been used to create optical sensors for many analytes and physical conditions.
In fact the method described is now commonly used as one of the 3 ‘generations’ of

fiber optic sensors:
1°" Generation — Direct spectroscopic analysis of the optical properties of an analyte.

2" Generation — An indicator system, when exposed to the analyte, undergoes a

specific change in its optical properties. Monitoring of this property allows indirect

analysis of the chosen analyte.

3" Generation — In this instance an analyte must be chemically altered before any

indicator species will fully react in its presence. Commonly a biocatalytic process may

be used to transform the analyte, which is then exposed to a 2™ generation sensor.

The examples of early sensors listed above would be classed as 2™ generation sensors.



1.1.1 Advantages of Optical Sensors

As the field of optical sensing expands it continues to cover areas of detection which
already have traditional sensing methods associated with them e.g. fluorescent
indicators for O, in place of the Clark electrode. This may lead to questioning of the
value of developing sensors where others already exist. However many traditional
sensors are electrical systems and optical sensors have a few advantages over these. For

example:

o Optical sensors do not require a reference signal for operation.

o They can be easily miniaturised to form very small, light and robust sensors.
Many electrical systems are bulky and heavy by comparison.

o The use of fiber optics allows remote sensing over hundreds of meters, as well
as having the ability to transmit greater levels of data over those distances than
electric cable.

o Optical sensors are not prone to electric interference.

o Many can be used for non-destructive, real time analysis.

o Most optical sensors are very simple systems. This allows cheap manufacture

and purchase of the devices in comparison to electrical goods.

This list demonstrates just some of the general advantages of most, if not all, optical
systems. While it would be untoward to suggest that these systems do not have their
disadvantages — light interference in fiber optics, stability of indicator phases, questions
on equilibria formation and low dynamic ranges etc. — the listed advantages can often
make a compelling argument for the use of optical systems over their electronic

counterparts.



The intention of this thesis is to describe the development and characterisation of

several new and different optical sensor systems.

1.2 Ultraviolet light

1.2.1 Ultraviolet wavelengths

The conclusion drawn after Ritter discovered UV light in 1801 was that light consisted
of three parts; an oxidising component (infrared), an illuminating component (visible)
and a reducing component (ultraviolet). Of course it is now understood that these
‘separate’ components are all part of the electromagnetic spectrum. We now also know
that ultraviolet light (UV) can be further divided into separate wavelength regions,
much like visible light can be split into a spectrum of colours. These different regions,

although slightly arbitrary, are classified as follows®:

Table 1-1 — Wavelengths and names of the regions of ultraviolet (UV) light

Wavelength (nm) Classification of light
1-30 Extreme UV
10 - 200 Far or Vacuum UV
200 - 290 uvC*
290 - 320 UVB*
320 - 400 UVA*

* These regions are generally classified as near UV

" Some groups have taken to further dividing this region into UVA1 and UVA2%”




1.2.2 Ultraviolet sources

A significant source of these wavelengths of UV is the sun. On an average sunny day in
Melbourne an individual could be exposed to 5.9 mW cm™ and 0.38 mW c¢cm™ of UVA
and UVB respectively®. Terrestrial levels of the shorter wavelengths are negligible as
these are blocked by our atmosphere. Even on a cloudy day we are constantly being
exposed to UV. Not only that, but many tools of modern living are also sources of UV.
Common  fluorescent bulbs emit small levels of UVA (£ 438
uW cm™) and UVB (< 9.3 nW cm™)®, black-light blue (BLB) bulbs are UVA lamps
which are regularly used to check for fluorescent markings on banknotes, UVA and
UVB fluorescent tubes are used in the tanning industry’, and UVC lamps are even used
for disinfection and sterilisation. Other devices such as welding arcs, plasma torches
and some lasers are also sources of UV'’. As such it is almost impossible for anyone to
go through a typical day without being exposed to UV. Over the years a great amount

of work has gone into understanding the effect of UV on human health.

1.2.3 Health effects of UV exposure

1.2.3.1 Beneficial Effects

The best known beneficial effect of UV is the formation of vitamin D3, which is

required for the intestinal absorption of calcium'" '*

. UVB exposure causes provitamin
D3 to be isomerized to pre-vitamin D3, which then spontaneously isomerizes to vitamin
D3. After prolonged whole body exposure to UV light the circulating vitamin D levels
in the blood increase by an order of magnitude (2 ng ml™' to 24 ng ml™ within 24 hours)

and return to normal levels within a week .

UV radiation has also been used as a therapeutic agent for various skin diseases. It is
reported that the topical application of natural psoralen followed by exposure to sunlight
was used as a remedy for vitiligo by the ancient Egyptians. More modern studies reveal
that oral administration of psoralens and irradiation with UVA is a highly effective

treatment of psoriasis, as well as showing promise in the treatment of mycosis,



fungoides, and atopic dermatitis'*. However, it has been pointed out that these therapies
are “associated with acute and chronic side effects on human skin, which cannot be

separated from the beneficial effects of UV irradiation™".

1.2.3.2 Irradiation of the Skin

UV is now well recognised as a potential health hazard, significantly with regards to its
effect on human skin. The two most obvious and best known effects are erythema and

14, 15

tanning of the skin The former is the familiar reddening of the skin that is more

commonly known as sunburn, the latter is the equally familiar darkening of the skin

- . 15417
caused by melanin production

. These effects usually occur over a number of days.
There are other effects on the skin, however, that are not as obvious as these. The
outermost layers of the skin will thicken over time to attenuate UV penetration to the
deeper layers'® '®. Chronic over exposure to UV can also cause degenerative changes in
the cells, fibrous tissue and blood vessels of the skin. These include freckles, nevi
(moles), lentigines (liver spots) and diffuse brown pigmentation. UV radiation also

accelerates skin ageing and can lead to a loss of skin elasticity'*"”.

Exposure to high levels of UV radiation has also been linked to the formation of non-
melanoma skin cancers (NMSC) and malignant melanomas (MM). NMSC comprise
basal cell carcinoma (BSC) and squamous cell carcinoma (SCC)” ' ' 2922 These
conditions are rarely lethal but the surgical techniques used to treat them can be painful
and disfiguring. The lack of reliable registration of NMSC makes it difficult to
determine any trends in incidence with time. However, specific studies relating to
personal exposure to UV have been carried out and the NMSC are most frequent on
parts of the body that are commonly exposed to the sun'’. The implication of this is that

long term exposure to the sun contributes to the formation of NMSC.

Malignant Melanoma (MM) is the major cause of death from skin cancer. World
Health Organization (WHO) statistics show that 132,000 melanoma skin cancers occur
each year. Studies have shown that the risk of malignant melanoma is tied to a person’s

genetic characteristics as well as UV exposure behaviour. MM is shown to be more



common among people with a fair complexion as they have less protection against UV.
This is demonstrated as increasing occurrence of MM in fair populations with
decreasing latitude (higher UV levels), and there is a great amount of support showing
an association between MM and a history of sunburn, especially sunburn at an early

age.

1.2.3.3 Irradiation of the Eyes

Acute effects of UV exposure on the eyes include photokeratitis and

. .. 13,2
photoconjunctivitis'> >

Both of these effects, which are comparable to sunburn of the
tissues of the eyeballs and eyelids, can be very painful but are reversible and neither has
been shown to cause any long term damage to the eye. There are chronic effects of
exposure to UV however, such as a contribution to the formation of cataracts within the
eye. Cataracts are caused by the unravelling and tangling of proteins within the lens of
the eye, causing a gradual clouding of the lens and, in some cases, eventual blindness.
Current WHO estimates suggest that up to 20% of the 12 to 15 million cases of

blindness caused by cataracts are due to overexposure to UV".

1.2.3.4 Effect on the Immune System

UV doesn’t just affect the surface of our bodies. It has also been shown to alter the
behaviour of our immune system. Experiments on animals, for example, have shown
that UV radiation can modify the course and severity of skin tumours'’, people treated
with immunosuppressive drugs have shown a greater incidence of SCC than the normal
population, and exposure to environmental UV has been shown to alter the activity and

14, 24
»<% It can

distribution of cells responsible for triggering immune responses in humans
be assumed that, as well as causing skin cancers, exposure to solar UV may reduce the
body’s defences that limit the formation of skin tumours, as well as enhancing the risk
of infection with viral, bacterial and parasitic infections. It may be that alteration to the

immune response by high UV levels may decrease the efficacy of vaccines which could



have major consequences for public health, especially in the developing world, but

much more work will be required to substantiate this.

The adverse health effects caused by exposure to UV light have seen an alarming
increase in the last half century, especially instances of skin cancer. In 2003 over 1
million Americans were diagnosed as having skin cancer® and in 2004 it was predicted
that 1 in 5 Americans would suffer some form of skin cancer, regardless of location®'.
In the mid-1990s it was calculated that the world had seen an 82 % increase in BCC and
a 76 % increase in SCC per decade since the early 1960s. The calculated increase due
to ozone depletion for this time had been 11.6 % for BCC and 21.6 % for SCC, thus
something else has caused the rapid increase in NMSC'. This is most likely
attributable to the cultural changes in the last century which Rona MacKie states have
“...resulted in complex psychological reactions to natural skin colour, such that pale-
skinned Caucasians regard some degree of tan as cosmetically desirable, while dark-
skinned Africans use destructive and expensive bleaching techniques to lighten their

skin”?

Professor MacKie’s article also notes that the increase in cheap air travel in
recent decades has allowed members of fair-skinned populations to accumulate many

more hours of UV exposure than was the case at any point in recent history.

It is apparent then that exposure to UV is an increasingly significant health issue. As
such there are an increasing number of studies aimed at finding the best methods of
decreasing sun exposure, whether those methods are directly preventative, such as the
use of sunscreens etc., or educational, such as programs to alter the behavioural patterns
of Caucasian populations. It is imperative then that we have reliable techniques and
devices for the immediate and quantitative detection of UV light. Accurate detection of
UV light will not only benefit the collection of data for any study of UV effects on
human health, but it may also help to provide more immediate protection against

overexposure in the form of (personal dosimetry).



1.3 UV Detection

1.3.1 The UV Index'>%

One system currently adopted for characterising ultraviolet radiation levels on the earth
is the Global Solar UV Index (UVI). The UVl is a unitless scale ranging from 0 to 10+,
with higher values indicating greater potential for harm to the skin over a shorter period

of time. A summary of the exposure categories is shown in the table 1-2.

Table 1-2 — The UVI exposure categories as defined by the WHO

Exposure category UVI Range
Low <2
Moderate 3to5S
High 6to7
Very high 8to10
Extreme 11+

The UVI values, when reported, should be used as a guide for the level of protection
required for an individual. Recommended levels of protection are shown in table

1-3.




Table 1-3 — Recommended levels of protection of differing levels of UVI

UVI Protection

1 —2 | No extra protection required.

3—7 | Seek shade at midday. Use sunscreen. Wearing a shirt and hat recommended.

9—11 | Avoid midday sun. Shirt, hat and sunscreen a must. Seek shade

The Global Solar UVI values are calculated using the International Commission on
[llumination (CIE) reference action spectrum for UV-induced erythema on human skin.

This is defined by the following equation':

400nm
[E,-5,(4)d (1.1)

290nm

1, =k

er

Where E; = solar spectral irradiance in W m™ nm™', dA = wavelength interval in the
summation, S¢(A) = erythemal reference action spectrum, k. = constant of 40 m?

W' From this equation UVI 1 =25 mW m™.

This requires the measurement of the spectral irradiance of the sun at all wavelengths of
light from 290 to 400 nm (figure 1-1). The values obtained are then multiplied by a
weighting factor defined by the following equations:

/1290—298 =1 (1.2)
Agoang = 100-094(298-2) (1.3)
/13297400 — 100.015-(139—/1) (1 4)




These equations define McKinlay and Diffey’s erythemal action spectrum® (figure 1-
2), which shows how effective each wavelength of light is at causing erythema of the
skin. Once the action spectrum has been applied to the measured irradiances a plot is
obtained which shows the erythemal irradiance of the sun (figure 1-3). The UVI is the

sum of the irradiances of all wavelengths in this erythemal plot, multiplied by the

constant k,;-

0.8 -

0.6 -

Irradiance (W m-2)

0.4

0.2

290 310 330 350 370 390
Wavelength (nm)

Figure 1-1 — A typical solar spectrum. This spectrum was recorded at noon on the 17" of January

1990 in Melbourne, Australia. Adapted from work published by Diffey6.
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Erythemal Action Spectrum
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Figure 1-2 — McKinlay and Diffey’s erythemal action spectrum on standard and logarithmic scales.
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Figure 1-3 — A plot showing the erythemal effectiveness of the solar UV shown in figure 1. This
equates to a UVI=11.1

Figure 1-3 shows that it is the shorter wavelength, higher energy UVB radiation present

in solar light which is the greatest contributor to erythema in human skin.
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1.3.2 The Minimum Erythemal Dose

The erythemal dose describes the amount of erythemal radiation that has been
cumulatively absorbed by the skin. The minimum erythemal dose (MED) is the
minimum amount of radiation which is required to cause erythema, or reddening, of the

152729 The MED for a particular individual depends largely on their skin type, as

skin
defined by Fitzpatrick®. These skin types can be described as shown in table 1-4. The

MED for each is shown in table 1-5.

Table 1-4 — Classification of the Fitzpatrick skin types.

Skin type classification Burns in the sun Tans in the sun
I Always Seldom
Melano Compromised

II Usually Sometimes
I Sometimes Usually

Melano Competent
v Seldom Always
\% Naturally Brown Skin

Melano Protected
VI Naturally Black Skin

Table 1-5 — MED values for the Fitzpatrick skin types. The values shown are the minimum for

each skin type, given in both Joules and milli-Watts.

SKin type classification MED (J m™ h™) MED (mW m™)
I 200 55.6
Melano Compromised
II 250 69.4
II1 300 83.3
Melano Competent
v 450 125.0
A% 600 166.7
Melano Protected
VI 1000 277.8

12




The MED values presented here can be used to calculate the amount of time which can

be spent in the sun before erythema occurs i.e. the time to burn — TTB (units: h). Thus

the calculation for exposure time in hours is simply:

MED (inJm>h™)

TTB/h =
3.6x25xUVI
Or
. 2
TTB/ b — MED (inmW m™)
25xUVI

For example with skin type IT we know MED = 69.4 W m™. Thus:

694 278
25-UVI  UVI

(1.5)

(1.6)

(1.7)

So at UVI 5 an individual with skin type II could expose themselves to 0.556 hours or

33.4 minutes of sunlight before their skin reached an erythemal condition. The same

method can be applied to all skin types, allowing the development of the following table

showing TTB for each UVIL.

13



Table 1-6 — A table showing the TTB in minutes

Skin Types
UVI I 1I 11 v \% VI
1 133 167 200 300 400 667
2 67 83 100 150 200 333
3 44 56 67 100 133 222
4 33 42 50 75 100 167
5 27 33 40 60 80 133
6 22 28 33 50 67 111
7 19 24 29 43 57 95
8 17 21 25 38 50 83
9 15 19 22 33 44 74
10 13 17 20 30 40 67
12
—&—Skin Type |
—-Skin Type Il
10 4 Skin Type 11l
=>&=Skin Type IV
=#=Skin Type V
8 Skin Type VI
X
4 4
2
0 100 200 300 400 500 600 700 800

Time required to reach MED (mins)

Figure 1-4 — A plot showing the exposure time required to reach MED as a function of UVL

Curves are shown for skin types I, I, 11, IV, V, and

14



NB: It is important to note that these times do not indicate the maximum amount of
time that can safely be spent in the sun. The WHO is insistent that there is no such
thing as a safe length of exposure to UV light, and as such asks those bodies which
report the UVI not to report time to burn.

1.3.3 Electronic Detection

At the present time there are several devices available on the market which can be used
to monitor personal levels of UV exposure, most of which are electronic in nature.
Examples of these include the SafeSun Precision UV Meter produced by Optix Tech
Inc, and IdeenWelt’s UV Messgerit (UV instrument) — see figure 1-5.

SAFESUR

ANTHE

+

®

® @)

&)
[¢ !9

Figure 1-5 — Two example electronic devices for monitoring the levels of solar UV. On the left is the
Optix Safe Sun Precision UV Meter, and the right hand instrument is the UV Messgerit of Ideen
Welt.

The Optix meter gives a real time measurement of the solar UV Index by applying the
erythemal action spectrum to measured intensities of UV light. It also continually
calculates the total absorbed dose of erythemal radiation (shown in units of MED) while
the sensor is exposed to UV light. This calculation of the absorbed dose can be altered

by programming in the user’s skin type and the sun protection factor (SPF) of any
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protective cream they may be wearing. Not only do these factors affect the calculation
of absorbed dose but they also allow the device to calculate a recommended time for
‘safe’ exposure to sunlight. The UV Messgerit is a much simpler device, which works
on a similar principle (photocell) as that of the Optix system. IdeenWelt’s device does
not calculate the UVI in real time, nor does it show the absorbed dose of radiation.
Instead of real time analysis this device calculates the UVI as long as the user holds in a
set button on the device. Once that button is released the last recorded UVI will be
displayed on the front of the device and it is this value which is used to calculate
recommended exposure times depending on skin type and SPF. This seems to be the
method favoured by some other devices but, while it may work well under consistently
clear conditions, the UVI can change quickly depending on weather conditions and time

of day, making such, one-shot, predictive calculations unreliable.

Although these devices work well as UV meters they suffer from the same problems as
many pieces of electrical equipment: they are expensive to buy individually (the
SafeSun retailed for approx. £100 when purchased, while IdeenWelt’s device retails for
approx. £10), require lithium batteries to operate, require programming & calibration for
each individual use, and are open to damage from careless handling and exposure to
extreme environmental factors, such as immersion in water (a potential problem when
considering use at the beach). The devices are also inconvenient to carry around unless
placed in a bag or pocket, not ideal for continual assessment, or worn with a strap on the

wrist or around the neck.

1.3.4 Other Commercial UV Sensors

There are of course methods of monitoring UV other than electronic devices. Many of
these depend on a chemical reaction with exposure to UV which results in a change in
an identifiable trait within the system that can be monitored and quantitatively related to
the level of UV exposure. Thus, if the level of response is known it should be a simple
matter to determine the level of exposure i.e. the received dose. For many of these

systems, the light-induced chemical change is irreversible and so can be used to create a

16



UV dosimeter, rather than a UV index indicator. In this overview, most focus will be

placed on chemical reaction based UV dosimeters.

An early example of this type of indicator is the polysulphone badge developed by
Davis and Diffey31'34. Polysulphone has an absorption spectrum which approximates to
the erythemal action spectrum and thus the erythemal response of human skin. When
irradiated the polysulphone will begin to degrade, causing a noticeable change in the
absorbance characteristics of the film. This is shown in figure 1-6. The standard set by
Diffey et al. is to measure the absorbance of a 40 um thick polysulphone film at 330 nm
as a function of radiant exposure to UV in J m™, an example of which is shown in figure

1-7.

1.8

1.6

1.4 4

1.2 4

Absorbance

0.8

06 -
0.4 -
0.2
0 ‘ ‘ ‘ ‘ ‘ ;
300 310 320 330 340 350 360 370
Wavelength (nm)
Figure 1-6 — The UV absorption spectrum of a polysulphone film before (--------- ) and after

(- ---)irradiation with UV light.
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Figure 1-7 — The change in absorbance at 330 nm of a 40 mm polysulphone badge plotted as a

function of erythemally effective dose as a result of sunlight exposure.

Exposure to sunlight leads to a consistent change in absorbance at 330 nm of
approximately 0.13 at 1 MED (skin type II). This standard response makes the
polysulphone an effective dosimeter and indeed it has been used in some industrial
settings to test the UV exposure of workers under high intensity lamps etc. However
the problem with this film is that it requires a spectrometer for analysis of the results

and, as such, is not very effective as a personal dosimeter for real time analysis.

More useful than this to the average person are the wristbands developed by Solar Safe
and Kids Label, which change colour upon exposure to UV and are supposed to act as
indicators of when to apply sunscreen or get out of the sun. The Kids Label band is an
indicator in the true sense of the word and only changes colour if the current intensity of
sunlight is high, but shows no gradual change with time and as such does not let the
user know how much UV they have been exposed to (figure 8) i.e. it is a rough UV
index indicator but not a UV dosimeter. This sort of indicator is most suitable for, and
is indeed aimed at, very small children who require a great deal of protection from the

sun.
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Figure 1-8 — The Kids Label wristband provided to holiday makers by Thomson. These images
show the band before and after exposure to UV light. The phrase “cover me up” turns blue upon

exposure to high intensity UV.

The Solar Safe band on the other hand is a UV dosimeter, gradually changing colour
with increasing exposure to solar UV. The band changes colour from orange to purple
upon initial exposure to UV and is then supposed to change to a brown colour, marking
the need to put on more sunscreen, and finally to a flesh colour, indicating that you

should now get out of the sun. This scheme is shown in figure 1-9.

Initial exposure to UV

Time to re-apply sun screen

Figure 1-9 — The proposed colour changing scheme of the Solar Safe wristband. The stages are,
from top to bottom, pre-exposure to UV, initial exposure to UV, time to re-apply sun screen, and

time to get out of the sun.



This wristband is approved of by the skin and cancer foundation of Australia and has
received praise from several medical professionals as a good method for limiting the
risk of skin cancer, due in part to the claim that the band will change colour and tell the
user to get out of the sun before they have reached their MED. Not only that, but the
manufacturer has been careful to instruct users to always wear sunscreen when using the
band. However the manufacturers also admit in their own literature® that the band is
calibrated for use with SPF 15 sunscreen. This raises questions around whether the
band is useful in other situations. If an individual decides to use a different sunscreen
such as SPF 8 (for those that want to tan) or SPF 30 (for extra protection) then it is
unclear whether the band will be any use in giving an appropriate warning of impending
erythemal harm. Bands exposed to UVI 5 solar light over 3 hours yield the images

shown in figure 1-11.

Figure 1-10 — A picture of the solar safe wristband before irradiation with UV light.

Figure 1-11 — Pictures of the centre of the SolarSafe wristband after irradiation with UVI 5 solar
light. The pictures show, in order, the wristband after it has received 0, 1, 2, 3, 4, 5, 6 and 7 MED
equivalents for skin type IL.
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It is understood that using these bands without any form of sun protection is against the
manufacturer’s guidelines and any medical advice but it must be assumed that a small
percentage of customers may risk wearing the band without protection. From figure 1-
11 it can be seen that the SolarSafe band has not undergone the colour change by the
time it has been exposed to 1 MED, suggesting that the bands may not give correct
warning unless using specific levels of protection. This is also complicated by the fact
that many people do not apply sunscreen as directed on bottles, nor do they apply the
exact amounts specified by many manufacturers. For a dosimeter to be truly effective at
warning the user it must function under all conditions, ensuring that users in all

extremes can be afforded its protection.

1.3.5 Other UV Dosimeters

As well as the commercially available materials, there are also many dosimeters which
can be found in the literature. Some of these are shown in table 1-7. We can see from
this table that UV dosimeters cover a range of materials and methods of analysis, from
the growth and synthesis of biological species and chemicals to the optical and
electronic properties of materials. A good comparison of the different types of UV
dosimeter can be found in a review by Webb. * Each of the dosimeters listed are
capable of giving accurate estimations of the level of UV-B exposure. However, as

pointed out by Webb™, there are some flaws associated with each method.
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Table 1-7 — A list of some of the UV and solar UV dosimeters discussed in the literature.

Ref. | Author Type of Dosimeter
3% | Tzu-chien Biological, using B. subtilis spores
7| Douglas Kerns Electronic, using monolithic Si
¥ | Irene Horkay Chemical, colorimetric, silver-mercury oxalate
| Saad El Nagaar Electronic
* | F. Abu-Jarad Nuclear Track Detector
"] Ronal Rahn Chemical, colorimetric, using iodouracil
*2 | J. Ramirez-Nino Electronic, Optical
¥ 17J. Garcia-Guinea Chemical, thermoluminescence, using high-albite
* | Yasuhito Ishigaki Biological, using stained DNA
* | Irina Terenetskaya | Chemical, colorimetric using vitamin D
%1 J. Sandby-Moller Biological, skin autofluorescence
7| Andrew Mills Chemical, colorimetric, using methylene blue
* | A.A. Abdel-Fattah | Chemical, colorimetric, using Thymol-blue

For example the biological systems proposed by Ishigaki*,
Tzu-chien®® and Sandby-Meller*® require further treatment and/or analysis in the
laboratory before any conclusions can be drawn. This means that there is no real-time
analysis of exposure and, especially in Sandby-Moller’s skin autofluorescence
experiments, determination of health effects can only occur after the damage is done.
With the electronic systems some specialist knowledge of their operation or
interpretation may be required before any useful analysis can occur. The electrical
dosimeters may also suffer from other problems: electrical interference, need for
calibration or the problem of faults with power etc. associated with any electrical device
are a few examples of such. Electrical devices can also be quite expensive. These
issues are avoided by the dosimeters proposed by Horkay®, Rahn*', Abdel-Fattah®, and
Mills*’. Each of their dosimeters are based on a colour change reaction in direct

response to UV light. Some argument might be made that, for quantitative analysis, use
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of a spectrometer or other device is required to measure the optical properties of these
dosimeters. However, unlike the biological dosimeters, the colour change allows a
visual estimation of the level of exposure. This can afford real time analysis without the

problems associated with electronic devices.

Each of these colorimetric sensors can give accurate and reproducible measures of the
UV exposure, showing varying levels of response depending on the intensity of the
incident light. Both Mills and Abdel-Fattah also report that their systems may be
adjusted to act as dosimeters for the UVA, UVB and/or UVC regions of the spectrum,
thus making it possible that they may be useful as solar UVB sensors. Only Horkay and
Rahn specifically target their dosimeters around solar UVB, although at the current time
neither of these sensors has been shown to be ideal. A brief summary of each of these

systems follows.

Abdel-Fattah’s film*® comprises an acid sensitive dye (thymol blue) and an acid
releasing agent (chloral hydrate) embedded in a polymer film (polyvinyl butyral). Upon
exposure to UV the chloral hydrate releases hydrochloric acid which protonates the
(yellow) thymol blue, forming the (red) conjugated sulfonic acid. This reaction is
shown in figure 1-12.

Figure 1-12 — The acid induced transformation of Thymol blue from its yellow basic form to a red

acidic form.

In their work Abdel-Fattah and his team demonstrated that the rate of reaction varied
with irradiation wavelength (increasing with decreasing wavelength) and with the
concentration of the chloral hydrate. This makes it possible, with proper preparation, to

develop a sensor for UVA, UVB and/or UVC light.
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The film developed by Mills et al.*’ consists of nanocrystalline titania dispersed in a
film of hydroxyl ethyl cellulose containing a mild reducing agent, triethanolamine, and
a redox indicator, methylene blue. Upon irradiation with UV light the methylene blue is
photocatalytically reduced to colourless leuco-methylene blue. This system makes a
very good UV sensor although the leuco-methylene blue reoxidises in air. The
application of a layer of Sellotape™, which acts as an oxygen barrier, prevents this from
happening and allows the system to act as a dosimeter. It was demonstrated that the
level of colour change is dependent on the concentration of titania and the intensity of
the incident light, making the system an effective UV indicator. Mills also suggests
that, as the technology is quite generic, it should be possible to develop sensors and
dosimeters for specific wavelengths of light (UVA, UVB and UVC) by altering the

semiconductor used.

The SUNTEST dosimeter proposed by Horkay®® and her group is based on the colour
change of a silver-mercury(I)-oxalate suspension. This suspension is embedded in
gelatine and then mounted on a paper strip. Increasing UV exposure changes the colour
of the sample as so: white > yellow = brownish - dark brown. This is due to the

reaction sequence shown below (where ox = oxalate)

2Hg, (ox)—>3Hg +ox +2CO, + Hg** (1.8)

Hg+ Ag"——> Hg" + Ag (1.9)

As with the other sensors the degree of colour change is dependent on the level of
incident radiation. Having correlated the colour change with the MED of various skin
types, it is the group’s recommendation that this sensor is exposed to the sun for 5
minutes and checked against a colour reference card to give some idea of the maximum
allowed sunbathing time. It is also stated that SUNTEST takes into account the
“variables influencing the length of sunbathing” such as type of skin, latitude, season,
time of day etc. However, there is no guarantee that the level of exposure during a 5

minute test will remain constant during any sunbathing period. The UVI can rise
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steadily during a recommended half hour, for example, increasing the level of UV
exposure and therefore decreasing the time that the individual should be spending in the

sun.

Ronald Rahn’s sensor on the other hand is based around a solution of iodouracil (IU)
and potassium iodide in a borate buffer which turns blue upon exposure to UVB™!

(response is reduced by 98.5% when a UVB filter is in front of the light source).

IU+hv——>U"+1I" (1.10)
21+ —— I (1.11)

While Rahn and his team have shown a varying response in relation to the UVB
intensity there has been no further work in moving away from the solution phase, or
indeed relating the response to doses which will cause erythema in the skin. The
measurements made are over a period of several hours and relate more directly to
measuring large doses of radiation, such as those received at the earth’s surface over the
period of a day. However it is suggested that this solution could be developed into a

personal dosimeter.

While none of these systems can be said to develop colour changes directly related to
erythemal exposure — Horkay’s dosimeter is predictive while the others need more
formulation work — they have shown that relatively simple chemical systems can be

successfully used for the monitoring of UV light.

As a consequence part of this work is to develop a colorimetric dosimeter which
undergoes a quantifiable and reproducible colour change upon exposure to erythemal

levels of UV. This colour change should be easy to distinguish with the naked eye.
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1.4 Detection Of Volatile Organic Compounds

The abbreviation VOC is commonly used in the literature to describe volatile organic
carbons or volatile organic compounds. The exact definition of the term depends on
which piece of literature or legislation is referred to. For the purpose of this work the
definition put forward by the World Health Organisation will be followed: a VOC is
any carbon compound which exhibits a vapour under standard temperature and pressure

and has a boiling point with a lower limit of 50°C and an upper limit of 260°C.

1.4.1 Sources of VOCs

Human beings are routinely exposed to VOCs. Sources for these compounds range

32 to the more obviously

from the apparently innocuous, such as household materials
hazardous like industrial waste®. A list of some of the suspected sources of hazardous

VOC:s is shown in table 1-8.

Table 1-8 — A selection of the sources of environmental VOCs

Sources of VOCs
Building Materials™ >>>* Home Printers”>°
Furnishings™"" ' Some open fires”’
Traffic™ Aircraft cabins®
Paint and other household solvents®®®* Landfills®> **
Insecticides and household sprays®" ®> Sewage®’
Ventilation systems > ® Industrial Waste™
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1.4.2 Health Effects of VOCs

According to a World Health Organisation report on indoor air quality’’, VOCs can be
divided into 3 categories when discussing their effect on health. These categories are
(a) odour and sensory effects, (b) mucosal irritation and other morbidity due to system
toxicity, and (c) genotoxicity or carcinogenic effects. Much of the work around VOCs
has focused on indoor and enclosed exposure as evidence of health effects from open
sources such as landfills and incinerators open to atmosphere is regarded as

‘inadequate’.

1.4.2.1 Sensory Effects

Sensory effects can be regarded as the ‘mildest’ effects of VOC exposure. This
classification covers a range of effects which includes such things as strong odours /
nasal irritation, and irritation of the eyes and skin. The difficulty in assessing sensory
effects is that they are very much dependent on an individual’s perception and as such
are hard to quantify. It has been stated, for example, that irritation of the skin/mucus

membranes may account for up to 30% of what an individual regards as ‘odour’’".

One way to quantify this is to look at the derived effects from sensory exposure which
may be less subjective. These include the onset of conjunctivitis, sneezing, coughing,
hoarseness, dryness of the mucus membranes, skin erythema, and other physiological

changes brought about by contact with the VOC.

1.4.2.2 System Toxicity, Genotoxins and Carcinogens

More easily identifiable are the toxic effects of VOCs. These effects include, but are
not limited to, haematological, neuro-, hepatic, renal, and mucosal toxicitity. Many of
these effects can be caused by known industrial chemicals and solvents: toluene is a
neurotoxin’?, dichloromethane produces carboxyhaemoglobin’, and it is well known
that chronic exposure to methanol vapours can severely impair vision’*. Many solvents,

such as dichloroethane and benzene, are also known carcinogens70. While most people
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encounter these solvents in levels which pose no risk, industrial exposure can lead to

chronic effects if not carefully handled.

1.4.3 Sensors for VOCs

Given the many and varied sources of VOCs available it is important that viable
methods are found for their detection and measurement. Many of the publications on

VOCs referred to above discuss the methods used™ >

, these range from electronic
devices based on polymers and carbon nanotubes to colorimetric systems. Many of
these are based on standard analytical techniques using expensive and sometimes
unique pieces of equipment. For example, in the work of Lee et. al.”” the detection of
VOCs and particulates from everyday photocopiers requires a custom built, stainless
steel environment chamber to capture vapours which are then fed into a gas
chromatography mass selective detector (GC-MSD). In another paper by Dechow” the
detection and analysis of VOCs within aircraft cabins requires a series of laser optic

particle detectors, pressure transducers and power supplies to be built into the aircraft

themselves.

Other methods may not be as highly specialised, but may still be regarded as too
expensive or technically complex to be suitable for widespread use. Kanda et. al.”’, for

example, developed an electrode based on WOs; films.

Pt Interdigitated-electrode WOs3 thick film

Pd fine particles

Pt thin film heater Alumina substrate

Figure 1-13 — a schematic of the WO; sensor as reported by Kanda et. al.
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This system heats the WO; film to 400°C and uses a potentiostat to measure the change
in resistance of the WO3 when exposed to various VOCs. Kanda’s system calls for 32

of these electrodes to allow for measurement of concentrations in the parts per billion

Of particular interest are those systems described as ‘vapochromic’®® > 1% 1% " These
are sensors which change their optical properties when exposed to different vapours.
Daws, for example, studied the spectral properties of [Pt(arylisocyanide)s][Pt(CN)4]
compounds when exposed to a variety of solvent vapours'’! and found distinct changes

in their IR profiles (figure 1-14).

0.25
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Figure 1-14 — changes in the spectra of [Pt(CNC¢H,CoH;)4][Pt(CN),] as the air around it is

saturated with methanol vapour, as reported by Daws et. al.'"”!

1% demonstrated the changes in the visible spectrum of the same

A team led by Bailey
compound: when exposed to trichloro-methane, the [,x of a film of
[Pt(CNCeH4C1oHz1)4][Pt(CN)4] shifts from 578 to 592 nm. This type of change is of
most interest as it raises the possibility of an indicator which could give a visual
indication of VOC exposure, and perhaps levels of exposure, without the need for

complex electronics.

It is proposed that an indicator will be developed which will provide a quick, clear
indication of exposure to VOCs. Preferably this indicator will be small, portable, and

also demonstrate a quantitative response.
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1.5 Aims

In summary, the initial aims of this project were to develop optical sensors for two
chosen analytes: UV light and VOCs. The exact nature of these devices should be as

follows:

1. A dosimeter for UV. This device will comprise a viologen or tetrazolium
species encapsulated within a solid support. The support should be transparent,
or close to transparent, at UV wavelengths of 200 nm and above, ensuring that
only the dye species absorbs any UV directed at the system. This dosimeter
must display a reproducible response to UV light which varies with the intensity
of light. Specifically this system must respond to erythemal levels of radiation
and must have undergo an obvious colour change by the time 1 MED of light
has been absorbed. For the purposes of this thesis this will amount to 1 MED
for skin phototype II.

2. A sensor for VOCs. This will comprise the solvatochromic Reichardt’s dye
embedded in a solid support. This support must be a porous material to allow
the exposure of the dye to various solvent vapours. The support material must
be shown to allow a rapid change in colour of the dye upon exposure to these
vapours and should be demonstrably faster than existing polymer supports. This
sensor should be able to distinguish between different solvent vapours and it
should also be possible to quantifiably determine the concentration of the

vapour.

Finally, the last chapter provides the results of an indicating technology for revealing

the presence and activity of self-cleaning films.
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2 Experimental

2.1 Materials Preparation

The chemicals used during the course of this work were purchased from Sigma-Aldrich,

Alfa Aesar and Merck. All materials were used as purchased and without further

purification. The water used as a solvent was double distilled and de-ionised within the

department.

2.1.1 Polymer Solutions

All of the stock polymer solutions were prepared using a similar method: typically, 10 g

of polymer would be dissolved in 90 g of solvent to give a 10 % w/w solution.

Table 2-1 —A list of polymers used throughout the bulk of the thesis.

Polymer Mass (amu.) Solvent
Poly(vinyl Alcohol) (PVA) 146 — 186,000 Water
Poly(vinyl pyrrolidone) (PVP) ~ 160,000 Water
Hydroxy ethylcellulose (HEC) ~ 90,000 Water
Poly(vinyl chloride) ~ 97,000 THF
Poly(acrylonitrile) ~ 150,000 DMF

The dye polymer solutions described in were turned into films via a spin coating

process. A few drops of any solution were placed onto a substrate (glass or quartz) and

spun at a set rpm for 15 seconds. Spin-coating details are shown in table 2-2.
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Table 2-2 — Spin speeds required to give 2.5 pm thick films of different polymer solutions

Polymer Spin Speed (rpm)
PVA (10 %) 1200
HEC (10 %) 700
PVP (20 %) 2400

The thickness of the polymer films was measured using a dektak profilometer. This
machine drags a small diamond tip over a set distance, detecting and measuring any
variation in the vertical axis of the tip. By coating a polymer film onto half of a
quartz/glass substrate it is possible to drag the tip across a distance which includes the
blank substrate and the coated film. The film will lift the tip and thus the machine

records the thickness of the film.

Figure 2-1 — the dektak profilometer used for measuring the thickness of thin polymer films.
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Figure 2-2 — Above: The dektak profilometer. The height profile of a 10% w/w HEC solution spun

onto quartz at 700 rpm

The dektak profiler can only measure variations of 50mm, so in instances when films

were thicker than this, a Mitutoyo micrometer was used to provide accurate

measurement.

Figure 2-3 — A mitutoyo micrometer, used for measuring the thickness of some polymer films.
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2.1.2 Dye solutions

To prepare the stock dye solutions for the UV dosimeter, 50 mg of the dye were placed
in 10 g of stock 10 % w/w polymer solution and stirred vigorously to ensure complete
dissolution. This gave a standard mixture containing 5 parts dye per hundred resin (5
phr). Unless stated otherwise all experiments using these materials were carried out

using films prepared from this solution.

2.1.3 Silica coated with Reichardt’s dye

1.9 g of the fumed silica were placed into ca 125 ml of methanol in a round bottomed
flask, which were continuously stirred. 0.1 g of Reichardt’s dye were dissolved in small
volume of methanol — typically 10 to 20 ml — which was then added to the silica
suspension. The resultant mixture was left to stir for 30 minutes before being placed

under rotary evaporation, leading to the generation of silica coated with Reichardt’s dye.

For the solvatochromic work the fumed silica coated with Reichardt’s dye was
converted into a thin, transparent, coloured layer on glass by placing a glass cover slip
on top of the first stainless steel die in a standard IR press, evenly spreading 50 mg of
the dye-impregnated silica over this disc, sandwiching the powder with a second
stainless steel die, and then applying 2000 kg of pressure for 30 minutes. After this
time the pressure was slowly released and the glass cover slip, now bonded with a thin
layer of the impregnated silica, was removed. A full schematic of this set-up is shown

in figure 3-3.
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Pressure Applied

Powder

Figure 2-4 — Pictures of the IR press used for compressing dye impregnated powders into solid

discs. The lower illustration shows a cutaway diagram of the press when in use.

2.2 Spectroscopic Analysis

All spectroscopic analysis during the course of this work was carried out using UV-Vis
spectrometers. The machines used for the UV dosimeter work were a Varian Cary 50
and a Perkin-Elmer Lambda 20. Most of the analysis for the solvatochromic work was

performed using a Unicam Helios Beta spectrometer.
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Figure 2-5 — Top: Perkin-Elmer lambda 20 spectrometer. Bottom: Varian Cary 50 spectrometer.

The samples to be tested were held within a specially designed brass cell (figure 2-6).
The cell consists of three brass plates, each with a 25mm diameter circular window,
fixed together with screws. All the plates have circular grooves on either side which
accommodate either glass or quartz cover slips as windows and allow the placement of
O-rings into the apparatus, creating a gas-tight chamber for experiments in which the
atmosphere varies from ambient conditions. In this work one of the cover slip windows
of the cell acts as the substrate for the sample film under test; the other was simply a

clear window to allow absorbance measurements to be made.
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Figure 2-6 — A schematic showing the basic setup of the brass cell used for most spectroscopic

analysis.

In spectroscopic analysis a beam of light of fixed intensity, Iy, and wavelength, A, is
passed through a transparent cell containing a light-absorbing species, which is usually
dissolved in a solvent. As the light passes through the sample some of it will be
absorbed, resulting in a reduction in the intensity of the beam. Thus the transmitted
light intensity, I, is usually less than the incident light intensity, Iy. Both I, and I are

measured by a photo-detector. The basic setup of a spectrometer is shown in figure 2-7.
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Figure 2-7 — Schematic of a typical UV-Vis spectrometer. The example given is a double-beam

spectrometer which allows for measurement of the sample and a blank reference at the same time.

The data collected is commonly calculated as a percentage of transmitted light, %T,

which is related to I, and I as follows:

% =L x100 (2.1)

o

This value is often converted to an absorbance value, A, using the following

relationship:

A=-log,, [[I_] (2.2)

o
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As the absorbance is calculated on a log scale a value of 1 corresponds to 90% light

absorbed, an absorbance of 2 equals 99% absorption, 3 corresponds to 99.9% and so on.

2.2.1 Beer’s Law

It is known that the reduction in intensity, dI, that occurs when light passes through a
layer of thickness d/ containing an absorbing species at a molar concentration ¢ is
proportional to the thickness of the layer, the concentration, and the intensity, /, incident

on the layer.

Figure 2-8 — Light of intensity, I, being adsorbed by a species of thickness dL

We can therefore write:

dl = —keldl (2.3)

where £ is a proportionality coefficient. This is equivalent to:

= = —kedl (2.4)
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Equation 2.4 can be applied to each successive layer into which the sample is divided.
Therefore, to obtain the intensity that emerges from a sample of thickness / when the

incident intensity is /), we sum all the successive changes:

1dl

v

k jolcdl 2.5)

If the concentration is constant throughout the sample then the above equation

integrates to:

lni = —kcl (2.6)
10
Which is equivalent to:
1 —k
log,,—=——cl 2.7
S I, 2303 @7
1
= log,,— = —¢cl (2.8)
10
1
= —log,, 7 ecl (2.9)

0

where ¢ = k/2.303. Following on from equation (2.2) we can then simply say that:

A= gcl (2.10)

Where ¢ is the absorptivity coefficient, ¢ is the concentration, and / is the sample
thickness. This is Beer’s law, otherwise known as the Beer-Lambert or Beer-Lambert-
Bougouer law, and can be used to calculate the absorbance of a species at Apy if the

other three variables are known.
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2.3 Gas Blending

Some experiments, especially those relating to the solvatochromic work, required that
the atmosphere in the gas sample cell be modified so as to contain specific vapour
concentrations. This was achieved by using a gas blender purchased from Cole-Parmer,
comprising two direct reading, 500 ml min™ flowmeters (cat. N°® A-32047-76) as input,
as illustrated in figure 2-9. Each of the flowmeters could be individually adjusted to

allow various blends of two gas streams to be created.

)

Flow control Valve

N

Figure 2-9 — A diagram of the gas-blender used during the course of this work.

2.4 Sample Irradiation

Many of the experiments required irradiation with a UV source (UVA, B or C). This
often simply involved placing the sample at a fixed distance from the light source so as
to exposed to known irradiance. In this regime, the samples would then be irradiated
for a fixed period of time before being subjected to analysis using a UV-Vis

spectrometer.
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2.4.1 Instruments

UV irradiances were measured with two instruments. The first was an UltraViolet
Products (UVP) MS-100 multi-sense optical radiometer fitted with an appropriate light
sensor. A MP-136 UVA sensor, a MP-131 UVB sensor, and a MP-125 UVC sensor for
measuring irradiance levels during the course of this work. The performances of these
sensor heads are outlined in table 2-3 and they are shown, along with the radiometer, in

figure 2-10.

Table 2-3 — Performance data of the different sensor heads for the MS-100 radiometer

Sensor Operational Range (nm) Maximum response (nm)
MP-136 UVA 315-400 370
MP-131 UVB 280 — 360 320
MP-125 UVC 200 - 300 260

Multi-Sense

mMS-100
Optical
Radiometer

Figure 2-10 — UVP MS-100 multi-sense optical radiometer with sensor head.

The second instrument used was a SafeSun solar meter, designed to measure the current

UV index and the cumulative erythemal dose that the user has been exposed to.
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Figure 2-11 — SafeSun Solar Meter used for measuring the UVI index and Erythemal Dose.

2.4.2 UV Light Sources

The light sources used for the UV dosimeter work were standard Vilber-Lourmat lamp
housings designed to hold two 8W bulbs. These lamps were fitted with bulbs designed
to act as UVA and UVB sources. The UVB bulbs were purchased from Cole Parmer.
The emission spectra for the different lamps are shown in the figure below. The
intensity of these bulbs was measured at a fixed distance every 2 weeks to ensure that

irradiation was carried out consistently.
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Figure 2-12 — Emission spectra profiles of UVA and UVB fluorescent tubes.
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2.4.3 Solar Simulation

Some of the UV dosimeter work required the use of a solar simulator. The solar
simulator used comprised a 150 W xenon arc lamp fitted with UG5 and WG320 filters
from Prizisions Glas & Optik (PGO). These filters are used to minimise emitted light
and the UVC and visible regions of the spectrum. The absorbance spectra of these
filters are shown in figure 2-13, while the emission spectrum of the filtered lamp is

shown in figure 2-14.
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Figure 2-13 — the absorbance spectra of the UGS and WG320 filters used to turn a xenon arc lamp

into a solar simulator.
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Figure 2-14 — Shown above are the absorbance spectra of two filters placed in front of a xenon
lamp. These filters caused the lamp to give the emission spectrum shown at the bottom, which

approximates to the solar UV spectrum.
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3 AViologen based UV dosimeter

Methyl viologen and its analogues can be reduced to form a coloured radical species as

shown in figure 3-1.

(MV?) (MV™)
N N —=— N ¢ N
\ / N\ ) = \ /  R__/

Figure 3-1 — The reduction of methyl viologen (MV2+) to a coloured radical cation (MV ™).

This reaction has been studied extensively over the years and the viologens have been
used as indicators in many redox reactions'”, as well as forming the base of an oxygen
indicator®. In 1980 Kamogawa and his team demonstrated that the photochemical
reduction of viologen could occur in a solid polymer matrix, with no other species
present’. This followed work by Simon and Moore on polyviologens as novel redox
polymers with film forming properties'’. Kamogawa’s first paper demonstrated that the
rate of photoreduction of a low molecular weight viologen in a polymer matrix could be
affected by factors including the aryl / alkyl groups on the viologen moiety and the
polymer matrix itself’. It is stated for example that a polyvinyl pyrrolidone (PVP) -
viologen film changes colour at a higher rate than a polyvinyl alcohol (PVA) - viologen
film, with the offset being that the PVP film also loses colour quicker as well i.e. the
reverse reaction occurs at a higher rate. This was attributed to the PVA acting as an
oxygen barrier, slowing the oxidation of the reduced MV ™. Later work attributes the
faster rate of reaction in PVP and other polar aprotic polymers to poor solvation of the

11-17

viologen dication and its anionic component ~'. The suggestion is that they appear to

exist as “naked” ion pairs in these matrix films, accelerating the photoreduction process

indicated in equation 3.1.

h
MV2* 42X~ SV +2X~ o V' +X - +X- (3.1)
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where MV*" is the viologen, [V*1" refers to an excited state, and X is the counterion.
However, some argument is made against this idea by Chen and his team'®. Their study
of the rate of colouration of butylviologen bromide in PVA and PVP has led them to
suggest that the reaction may occur via a mechanism proposed by Ledwith et al'
(equations 3.2 and 3.3). From this they suggest that the function of the polymer matrix

as an electron donor to the reaction system must be considered.

My sy | M{MV“,(.) CHZR,Hﬂ (3.2)
{MV*',&CHZR,W}L“QMV*' + RCHO+2H* (3.3)

It is surprising that, despite disagreement over the mechanism of the reaction, more
hasn’t been made of the possible use of these systems as UV dosimeters. As of writing
there are only a few sensors which use the viologen moiety, including a glucose sensor
developed by Jyh-Myng Zen and Chin-Wen Lo, and a humidity sensor developed by
Myoung-Seon Gong et al*’. However these systems are more dependent on the
electrical properties of the system rather than the optical. Of considerably more interest
is the dosimeter proposed by Taichi Ogawa and his group®*. In their study they looked
at the possible use of methyl viologen in PVA as a highly sensitive dosimeter for

ionizing radiation such as gamma- or electron-beam radiation.

The aim of this project was to use the redox properties of the viologens to develop a UV
dosimeter, based on a viologen trapped in a polymer support, for identifying the point at

which a minimum erythemal dose (MED) has been reached.
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3.1 Methyl viologen in polymer (MV*'-Polym.)

Methyl viologen was encapsulated within a film of polyvinyl alcohol by dissolving
5 phr of the dye in a 10 wt % aqueous solution of the polymer. This solution was then
spun onto a glass disc at 1200 rpm, making a 2.5 um thick film. The UV-Vis
absorbance spectrum of the methyl viologen/PVA film, hereafter referred to as MV*'-
PVA, was recorded and compared to the spectra of PVA. The aim of this was to
demonstrate that the only species absorbing any UV light in this system was the
viologen. Figure 3-2 illustrates the recorded absorbance spectra of the different

components of a typical MV>"/PVA film.

MVZ'/PVA film

/

0.8 4

Absorbance

0.6

0.4

0.2

200 250 300 350 400 450
Wavelength (nm)

Figure 3-2 — A plot showing the absorbance spectrum of a PVA film on quartz and a S phr
MV?**/PVA film.

Figure 3-2 clearly shows it is only when MV*" is added to the polymer that the system
exhibits an absorbance in the UV region. Thus any change in the properties of the film

brought about by exposure to UV can only be due to the MV*",
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3.1.1 MV*/PVA film’s response to UV

Having established that only the MV>" in a MV*"/PVA films is able to absorb any
incident UV light, the next step was to test the response of the system to UV light.
Ideally, the effect of the back reaction (i.e. MV"™ + O, = MV?") should be minimal,
although the blue semi-reduced radical of MV*", MV™, is usually very oxygen
sensitive. In order to establish if one or more different encapsulation polymers would
act as a barrier to O, diffusion into the film, spin-coated films of PVA, polyvinyl
pyrrolidone (PVP) and hydroxyethyl cellulose (HEC) containing Sphr MV*" were
irradiated using 4 mW cm™ UVB light, with their UV-Vis spectra being recorded every
60 seconds. Pictures of the observed colour change are shown in figure 3-3, while the

recorded spectra follow after.

Figure 3-3 — Shown are images of a MV?*-PVA as it is irradiated with 4 mW
em” UVB light. The images show, in increasing order from left to right, the film every minute from

0 to 10 minutes of irradiation.
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Figure 3-4 — The UV-Vis spectra of a MV?**-PVA film after irradiation with 4 mW cm” UVB light.

The inset shows the change in absorbance at A, (550 nm) with time.
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Figure 3-5 — The UV-Vis spectra of a MV*-PVP film after irradiation with 4 mW cm” UVB light.

Some spectra are red to indicate a decrease in absorbance. The insert shows the change in

absorbance at A,,, (550 nm) with time.
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Figure 3-6 — The UV-Vis spectra of a MV?*"-HEC film after irradiation with 4 mW cm” UVB light.

The inset shows the change in absorbance at A, (550 nm) with time.

The absorbance spectra obtained after irradiation has a An.x in the visible region of
approximately 550 nm, which differs from the stated literature value of 610 nm used by
Kamogawa and other groups. This is probably due to the formation of a dimer species
as the spectra matches very well with those reported for viologen dimers by Chongmok
Lee et al”.

As can be seen from the previous figures, the MV*" reaches a higher absorbance value
in PVA than it does in the other two polymers, while the MV>*-PVP film fails to retain
its colour and actually loses colour with continued irradiation. In this work, PVA is
much more effective as an encapsulating medium as it is less permeable to oxygen than
either PVP or HEC. As such the greater increase in colour, and therefore concentration
of the MV~ species, is assumed to be because of the lack of oxygen in the system. To
test this each film was irradiated for long enough to give maximum absorbance, as

indicated in figures 3-3 to 3-6 and summarised in table 3-1, then the UV lamp was
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switched off. The spectra of the films were then recorded every minute for a period of

25 minutes. The change in absorbance at Ay is shown in figure 3-7.

Table 3-1 — Time required for max absorbance as taken from figures 4-4 to 4-6.

Encapsulating Medium

Time required for max absorbance (mins)

PVA 8
PVP 1
HEC 4
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Figure 3-7 — A plot showing the change in absorbance at 550 nm of PVA, HEC and PVP films

containing S5 phr methyl viologen.

Figure 3-7 suggests that the HEC and PVP films may lose colour at a much greater rate

than the MV**-PVA film. If this loss of absorbance is due to the presence of oxygen in

the system it should be possible to lessen or stop the effect by repeating the experiment
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in an oxygen free environment. The experiment was repeated with the MV*"-PVP film
under nitrogen in one instance and coated with an oxygen barrier in another. The
oxygen barrier used for these experiments was Sellotape™, which comprises a layer of
adhesive of a film of regenerated cellulose®. Each film was irradiated for the same
amount of time listed previously and the spectra recorded every minute after the lamp

was switched off. The resultant spectra are shown in figure 3-8.
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Figure 3-8 — A plot showing the relative change in absorbance of three MV*-PVP films after
irradiation with a 4 mW cm™ UVB lamp has stopped. The curves shown are for films allowed to

recover in air, nitrogen and under a Sellotape™ barrier.

It may be assumed from figure 3-8 that MV>*-PVP films which are kept in oxygen free
environment are able to retain their colour. Repetition of this experiment with HEC
yielded similar results. Thus MV*"-PVA films demonstrate the ability to retain their
colour (due to MV " production) without the need for an oxygen free environment. As
an illustration of this feature, a standard MV*-PVA film was monitored for several
hours after UV irradiation, and its absorbance at 550 nm (due to MV ") recorded every
15 minutes. The results of this work are illustrated in figure 3-9 and reveal the UV-

photogenerated MV " radical to be stable in the PVA film in the dark over 8 hours.
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Figure 3-9 — The relative absorbance of a MV*-PVA film several hours after a 10 minute
irradiation with 4 mW c¢cm™ UVB light. The absorbance values were taken at A, (550 nm) and

were recorded every 15 minutes.

The PVA polymer is therefore an ideal support medium for a UV dosimeter: it does not

absorb UV light and acts as an oxygen barrier, allowing the reduction reaction to

proceed unhindered.

3.1.2 Response to different UV wavelengths

Having chosen the support medium the next step was to discover how the system
responded to the different wavelengths of light. To accomplish this the MV*'-PVA
films were subjected to UVA, UVB and UVC radiation at 4 mW cm™, and the
absorbance at 550 nm monitored with time. Ideally the system should respond very
well to UVB, which is the wavelength region of greatest interest, but not as well to
UVA (due to poor overlap between the emission spectrum of the lamp and the

absorption spectrum of MV>"). UVC light is of little concern for most terrestrial uses of
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a UV dosimeter for erythema but is included for completeness. The results are shown

in figure 3-10.
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Figure 3-10 — The change in absorbance at 550 nm of MV*-PVA film subjected to different
wavelength regions of UV light. The curves shown are for 4 mW em” UV(A), UV(B) and UV(C)

respectively.

From the results shown in figure 3-10 it can be seen that the MV>"/PVA films did not
respond to UVA illumination. On the other hand the system responds very well to UVB
and UVC irradiation, reaching Aabs values of 0.187 and 0.281 respectively after only 2
minutes. It is worth noting, however, that after reaching its maximum absorbance value
the film exposed to UVC quickly begins to lose its colour with continued exposure,

presumably due to UV-induced photolysis of the dye.

In the context of a UV dosimeter for erythema, of greater importance is the response of

the MV?"/PVA film to UVB irradiation.

63



3.1.3 Response to light intensity

MV*/PVA films were prepared and exposed to intensities of UVB light from 1 to 5

mW cm™ of UVB and the results are shown in figure 3-11.
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Figure 3-11 — Curves showing the change in Absorbance at 550 nm of MV>*-PVA films exposed to,
in increasing order, 1, 2, 3, 4, and 5 mW em” UVB light. The inset shows the change in the rate of

reaction of the system with varying irradiance.

3.1.4 Concentration Study

The simplest method of controlling the extent of the colour change is to alter the
concentration of the viologen within the system. The Beer-Lambert Law states that
absorbance is directly proportional to concentration, so it can be assumed that
increasing the concentration will increase the fraction of UV absorbed. PVA films were
prepared containing 0.5, 1, 5, 7.5, 10, 15, 20, 30 and 60 phr MV?" and their UV/Vis

absorption spectra are shown in figure 3-12.
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Figure 3-12 — The UV absorbance spectra of PVA films containing various concentrations of MVZ,

The concentrations used were, in increasing order, 0.5, 1, 5, 7.5, 10, 15, 20, 30 and 40 phr.

Figure 3-12 clearly shows the absorption in the UV region of the spectrum increasing as
the concentration of viologen in the PVA is increased. These films were then irradiated
for 5 minutes each with 4 mW c¢cm™ of UVB. The resulting spectra for this experiment,
and a plot of AAbs at 550 nm as a function of concentration, are shown in figures 3-13

and 3-14.
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Figure 3-13 — UV-Vis spectra of the PVA films shown in figure 14 after 5 minutes of irradiation
with 4 mW cm™ UVB.
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Figure 3-14 — A plot showing AAbs at 550 nm as a function of MV*" concentration after 5 minutes

irradiation with 4 mW c¢cm™ UVB.
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It is clear from the above figures that, as expected, an increase in concentration causes a
subsequent increase in the UV absorption of the film and the observed colour change
after irradiation. It is worth noting that AAbs appears to reach a maximum as the higher
concentrations are reached. It is assumed that this is due to viologen molecules at the
surface of the film absorbing all the available light and preventing the remainder from
being converted to the radical species. The following factors can be used to calculate
the concentration in moles dm™ of each films and, using the absorbance values, show

the percentage of the MV*" species being converted to MV ™

3.1.5 Film Thickness

A series of MV*/PVA films of different thicknesses were prepared by spinning a
standard PVA-5 phr MV*" coating solution at the following different spin speeds: 1200,
900, 600, and 300 rpm. A particularly thick film was coated by spreading a fixed
amount of solution — 0.45 g — over a quartz disc and allowing it to dry in air. These
films were then irradiated over ten minutes with 4 mW cm™ UVB and their spectra

recorded every minute. The AAbs profiles are shown in figure 3-15.

Table 3-2 — The film thicknesses of MV**-PV A solutions coated at different spin speeds

Spin Speed (rpm) Film thickness (um)
1200 23
900 3.0
600 4.6
300 13
N/A” 40
*Hand coated film
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Figure 3-15 — A plot of the AAbs profiles, at 550 nm, of various thicknesses of PVA film containing
5 phr MV, The profiles shown are for films 2.3, 3.0, 4.6, 13, and 40 um thick.

There are some problems with this method of controlling the colour change however.
By increasing the thickness of the film the overall absorbance of the system is
increased, including the UVA region of the spectrum. While this is only a small
increase it has to be remembered that UVA makes up the bulk of solar light and, if the
focus is on an erythemal UVB dosimeter, any increase in UVA absorbance will have

some effect on the results.

3.1.6 Salt Concentration
It is suggested by Kamogawa et al that the electron donor for the reduction of the
viologen species, when present in a polymer matrix is the associated halide” '* ' 7,

The proposed reaction is outlined below:
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h
MV2* 42X~ S MV 42X~ © MV* + X - +X~ (3.4)

Ledwith et al. on the other hand suggested that in aqueous and alcoholic solutions that

the solvent itself acts as the electron donor'’. Their proposed scheme is shown in

equations 3.5 and 3.6

MV2+ L)I:MVZjL]* M){MV+., bCHZR’H+:| (3.5)
[MV+',6CH2R,H+}L”>2MV“ +RCHO+2H* (3.6)

We have seen that it has been suggested by one group that the MV radical is formed
due to the electronically excited state of MV>" reacting with CI” to produce a Cl' radical.
This mechanism would suggest that the addition of more halide to the system, via the
addition of a salt such as sodium chloride, might well increase the observed rate of
MV™ photoproduction. Similarly, if the chloride were to be replaced with a less
electronegative halide, easier to oxidise, such as iodide then there should be a
subsequent increase in the rate of radical photoproduction. In either case this would
give another method of controlling the extent of colour change, which in turn would
present the opportunity for creating UV dosimeters with different UV sensitivities (for

specific skin types etc.).

Thus, a standard mixture of 4 g PVA solution (10% w/w) and 20 mg of MV>" was
mixed with 90 mg of NaCl, increasing the number of chloride ions in the system by a
factor of 10. This film was then irradiated with 4 mW ¢cm™ UVB and its absorbance at
Amax recorded with time. The results of this work are shown in figure 3-16 alongside a

plot of a film containing no excess salt.
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Figure 3-16 — The AAbs vs time plots of 2 sample MV?*"-PVA films. The first curve shows the

response of a film containing an excess of NaCl. The second curve shows the response of a standard

film with no additives.

The results shown in figure 3-16 suggest that the addition of a 10-fold excess of Cl to
the system does produce an increase (albeit small) in the rate of reaction. These results
lend some support for the suggestion that the key photochemical process is the photo-

oxidation of CI' to CI' by [MV*']".

In order to test this mechanism further the Cl" in MVCl, was substituted with iodide as
follows: 0.15 g of methyl viologen were dissolved in 50 ml of methanol, 1.9 g of
potassium iodide were then added and the solution stirred vigorously for 120 minutes.

The KI was added in excess (20 molar equivalents) to drive the following reaction.

MV2*.2C1™ (5o + 2K 1™ (sotiay © MV?*. 21 (so1y + 2K Cl™ (s01iy  (3.7)
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After 120 minutes the solution was filtered to remove the insoluble KCIl and any
undissolved KI. The solvent was then removed and the crystals collected. The crystals
were then placed into 50 ml of acetone and, after another 10 minutes, this solution was
then filtered. The crystals were then washed through with acetone several times. This
procedure was to ensure that all the KI had been removed. The dried crystals were then
collected and a small quantity used to prepare a MV>"/PVA/T solution as outlined

previously. The spectra of a film prepared using this solution are shown in figure 3-17.
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Figure 3-17 — UV/Vis spectra of 2 MV-PVA films. The spectra shown are for methyl viologen

chloride and methyl viologen iodide.

Figure 3-17 shows that replacement of the chloride in MV2+C12 with iodide has
produced a molecule that is less absorbing in the UVB to UV A regions, and has a peak
at approximately 210 nm. The film also absorbs slightly in the visible region, giving the

salt a noticeable yellowish colouration. Irradiation of this film with 4 mW cm™ UVB

leads to the AAbs curve shown in figure 3-18.
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Figure 3-18 — A plot showing the Aabs curves at 550 nm of two different PVA films. The first
contains methyl viologen chloride, and the second contains methyl viologen iodide. Both these films

contain 5 phr of the respective dye and were irradiated using 4 mW cm” UVB light.

Examination of figure 3-18 reveals that the addition of iodide to the system, in place of
the chloride already present, actually retards the UV absorbance and subsequent colour
change of our PVA film. This is in agreement with some photolysis work carried out by
Ebbesen®”. The results of this work suggest that the substitution of the halide provides

another method of controlling the rate of colouration.

3.1.7 Other Electron Donors

In another set of experiments, electron donors other than halides were added to the
system to promote the reduction of the MV>". Thus, MV**/PVA films were prepared
containing 5 molar equivalents of EDTA or TEOA and figure 3-19 illustrates the effect

on the UV-induced colour change for these films.
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Figure 3-19 — AAbs plots, at 550 nm, of MV?**-PVA films irradiated with 4 mW cm” UVB light. The
responses shown are for a standard film, a film containing 25 phr EDTA, and a film containing 25

phr TEOA.

The addition of excess EDTA to the PVA film causes no change in the observed
response whereas TEOA appears to actually retard the rate of reaction. However,
TEOA is a liquid and may serve as a plasticizer for the film, allowing oxygen to enter
more freely and thus promote the reaction of MV ™" with environmental oxygen. To test
this theory the experiment was repeated for a MVZ"/PVA/TEOA film but after 5
minutes the UVB lamp was switched off and the spectrometer left to record the
observed spectra. Figure 3-20 shows the variation in AAbsssg as a function of time and
reveals that a MV>"/PVA film containing TEOA quickly loses its colour after irradiation
with UV is stopped. This contrasts quite sharply with what has been observed in
MV?*/PV A-only films and indicates that TEOA does indeed act as plasticiser, allowing
oxygen into the film to react with any photogenerated MV "
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Figure 3-20 — A plot showing the change in absorbance, at 550 nm, of a MV*-PVA film containing
25 phr TEOA. The film was irradiated for 5 minutes with 4 mW cm” UVB and then the lamp was
switched off.

3.2 Benzyl Viologen

3.2.1 Spectral Properties

According to Kamogawa’, it is easier to convert benzyl viologen (BV>") to the reduced
radical by UV irradiation than it is with MV>". This may be expected as BV*" has a
higher redox potential (-0.359V) than MV?* (-0.446V). This suggests that the BV will
be easier to reduce and thus harder to oxidise. The decision was made to assess the
spectral properties of BV>™ and, if it behaved in a similar fashion to MV*>" and proved to
be more stable, it would be used as the bases of an erythemal sensor. Thus a
comparison was made of the absorbance spectra of both MV>" and BV*" in PVA at 5

phr, the results of which are shown in figure 3-21.
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Figure 3-21 — A plot showing the absorbance spectra of methyl viologen (MV*") and benzyl viologen
(BV?) in a PVA film. Both species are present at 5 phr. A, in PVA is 263nm for MV>* and
266nm for BV>*. The extinction coefficient for MV*" at Amax is ~16,000 cm’ mol'l, while the value

for BV** is ~18,000 cm” mol ™.

At this concentration the spectra of MV>" and BV*" are reasonably similar to one
another. It may be reasoned then, assuming they both respond in the same way to UV,

that the performance of the two systems will be very similar.

3.2.2 Response and Recovery

Having established that the BV®" system had similar spectral characteristics to a
MV?*/PVA film the next step was to study its response to UV and ensure that it did
indeed behave in a similar manner. To do this the same procedure as used previously
was followed: a PVA film containing 5 phr BV*" was exposed to 4 mW cm™ UVB
light and its spectrum recorded every 60 seconds. Irradiation with the UVB was then
stopped and the spectrometer continued to record the absorbance spectra every 60

seconds. The results of this work are shown in figures 3-22 and 3-23.
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Figure 3-22 — The UV-Vis spectra of a BV**-PVA film after irradiation with 4 mW cm™ UVB light.

The inset shows the change in absorbance at A, with time.
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Figure 3-23 — The UV-Vis spectra of a BV>*-PVA film after irradiation with 4 mW c¢m™ UVB light

has ended. The inset shows the change in absorbance at A, with time.
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Examination of figures 3-22 and 3-23 shows that the BV*" system does appear to
respond in a similar manner to MV*" i.e. a similar absorbance change after 10 minutes
and is shown to be stable for at least 20 minutes in the dark under ambient conditions.
In fact, if anything, the BV>'/PVA system seems to be more stable than the MV*'/PVA

films.

3.2.3 An Erythemal sensor

Having shown that a viologen based system could be successfully used as a dosimeter
for UV the next step was to prove that the same films could be used to measure
erythemal levels of radiation. It was thought that the type of sensor being developed
would be well suited to this task as it responds very well to UVB, the major source of

erythemal harm, with little or no response to UVA.

A brief study of the UVB output of the UVB light sources used in this work, measured
using a power meter, and the UV index values associated with the sun (1-10) —
measured using a SolarMeter — revealed a direct a relationship between the two (see
figure 3-24). However, the UVB irradiance values are typically 20 times lower than
used in the characterisation study of these films. Thus, in order to ensure a clear and
rapid colour change at a typical UVI value of 5 (a UK summer’s day), a thicker (40mm)
BV?"/PVA film was used. The variation in Aabsssy vs time profile for this thick
BV*"/PVA films as a function of UVI is illustrated in figure 3-25.
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Figure 3-24 — A plot showing the relationship between UV index and UV-B intensity. UVI
measurements were made with an Optix SafeSun UV meter. UV-B measurements were made with

a Ultra-Violet Products UV-B sensor.
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Figure 3-25 — A plot showing the change in absorbance of a 40 pm BV**-PVA film on exposure to
UVB light at, in ascending order, UVI 1, 2, 4, 6, 8, and 10.
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Samples of this thick BV*'/PVA film were exposed to UVI 5 and 10 using a solar
simulator and their absorbances at 550 nm measured when the SafeSun meter recorded

that the MED value increased by 0.1. The results of this work are illustrated in figures

3-26 and 3-27.
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Figure 3-26 — A plot showing the change in absorbance at A,,,, (550 nm) of BV*"-PVA films with

time. The curves shown were obtained when films were exposed to UVI 5 solar simulator light, and

UVI 10 light also from a solar simulator.

As expected, from the data in figure 3-26, the observed colour change associated with
each film increased with increased exposure to UV light and the plot of data in the form
of AAbs vs MED for each of the samples, alongside the same curve for a MV**-PVA
film in figure 3-27, yield a common curve. While the MV>"-PVA film yields a slightly
higher colour change (and does so consistently) it is felt the BV>"-PVA film is still the

better option due to its higher resistance to oxidation.
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Figure 3-27 — A diagram showing the response of 40 pm BV**-PVA films. The plot shows the
change in absorbance at 550 nm with MED for three different films. The plotted lines show films
that were exposed to UVI 5 solar simulator light, and UVI 10 solar simulator light. Also shown is

the same curve obtained for a 40 pm MV**-PVA film.

Finally, the response (AAbsssg) of the thick (40 mm) BV?"/PVA film were tested as a
function of MED from solar UV light (1% Sept 2005; Glasgow 12:00 — 13:30) and the
results of this work are illustrated in figure 3-28. The variation observed is identical to
that observed in the lab using UVB lamps (see figure 3-27). These results indicate these

films have potential as UV dosimeters for indicating the onset of erythema.
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Figure 3-28 — A plot showing the average change in absorbance as a function of the erythemal dose

received from sunlight of a 40 pm BV**-PVA film.

The experiment shown above was performed on the 1 of September 2005, between
12:00 and 13:30 in the afternoon. During this period the UVI remained fairly constant
at 3, with an increase to 4 towards the end of the run. The total exposure time was 53
minutes, which lies well within the 56 — 42 minutes suggested for these UVI values in
chapter 1. As can be seen the average AAbs value reached after an MED of 1 was

approximately 0.8.

3.3 Conclusions

It has been shown that a UV and erythemal dosimeter can be developed using the
viologens in a water soluble polymer system. This system responds uniformly to

differing intensities of solar UV and is stable in the absence of oxygen.

Problems faced by the system are caused largely by the encapsulating medium.
Permeability to oxygen ensures that there is little to no observable reaction. Solubility

in water also makes the system impractical for real world use.
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Attempts to place the viologen species into a non-aqueous environment were

unsuccessful and generated no useful data.

To improve this system it is recommended to find a method of encapsulating the
viologens in a non-aqueous, oxygen impermeable system which is transparent to UV

light.

It is also suggested that more work is required to make this a practical device. At the
moment colour is monitored by a spectrometer and the endpoint can easily be identified
once defined. Monitoring a gradual colour change like this by eye, on the other hand,
leaves interpretation of the end point up to the user. One suggestion is a “traffic-light”
system in which different materials provide different colour changes at set points during

a period of exposure.
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4 A tetrazolium based UV dosimeter

The tetrazolium salts are organic heterocycles with the basic structure shown below.

Figure 4-1 — The structure of the tetrazolium salts, where R = Me, or another organic group.

These water soluble salts have been show to undergo ready reduction to form partially
soluble formazans. The tetrazolium salts are generally colourless to pale yellow in

solution and the formazans are mostly coloured species. This reaction is outlined in

figure 4-2.
R R
/ _ /
N/N\NT—RCI e A -
)\\ /) R‘< H +HC
=~ N [0], -H,0 N=N
R

Figure 4-2 — Reduction of a tetrazolium salt to the equivalent coloured formazan.

This colour changing reaction has made the tetrazolium salts a popular choice as
indicators for the evaluation of bacterial metabolic activity' as well as the detection of
diseases such as tuberculosis®. A look through the literature finds numerous references
to the “Tetrazolium Test” or the “Nitro Blue Test™”’. More often than not these tests
involve the addition of a tetrazolium salt to a cell culture, with the premise being that

the dye will change colour if specific circumstances are met within the cell. Assuming
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that nothing else in the cell under study affects the salt, this gives a quick visual

indication of cell activity.

As well as occurring via electron transfer in chemical and biological environments, the
tetrazoluims can also be reduced to formazans with radiation. Much work in this area

8-10 .
. Dosimeters for

has been carried out using triphenyl tetrazolium chloride (TTC)
radiation monitoring have been proposed as aqueous solutions and agar gels of
TCC®. Polymeric films containing TTC have also been investigated specifically for
ultraviolet applications'®. The doismetery characteristics of nitro blue tetrazolium
solutions and films have also been characterised for high dose and pulsed radiation

Sources.

4.1 Neotetrazolium Chloride

As stated many of these salts are used as redox indicators, with no real preference
seeming to be given to any. The first step in the work therefore was to test each of the
commercially available tetrazoliums and determine which displayed the greatest
response to UV. The best of these would be compared against tetraphenyl tetrazolium
chloride (TTC); a material which has already been described as a dosimeter, although
with some unusual behaviour. The materials to be tested were neotetrazolium (NTC),
tetrazolium blue (TB), tetrazolium violet (TV) and iodotetrazolium (ITC) — all chloride
salts, the structures of which are shown in figure 4-3. Films of each salt in PVA were
prepared as outlined previously and then exposed to 4 mW cm™” UVB. Each film was
exposed for 30 minutes and their spectra recorded every 5. The obtained are shown in

figures 4-4 to 4-7, with a direct comparison plotted in figure 4-8.
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Figure 4-3 — The structures of the tetrazolium salts compared in this study. These are (a)
neotetrazolium chloride, (b) tetrazolium blue, (c) tetrazolium violet, (d), iodotetrazonium chloride,

and (e) triphenyl tetrazolium chloride.
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Figure 4-4 — The response profile of a PVA film containing Sphr neotetrazolium chloride after

exposure to 4 mW cm’ light.
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Figure 4-5 — The response of a PVA film containing Sphr tetrazolium blue after exposure to 4 mW

cm’ light.
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Figure 4-6 — The response of a PVA film containing Sphr tetrazolium violet after exposure to 4 mW

cm’ light.
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Figure 4-7 - The response of a PVA film containing Sphr iodotetrazolium chloride after exposure to

4 mW cm” light.
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Figure 4-8 — A plot comparing the AAbs vs Time profiles of 4 different tetrazolium salts when
irradiated with 4 mW cm™ UVB light.

4.1.1 Comparison with TTC

Of the materials outlined above the neotetrazolium chloride (NTC) clearly displays the
greatest response to UVB. This material was therefore chosen as the basis for the
development of a dosimeter, the first of which was the comparison with an existing
dosimeter material in tetraphenyl tetrazolium chloride (TTC). Each of these materials
was dissolved at 5 phr in 10 % PV A and spun at 1200 rpm. Each was then exposed to 4

mW cm™ UVB as before. The results are shown in figure 4-9.
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Figure 4-9 — The response curves of 5 phr TTC and NTC in PVA under 4 mW em?UVB light. The

curves shown are for TTC and NTC respectively.

Examination of figure 4-9 reveals that the NTC is slower to react than the TTC, which
reaches maximum absorbance in 5 minutes or less (This is also slower than the viologen
system which reached max absorbance in approx 10 minutes). However we can see that
the NTC reaches a higher absorbance at the end of the irradiation period and still does
not appear to have reached its maximum. This is seen as preferable as it may allow us a
greater deal of control over the system (the suggestion being that we have more options

to increase the observed colour change than we have of decreasing it).

4.1.2 Oxygen Sensitivity

One of the important problems associated with the viologen sensors is their sensitivity
to oxygen. Placement in an oxygen permeable polymer led to almost no colour change
upon exposure to UV, or a rapid loss of colour once irradiation had finished. If the
tetrazolium systems are to be shown to be better they must show a greater ability to

keep their colour. As a quick test of this we made 5 phr solutions of NTC in PVA and
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HEC. PVA is known to be a good oxygen barrier, while HEC has been shown to be
oxygen permeable. If oxygen is going to be a problem it is expected that the HEC film
will show almost no colour change or show a greater decrease in colour over time when
compared to the PVA film. These films were irradiated for half an hour under 4 mW

cm™ UVB then placed in a spectrometer. Their absorbance at 550 nm was monitored

over 12 hours after irradiation.
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Figure 4-10 — The absorbance at 550 nm of PVA and HEC films containing 5 phr NTC over 12
hours. The films had previously been irradiated with 4 mW cm” UVB for 30 minutes.

Figure 4-10 shows that neither HEC or PVA films shows any significant decrease in the
colour of the system with time, which would seem to suggest that the oxygen in air is
having little effect on this system. What is strange to note is that the PVA film seems to

increase in colour over time, a phenomenon that hasn’t been reported before.

92



4.2 Response to UV light

Having chosen our dye the next step was to evaluate its behaviour in response to UV
light. First would be a test of its response to different wavelength regions of light,
specifically UVA, UVB and UVC (all at 4 mW cm™). Once this was completed we
then tested the sample under different intensities of light at each wavelength, in order to
ensure there was a notable difference in the colour change with changing intensity. The

results obtained are shown in the following diagrams.
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Figure 4-11 — A comparison of the response of the 5 phr NTC film to the different wavelength

regions of UV. Response shown are those at 552 nm.

Figure 4-11 shows a clear trend in the response of these dyes to the different
wavelengths of UV. As we move from UVA to UVC we see an increase in the extent
of colouration. This is to be expected as we can see, from a sample spectrum, that the

NTC absorbs more light in the UVC than in any other region.
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Figure 4-12 — A plot showing the change in absorbance at A, (550 nm) of a 5 phr NTC film under

varying intensities of UVA light.
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Figure 4-13 — A plot showing the change in absorbance at 1, (550 nm) of a 5 phr NTC film under

varying intensities of UVB light.
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Looking at figures 4-12 and 4-13 we can see that the response of the NTC definitely
changes with varying intensity of incident light. There are some anomalous results,
however. Under UVA and UVB light for example we see an overall decrease in the rate
when the sample is exposed to 5 mW cm™ light. UVC on the other hand shows a
general decrease in the maximum absorbance value reached at intensities above 2 mW
cm™ (not shown). These experiments have been repeated and, as of current writing,
have been shown to be reasonably consistent. The reason for this drop in observed
absorbance at high intensities of all UV regions is not yet understood. It is worth noting
that UVC is not of immediate concern and that the UVB intensities used are very high

when compared to the erythemal levels we wish to detect.

4.2.1 Dye Concentration and Film Thickness

We have established that NTC in PVA changes colour under UV light and its response
depends on the wavelength and intensity of the incident light. The next step is to
determine how we can control the extent of colour change, as some degree of control
will be required if we are to develop dosimeters for specific skin types. The easiest

ways of doing this involve altering the dye concentration and the film thickness.
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Figure 4-14 — A plot showing the change in absorbance of PVA films containing varying

concentrations of NTC under 4 mW c¢cm™ UVB light. The plots shown are for — in increasing order

, 15 and 20 phr NTC in PVA.
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Figure 4-15 — The response curves of 5 phr NTC films of differing thickness under 4 mW em” UVB

light. The curves shown are for films spun at 1200, 900, 600, and 300 rpm.
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Figures 4-14 and 4-15 show that even very simple changes to the system can alter the
extent of the observed colour change considerably. By spinning the films at 300 rpm

rather than 1200 rpm, for example, results in a AAbs at Any.x of 0.5 rather than 0.2.

4.3 An erythemal sensor

As one last piece of the current work we had to show a good response of these films to
solar light. We established the same criteria as before: the sample must obtain a AAbs
at Amax Of approximately 1 after 1 MED has been reached. We set the xenon-arc solar
simulator so that our SafeSun meter registered a UVI. This would mean that 1 MED
had been reached in approximately half an hour. A 5 phr solution of NTC in PVA was
then prepared and coated at 300 rpm. This film was then exposed to the UVI 5 solar

light. The results are shown in the following diagram:
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Figure 4-16 — The response curve of a 5 phr NTC film exposed to solar simulating light of UVI =5.
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After 1 MED has been reached our NTC film had reached a AAbs of approx 0.7. While
not quite the value of 1 we were hoping for it is close to the results shown by the

viologens and it is firmly believed that this value can easily be increased.

4.4 Conclusions

It has been shown that a UV and erythemal dosimeter can be developed using the
tetrazolium salts, of which neotetrazolium shows the greatest response, in a water
soluble polymer system. This system responds uniformly to differing intensities of

solar UV and is stable in the presence of oxygen.

Altering the concentration of the dye in the polymer, as well as altering the thickness of
the polymer film has a direct effect on the colour response of the film when exposed to

UV light.

More work is required to show that the response of this dosimeter is ‘tuneable’ out with
changing physical characteristics and altering Beer-Lambert parameters. For example,
as in the viologen work, electron donors could be added to the system to assess whether
they could be used to increase the rate of reaction. These would not suffer from the

same oxygen sensitivity as the viologen system.

Work is also required to fully explore the solar dosimeter characteristics of the films,
using reaction promotors or UV attenuators to determine whether response is uniform at

different UVI values.

NB: at time of publication some of this work has been carried on and completed by

Pauline Grosshans (see Appendix).
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5 A Solvatochromic Sensor for VOCs

5.1 Solvatochromism

It has long been known that the UV/Vis absorption spectra may change depending on
the solvent used" ?. This change may be in the position, intensity, or even shape of the
absorption band and is called solvatochromism. However the term is now most
commonly used to describe a pronounced change in the position of a UV/Vis absorption
band in response to a change in the polarity of the medium. A hypsochromic (or blue)
shift with increasing solvent polarity is called negative solvatochromism and the

corresponding bathochromic (or red) shift is positive solvatochromism.

5.1.1 The Franck-Condon Principle

The Franck-Condon Principle states that since the time required for a molecule to
execute a vibration is much longer than that required for an electronic transition, the
nuclei of a chromophore and any surrounding solvent molecules do not appreciably
alter their position during an electronic transition. Thus, when a chromophore is excited
by the absorption of a photon the excited state molecule is momentarily in a vibrational
state surrounded by a solvent cage whose orientation is best suited to the ground state of
the molecule. This is known as the Franck-Condon state. The Franck-Condon state is
of a greater energy than the equilibrium excited state which is eventually reached

through the process of relaxation (figure 5-1).
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Figure 5-1 — An illustration of the excitation of an electron into the Franck-Condon vibrational

state.

5.1.2 Negative and positive solvatochromism

In a system where the solute is a polar molecule in a polar solvent the solvation will
result largely from dipole-dipole interactions. This results in an oriented solvent cage
around the polar solute molecules, leading to a stabilization of the ground state. If the
dipole moment increases during the electronic transition i.e. Hg<pl, the Franck-Condon
state will exist in a solvent cage of partially oriented solvent molecules. The stability of
this state relative to the ground state will increase with increasing solvent polarity. As a
consequence, as the polarity of the solvent is increased there will be a bathochromic
shift in the absorption spectrum (or positive solvatochromism), the magnitude of which
will depend on three factors; the extent of the change in the solute dipole moment, the
value of the solvent dipole moment, and the extent of interaction between the dye

molecule and the solvent.
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If on the other hand the dipole moment decreases during the electronic transition
(Hg™>He), as it does for Reichardt’s dye for instance (p, = 15 Debye, p. = 6 Debye), the
Franck-Condon state will not be stabilised more than the ground state. The resulting
effect is that, with increasing solvent polarity, there will be a hypsochromic shift (or

negative solvatochromism). Thus, Reichardt’s dye is a negatively solvatochromic dye.

AE decreases with increasing AE increases with increasing
solvept polarity solvent polarity
@ . ®
y A
. [
3 7y
X
E AE AE

»
»

v

Increasing Solvent Polarity

Figure 5-2 — A diagram illustrating solvent effects on the electronic transition energy of a polar
solute in a polar solvent. (a) Demonstrates the behaviour of the system when the dipole moment of
the Franck-Condon state is greater than that of the ground state (u,<p.). (b) Illustrates the

opposite effect (u>p.).

For either bathochromic or hypsochromic shifts the following equation applies:

AE:hAu:hc% (5.1)

max

Where AE is the energy gap between the ground and excited states and Ay 1S the
wavelength of maximum absorbance. Thus, for negative solvatochromism, since AE

increases with increasing solvent polarity, it follows from equation (5.1) that Ap,, will
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decrease, i.e. UV/Vis spectra will undergo a hypsochromic shift as the polarity of

solvent increases.

5.1.3 Applications of Solvatochromism

Perhaps one of the first practical uses to be recommended for solvatochromism was to
develop a solvent polarity scale. The idea was first suggested by Brooker et al. in 1951°
and was first fully developed by Kosower in 19582 These scales use the spectral data
of a single probe molecule to establish the polarity of the solvent and are advantageous
because they can be measured using equipment and chemicals found in most
laboratories. These solvent polarity scales are dependent on the idea that the absorption
spectra of a solvatochromic dye can be reliably used to record and determine the
polarity of different solvents. This is most commonly achieved by establishing an
empirical solvent polarity parameter using reference compounds and usually takes the

form of a linear free energy relationship or LFER.

The basic assumption of an LFER is that, for a solvent-sensitive process, the process is
representative of all the solute/solvent interactions that are present in the related solvent-
influenced processes under study. This reference process can then be used to give an
empirical measure of the solvation capability of a particular solvent for that process.
Since these empirical parameters reflect all of the intermolecular forces acting within a
given solution, it can be said to give a more reliable measure of the influence of a

solvent on a solute than a single physical constant, such as solute dipole moment.

Since Brooker et al.” first made the suggestion that solvatochromic compounds could be
used to develop solvent polarity scales, a large number of compounds have been studied
as potential reference processes for establishing these scales™. One of the first was
Kosower’s Z scale’ which is based on the intramolecular charge-transfer transition of 1-

ethyl-4-(methoxycarbonyl)-pyridinium iodide (figure 5-3).
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Figure 5-3 — 1-ethyl-4-(methoxycarbonyl)-pyridinium iodide

The factor Z is defined as the molar transition energy, Et, in kcal/mol of the absorption
band for the charge transfer in an appropriate solvent. This is calculated according to

equation 5.2:

E, l(kcal -mol™)=h-c-0-N,=2.859-10"-0/cm™" =Z (5.2)

where A is Planck’s constant, ¢ is the velocity of light, 0 is the wavenumber of the
photons that produce the electronic excitation under study, and N, is Avogadro’s
number. Z values range from 94.6 kcal/mol for water (a very polar solvent) to about 60
kcal/mol for i-octane (a very non-polar solvent) and have been measured for a wide
variety of solvents and binary mixtures. There are problems with the Z approach
though. For example, Z values can only be calculated over the range 63.2 to 83.6
kcal/mol (trichloromethane and 70:30 ethanol:water respectively) i.e. from 452 nm to
342 nm. This is because the charge transfer band cannot be observed in highly polar
solvents as it moves to such a short wavelength that the 1 & © absorption band of the
pyridinium ion overshadows it. As a result, the Z values for highly polar solvents have
to be extrapolated using the results obtained using other measurements. Also the
pyridinium ion is insoluble in non-polar solvents, the outcome of which is that

secondary standards must be used to determine values for non-polar solvents.
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5.2 Reichardt’s Dye

One way around the limitations of the pyridinium, as suggested by Dimroth and

Reichardt'”, is to use N-phenolate betaine dyes such as shown in figure 5-4.

Figure 5-4 — The structure of 2,6-Diphenyl-4-(2,4,6-triphenylpyridinio)-phenolate, a solvatochromic
dye. For this species R = -H.

Using this dye, now commonly known as Reichardt’s dye, as a standard Dimroth and
Reichardt proposed a new solvent polarity parameter, E+(30), which is based on the
longest wavelength absorption band of the pyridinium N-phenolate dye. The
nomenclature simply comes from the fact that this particular dye was dye number 30 in
their study. The advantage this carries over Kosower’s dye is that the absorption band
in dye 30 (Reichardt’s dye) lies at a much higher wavelength and gives a much larger
range for solvatochromism, from approx 450 to 900 nm. As these are mostly visible
wavelengths it is also possible to make a visual estimation of the solvent polarity. The
only real problem with the Reichardt’s dye approach is that the primary dye is only
slightly soluble in water and other less polar solvents. It is also insoluble in non-polar
solvents. This can be overcome by using dye variants where R = -CF; or =C(CH3); as
secondary standards because there is an excellent correlation between Et values of the

dyes.
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5.2.1 Reichardts dye-based Sensors

Various studies have now been performed in which Reichardt’s dye (RD) is
encapsulated within a polymer film with the intention of using it a sensor for various
VOCs'"™". One of the earliest of these studies was the work of McGill et. al.'® looking
at the use of RD in various polymer films as optical sensors for water. This was
followed by work from Fichou et. al."> placing RD in poly(methyl methacrylate) and
using it to detect various solvents. Other studies have shown that RD can be used to
detect alcohols and water in polysiloxane, nonadecane and poly(ethylene vinyl
acetate)'>. However, the most notable study to date was that carried out by Krech et.
al."* who showed that RD could be encapsulated in a wide variety of polymers and
responded with a measurable colour change when exposed to a variety of different
VOC'’s including water, acetone, chloroform, carbon tetrachloride, dichloromethane,
and various alcohols. The best of the optical sensors tested, in terms of optical
response, was RD in poly(methyl methacrylate). In all of the above RD/polymer
indicators the response times (where reported) were significant. The fastest of the
RD/polymer indicators was that reported by Fichou and his coworkers, for RD in
PMMA, which exhibited a response time of 50 s when exposed to ethanol vapour.

These are summarised in table 5.1
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Table 5.1 - A selection of optical sensors which have been developed using Reichardt’s Dye

Matrix Solvents Detected Response Times A shifts
Polysiloxane12 Methanol, Ethanol, 2- Not Given <50 nm
Propanol, H,O
Nonadecane' H,O, Ethanol Sluggish
PVP, PIB, PS, H,0O, Methanol, Ethanol, Not Given <103 nm
PECH, OV-1, Isopropanol, Acetone,
FPOL"™ Chloroform, Carbon
Tetrachloride, DCM
PEVA copol. " Ethanol 2-7 minutes ~ 50 nm
PMMA" Methanol, TBA, TBME Approx. 50s <112 nm
PMMA, PVP, H,O > 2 minutes <114 nm
PVAc, PVC"

Where: PVP = Poly(vinyl pyrrolidone), PIB = Poly(isobutylene), PS = Poly(styrene), PECH = Poly(epichlorohydrin), OV-1 =
Dimethylpolysiloxane, FPOL = Fluoropolyol, PEVA = Poly(ethylene vinylacetate) copolymer, PMMA = Poly(methyl methacrylate),
TBA = tert-butyl alcohol, TBME = tert-butyl methylether, PV Ac = Poly(vinyl acetate), PVC = Poly(vinyl chloride).

5.3 Riechardt’s dye in Ethyl Cellulose (RD/EC)

Following on from the work of others, such as these references in table 3.1, the
solvatochromic dye, Reichardt’s dye, was encapsulated within a film of ethyl cellulose,
by dissolving the dye in a 10 wt % toluene-ethanol solution of the polymer. This
solvatochromic ink solution was then spun onto a glass disc and placed in a gas cell to
allow it to be exposed to the solvent vapour under test. After 10 minutes exposure to the
solvent vapour the UV-Vis absorbance spectrum of the Reichardts dye/EC film,
hereafter referred to as RD/EC, was recorded and compared to the spectra of the
original (air) film. The solvent vapours chosen for this study were as follows:
methanol, ethanol, isopropanol (IPA), dichloromethane (DCM), acetone and water. The

results of this work are illustrated in figure 5-5.
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Figure 5-5 - The absorbance spectra of ethyl cellulose films containing Reichardt’s dye after 10
minutes of exposure to various solvents. The spectra shown are for films exposed to methanol,

ethanol, IPA, DCM, acetone and water.

From this spectral data it is clear there is a noticeable change in the position and
intensity of the spectrum of a RD/EC film from each solvent vapour, including for the
different alcohols tested. Table 5-2 outlines the changes in A, (and the related E(30)
value) for the RD/EC films. Er(30) values were calculated using the following

- 7,8
equation ":

-3
E,(30) /(kcal.mol ") =h-c-5-N,=2.859-10" -5 = 2'81& (5.3)

max

where & is Planck’s constant, ¢ is the velocity of light, 0 is the wavenumber of the
photons associated with the maxiumum absorbance in the visible spectrum due to RD,

and N, is Avogadro’s number.
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Table 5-2 - A..x and E130 values of RD/EC films after exposure to a variety of solvent vapours.

Solvent (BP °C) | Ay (nm) AAmax (NM) Er(30) Er(30)
(keal mol™) Literature’

Air 681 0 - -
Water (100) 634 47 45.09 63.1
Methanol (64.7) 580 101 49.29 554
Ethanol (78.4) 621 60 46.04 51.9
IPA (82.3) 650 31 43.99 48.4
Acetone (56.3) 643 38 44.47 42.2
DCM (39.8) 654 27 43.72 40.7

i reported values for RD in the neat solvents™’

It might be expected that the An.x and E1(30) values recorded for the RD/EC films
exposed to different solvent vapours would simply be related to those, reported in the
literature, for RD in the neat solvents themselves. However a comparison of the
experimental and literature E1(30) values given in table 5-2 and illustrated in figure 5-6
reveals no such simple relationship. Thus these RD/EC films, whilst useful for
detecting volatile organics, cannot be used to readily identify different vapours from the
E1(30) values determined for RD in EC by simple comparison with the E1(30) values of
RD in the neat solvents. It follows that, in order to use an RD/EC film for qualitative
analysis, the indicator needs to be calibrated first with the vapour of interest in order to

determine their A, (.. ET(30)) values.
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Figure 5-6 — a comparison of the E1(30) values obtained experimentally against those quoted for the

dye in the neat solvent.

5.3.1 RD/EC films for quantitative analysis.

Although the work reported above has shown that RD/polymer films can be used for
qualitative analysis (via the shift in Ap,,) of VOC’s, less effort has been directed at their

use for quantitative analysis.

RD in a binary solvent mixture, such as MeOH/acetone, as shown in figure 3-3, gives a
non-linear response as to the % composition of the mixture is raised. Suppan and
others'®*! have suggested that changes like this occur in many simple binary solvent
mixtures because of preferential solvation of the dye by one of the solvents. It is not
surprising to also note that the variation in the Abs (Amax) for RD in methanol is not

directly related to the % MeOH present in the mixture (see figure 5-8).
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Figure 5-7 — A plot showing the shift in A,,, of a binary solvent system comprising methanol and

acetone. The x axis of this plot shows the percentage of methanol present in the system.
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Figure 5-8 — A plot showing the change in absorbance at A,,,, (methanol) for the same solvent
mixtures shown in figure 5-7.

Interestingly the An,x of RD in RD/EC film varies in a non-simple fashion as a function
of % ethanol in the air, as illustrated by the results in figures 5-9 and 5-10, and yet the
Abs (680nm) for the RD/EC indicator appears directly proportional to % ethanol (see
figure 5-11.)
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The calibration graph illustrated in figure 5-7 is approximately linear up to % ethanol
levels of < 90 % implying that the absorbance of a RD/EC film at 680 nm is, possibly
fortuitously, directly related to the concentration of ethanol in the ethanol/air mixture it
is exposed to. Although the colour change is striking (ca. 70 nm — see figs 5-9 and
5-10) the % change in absorbance (ca 40 %) is a little less so (fig 5-11), but still large

enough to be used in quantitative analysis.
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Figure 5-9 — The UV-Vis spectra of a RD/EC film. The spectra shown were obtained for the
following % ethanol levels (from top to bottom): 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 %.
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Figure 5-10 — A plot showing the change in A, with the change in % ethanol. A decrease in A,

signifies an increase in the polarity of the system.
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Figure 5-11 — A calibration curve of absorbance versus % ethanol for RD/EC film. The absorbance

was measured at 680 nm as this showed a good distinction between each vapour concentration.
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5.3.2 Response and recovery characteristics of a RD/EC film

An important characteristic of any optical sensor is how quickly the sensor responds to
and recovers from exposure to the vapour under test. Thus, as part of the study being
carried out the response and recovery times of the RD/EC indicators for the vapour of
particular interest (ethanol) were determined by measuring the variation in the
Abs(680nm), Amax of an ethanol free film, as a function of time and the results of this

work are illustrated in figure 5-12.

0.9
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Figure 5-12 - The change in absorbance at 680 nm of a RD/EC film in response to ethanol vapour

(decrease in absorbance) and on recovery from the vapour (increase in absorbance).

In figure 5-12 we can see that the change in absorbance is a largely reversible process
and so a RD/EC film can be used many times over. Note also from this data that the
ethyl cellulose film does not completely recover its initial absorbance within the
selected time period (10 mins). The data presented in these plots was used to calculate
the tso and toy values for response and recovery. These values represent the time taken

to achieve 50% and 90% of the total change in absorbance in the system and are shown

here.
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Table 5-3 - Response and recovery times of an ethyl cellulose film doped with Reichardt’s dye on

exposure to ethanol.

Support tso Response tso Recovery too Response too Recovery
(s) () (s) (s)
Ethyl Cellulose 34 43 98 278

It is clear from the data in figure 5-12 and table 5-3 that the ethyl cellulose sensors
respond quickly (approximately 172 minutes for to9) but take slightly longer to recover
from the vapour, with it taking almost 42 minutes to achieve a 90 % change in
absorbance. While these periods are by no means excessively long, they are not as fast

as desired for an optical sensor. These values are not uncommon amongst polymer

11-15

Sensors and are due to the solvent dissolving into and out of the polymer

encapsulating media. In an attempt to produce faster acting films, an alternative

inorganic encapsulating medium was explored; fumed silica.

5.4 Reichardt’s dye on fumed silica films (RD/SiO,)

Work by Demas et al** showed that fumed silica, as a support for luminescent transition
metal complex oxygen indicators, proved very effective; it has a high surface area
(approximately 200 m’ g'l), can be coated with a range of materials and forms “dense,
very high surface area, optically transparent discs” when compressed. Demas and his
team found that the luminescence of Ru(L); adsorbed onto the silica, where L is an a-
diimine, responded very quickly to any variation in the ambient level of O,, due to the
highly porous nature of the silica which is estimated to be 50 % for the pressed silica
discs. Given the promise shown in his work as a potential dye support material for
making clear, fast-acting films it was decided to test fumed silica as a support for a

Reichardt’s dye based indicator.
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5.4.1 RD/SIO; films for qualitative analysis

The fumed silica discs were prepared using a similar technique to that outlined by
Demas et al. Thus, 1.9 g of the fumed silica were placed into ca 125 ml of continually
stirred methanol in a round bottomed flask. 0.1 g of Reichardt’s dye were dissolved in
small volume of methanol — typically 10 to 20 ml — which was then added to the silica
suspension. The resultant mixture was left to stir for 30 minutes before being placed
under rotary evaporation, leading to the generation of silica coated with Reichardt’s dye.
The RD/Si0; films were formed by placing a glass cover slip on top of the first stainless
steel die in a standard IR press, evenly spreading 50 mg of the dye-impregnated silica
over this disc, sandwiching the powder with a second stainless steel die, and then
applying 2000 kg of pressure for 30 minutes. After this time the pressure was slowly
released and the glass cover slip, now bonded with a thin layer of the impregnated
silica, was removed. Thse RD/SiO, films were exposed to a variety of different solvent
vapours and the UV/Vis spectral characteristics recorded. The solvents chosen for
study were: methanol, ethanol, isopropanol (IPA), dichloromethane (DCM), acetone
and water. As before each RD/SiO; film was exposed to each vapour for 10 minutes.

The results of this work are illustrated in figure 5-13.

25
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Figure 5-13 - The UV/Vis spectra of a RD/SiO, disc on exposure to various solvent vapours.
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From these results it is clear that there is a notable difference between the spectra for
each solvent vapour. However the RD molecules adsorbed onto the silica appear to be
in a much more polar environment than when dissolved in ethyl cellulose, i.e. the Amax
in air for RD/SiO, films is lower, and the shifts in A, between solvent and air are
much smaller, compared to an RD/EC film. The absorbance differences on the other
hand are much larger, giving greater changes in the intensity of the colour. Also, it is
noted that the spectrum for water vapour shows little evidence of an absorbance peak

and so it is hard to assign a A, value in this case.

The spectral data in figure 5-13 were used to generate Er(30) values for the different
solvent vapours and these were compared to those for RD in the neat solvents
themselves, reported in the literature. As before, for RD/EC, the values of Ama.x and
E1(30) of the RD/SiO; films appear not to be correlated with those for RD in the neat

solvents, except for the alcohols. More comment on this is given in a later section.

Table 5-4 - A, and E1(30) values for RD/SiO, films exposed to various solvent vapours.

Solvent (BP °C) A max (nm) E1(30) E1(30) Literature
Air 580 - -

Water (100) - - 63.1

Methanol (64.7) 520 55.0 55.4

Ethanol (78.4) 548 52.2 51.9

IPA (82.3) 587 48.7 48.4

Acetone (56.3) 594 48.1 42.2

DCM (39.8) 518 55.2 40.7

" reported values for RD in the neat solvents™’
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5.4.2 Quantitative analysis

With the knowledge that the RD/fumed silica system could be used for qualitative
analysis, the next step was to determine whether it could be used for quantitative
analysis. The same procedure was followed as outlined for the RD/EC films; a gas
blender was used to mix the solvent vapour under study with a flow of air at fixed
percentages. Once again the solvent chosen for this work was ethanol. The results of

this work are shown in figures 5-14 to 5-16

In this instance the very broad absorbance spectra shown in figure 5-14 make it difficult
to pick out a definite A, and, as highlighted in figure 5-15, it is not clear if Ay 18
related directly to % ethanol is linear. The best that can be said is that % ethanol and

Amax are correlated

The calibration graph illustrated in figure 5-16 on the other hand clearly shows that,
unlike the RD/EC system, the relationship between Abs(Am.x) and % ethanol is not
linear. Due to the differences in the polarity of the systems the colour change is also

less striking (ca. 14 nm) than the RD/EC film (ca. 70 nm).
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Figure 5-14 — The UV-Vis spectra of a RD/SiO, film. The spectra shown were obtained for the
following % ethanol levels (from bottom to top): 0, 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 %.
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Figure 5-15 — A plot showing the change in A, with the change in % ethanol. A decrease in A,

signifies an increase in the polarity of the system.
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Figure 5-16 — A calibration curve of absorbance versus % ethanol for RD/EC film. The absorbance

was measured at 680 nm as this showed a good distinction between each vapour concentration.
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5.4.3 Response and recovery characteristics of a RD/SiO, film

Given that a major issue with polymer based solvent sensors such as RD/EC films is
their significant response and recovery times — see figure 5-12 and table 5-3 — it was
necessary to determine these times for the RD/SiO, films. As before, ethanol was
chosen as the initial test solvent vapour. All the procedures described previously were

followed and the following plot was obtained:
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Figure 5-17 — A plot showing the change in absorbance (A, of ethanol free films) of a silica-
Reichardt’s disc when exposed repeatedly exposed to ethanol then air. An increase in absorbance

indicates exposure to ethanol, while a decrease signifies exposure to air.

The data in Figure 5-17 clearly shows that, like the RD/EC system, the change in
absorbance with repeated exposure to air and then ethanol vapour is fairly reversible
over an extended period. What is even more interesting is that the change in absorbance
seems to occur over a much shorter time period. The tsy and toy values calculated from

the data in figure 5-17 are shown in table 5-5.
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Table 5-5 - t5y and tyy values for a reichardt’s dye containing fumed silica disc, wrt ethanol.

Support tso Response tso Recovery too Response too Recovery
(s) (s) (s) (s)
Fumed Silica 10 16 20 106

As can be seen from table 5-5 the RD/SiO; films responds to and recover from the
presence of solvent vapour much quicker, ca. 3 times as fast, than the RD/EC polymer
films. While too for recovery is approximately 1'% minutes, this is still faster than other
reported times for RD-based ethanol sensors and gives promise to the use of the fumed

silica system as an optical sensor.

Other alcohols — methanol, propanol, butanol, pentanol, and hexanol — were also studied
as part of this work. The response times for the different alcohols are listed in the table
below, while the response-recovery profiles for methanol and butanol are shown in

figure 5-18 for comparison.

Table 5-6 — the response and recovery times for RD/SiO, films exposed to various alcohols

Response Recovery
Vapour Amax AHy,p tso tog tso too
(BP°C) (kJ mol™)
Methanol 530 37.6 7 17 7.5 21
(64.7)
Ethanol 550 40.5 10 20 16 106
(78.4)
Propanol 565 43.6 16 49 30 235
(97.2)
Butanol 574 45.9 48 226 81 340
(117.7)
Pentanol 579 52.3 93 357 146 434
(138)
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Figure 5-18 — The upper diagram shows the change in absorbance of a RD/SiO, film at A, on
exposure to (increase in absorbance) and recovery from methanol (decrease in absorbance). The
lower plot shows the change in absorbance of a similar film on exposure to (increase in absorbance)

and recovery from butanol (decrease in absorbance).
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This response and recovery data correlate well with the variation of the AHy,, of the

alcohols as illustrated in figure 5-19.
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Figure 5-19 — A plot showing how the ts, response time of a RD/SiO, film increases with increasing

AH,,, of the alcohols from methanol to pentanol.

AH,,, for any chemical provides a measure of the cohesive forces acting on the pure
solvent molecules and therefore the intermolecular forces which, in the case of alcohols,
will be dominated by hydrogen bonding. The hydroxylated nature of the fumed silica is
likely to favour H-bonding with the alcohol vapours and presumably this is the cause

for the correlation between AH,,, and the response recovery times.

5.4.4 RD/SiO, films and E1(30) values for alcohol vapours

An analysis of the spectral information regarding the absorbance Am.x values of the
RD/Si0; films to different alcohols reveals a surprisingly good correlation between the
E1(30) values recorded for the films and those reported in the literature for RD in the

neat solvents, as indicated by the plot in figure 5-20.
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Figure 5-20 — A plot comparing the E1(30) values of the reichardt’s impregnated silica in different

alcohol vapours compared to the literature values.

It is not clear why RD/SiO; E1(30) values correlate well with the literature Ep(30)
values for the alcohols, but not for other types of molecules (such as ketones and
chlorinated solvents). However, it does make this type of indicator useful for
quantitative analysis of single alcohols. Thus, it would seem from the results in figure
5-20 that, for the alcohols at least, the fumed silica system may act as a solvent indicator

via the Apmax or E1(30) values, where:

E,(30),,.. =(0.697+0.028)- E,(30)+ (152 +1.4) (5.4)

silica

5.4.5 RD/SiO; films and humidity detection

In a final set of experiments the % relative humidity (at 20°C) in the ambient
atmosphere above the RD/Si0, film was varied and the spectral response of the film

recorded. The results of this work are illustrated in figure 5-21 over the page.
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Figure 5-21 — The upper diagram shows the UV/Vis spectra of a Reichardt’s dye impregnated silica
disc after exposure to various flowrates of water vapour in air. The lower plot is the absorbance vs.

flowrate calibration curve for determination of water concentration.

These results show that the RD/SiO, films can also be used as an indicator of ambient

relative humidity levels.
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5.5 Conclusions

Reichardt’s Dye has been incorporated into a variety of different polymer films in a bid
to create a workable solvatochromic sensor. These polymer sensors show some
response to vapours, where complete response is a constant shift in absorbance and

Amax, 10 the order of minutes. This has been demonstrated using ethyl cellulose.

Using a non-reactive inorganic species as support for the solvatochromic dye, such as
fumed silica, results in a sensor which responds to the presence of organic vapours in

the order of seconds and will do so reproducibly.

As RD displays different colours when dissolved in different solvents so these RD/SiO,
discs respond differently to different solvent vapours, allowing identification of

individual vapours.

The wavelength shifts, and subsequent E1(30) values, recorded for the RD/SiO; do not
match those reported for Reichardt’s dye in the pure solvent. Thus unknown vapours
exposed to the RD/S10, films cannot be identified using the E1(30) scale.

Further work will be required to make this a qualitative sensor for solvent vapours.
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6 Optical Sensing Systems for Photocatalysis

6.1 Photocatalysis

The basic process that underlies most examples of semiconductor photocatalysis (SPC)

. 1-5
can be summarized as follows .

organic pollutant + O, Py inerals (6.1)

Semiconductor

where Ey, is the bandgap energy of the semiconductor, which is usually anatase
titanium dioxide. The latter form of titania is commonly chosen because of its chemical
and biological inertness, mechanical toughness, high photocatalytic activity and low

cost.

Extensive research into SPC using TiO; has shown that it is able to photocatalyse the
complete oxidative mineralization of a wide range of organic materials, including many
pesticides, surfactants and carcinogens’ by oxygen. Not surprisingly, many commercial
products have emerged in recent years based on titania photocatalysis, including: water
and air purification systems and self-cleaning tiles and glasses®. The latter in particular
have met with significant commercial success and are now sold world-wide by most of
the major glass manufacturers including the following (with the trade name of their
commercial product in parentheses): Pilkington Glass (Activi™)’, St-Gobain

(Bioclean™)* and PPG (SunClean™)’.

In the case of the above, the films of anatase titania on glass employed are self-cleaning
in that most of the organic pollutants that go to make up the dirt and grime that deposit
on window glass are readily mineralized by oxygen via the photocatalytic process
(6.1)!°. These films are also more easily wetted by water, i.e. hydrophilic, after UV
irradiation, making it difficult for hydrophobic organic pollutants to adhere to the

surface. Although it remains, as yet, unclear how UV-induced, hydrophilicity and SPC
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activity are related, it is clear that any titania film which is SPC active also exhibits UV-
induced hydrophilicity. It follows that for a fully functioning, self-cleaning glass it is
essential that the titania coating exhibits SPC activity.

In order to compare the effectiveness of one self-cleaning glass with that of another, and
to be able to effect and demonstrate a commercially acceptable high degree of quality
control on any SPC product it is essential to have a set of agreed standard methods of
assessment of SPC activity. The creation, validation and promotion of such a set of
standard methods is currently in progress by an internationally-recognised body (ISO).
Presented here is a comparison of existing methods of SPC analysis with those newly

developed in the laboratory.

6.2 Existing Methods of Analysis

6.2.1 The stearic acid (SA) test

The stearic acid (SA) test involves the initial deposition of a thin layer of SA onto a
photocatalytic film and then monitoring its destruction as a function of time, from
which a rate for the disappearance of SA is usually gleaned and can be compared with

10-17 . .
. This reaction has

values determined for other samples under the same conditions
gained considerable preference over the years, especially with the self-cleaning glass
companies, for a number of reasons; SA provides a reasonable model compound for the
solid films that deposit on exterior and interior surfaces, it is very stable under UV
illumination in the absence of a photocatalyst film, the films are very easily laid down
from a methanol or chloroform solution, the kinetics of removal of SA are usually

simple and typically zero-order, and there are many possible ways in which the

mineralisation process can be monitored.
The overall reaction can be summarized as follows:
TiO

CH; (CH,)16 COoH + 260, ————2—518CO, + 18H,0 (6.2)

hv=2E,,
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It is no surprise that this process has been studied a number of different ways including
by monitoring the amount of CO, generated, using gas chromatography', and the
change in thickness of the stearic acid film, using ellipsometry'®. However, the most
commonly employed method of studying the reaction is via the disappearance of the SA
film using infra-red absorption spectroscopy, since SA absorbs strongly in the region
2700-3000 cm™', with peaks at 2958 em™, 2923 em™, and 2853 ecm™, due to asymmetric
in-plane C-H stretching in the CHj; group and asymmetric and symmetric C-H

15, 16,1921 * e integrated area due to these

stretching in the CH;, groups, respectively
peaks, over the range 2700-3000 cm™, Ajy, is proportional to the amount of stearic acid
present. Figure 6-1 illustrates the FT-IR absorbance versus wavenumber, o, spectra,
recorded for a sample of Activ'™ coated with stearic acid, as a function of irradiation
time, where the irradiation source comprised six 8W blacklight bulbs, i.e. 365 £ 20 nm

light.

3050 35007 ;
29507 2300 a5 2800 i
2150° 2700 gap- 20000

Wavenumber ; ¢m”

Figure 6-1 — A plot showing the change in the IR spectrum of a stearic acid film with irradiation

time. Published with permission of Professor Andrew Mills.

An experiment carried out under the same conditions, but using plain glass instead, i.e.

in the absence of a coating of titania, reveals no significant change in the stearic acid IR
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absorption spectrum over the irradiation period. Figure 6-2 illustrates plots of Ajy
versus irradiation time profiles for plain glass, Activ’™ and a 90 nm thick film of
Degussa P25, respectively. The greater activity exhibited by the latter, compared to
Activi™™ is mainly due to its greater absorbance at 365 nm due to its greater film

thickness?’.

A/ A (cm™)

2000 2500

Time (mins)

Figure 6-2 — A graph showing the integrated area (A;,) from 2700 — 3000 cm™ of a stearic acid film
as a function of time. Show are the profiles obtained for stearic acid films coated on plain glass,

Activi™ glass and a 90nm thick film of Degussa P25.

A brief inspection of reaction (6.2) reveals that the overall mineralization process
involves the transfer of 104 electrons and raises the concern that the observed temporal
variation in [SA] upon UV irradiation of a SA layer on a titania film may not follow the
stoichiometry indicated by reaction (6.2), due to the formation of recalcitrant or volatile
intermediates.  Certainly Minabe et. al.”’ have reported that the photocatalytic
decomposition of SA sensitized by a TiO, sol-gel film does not go to completion, but
instead halts after ca. 69% of the compound has been decomposed. This finding implies
that long-lived, recalcitrant oxidation intermediate products are formed, preventing the

SA:CO; stoichiometric ratio achieving the ultimate value of 1:18 as expected from
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reaction (6.2). In contrast, and more reassuringly, others, including the Mills group,
have reported that sol-gel and CVD produced titania films are able to completely
remove a SA covering layer via semiconductor photocatalysis. In addition, very
recently, both the destruction of SA and concomitant stoichiometric generation of CO,

via semiconductor photocatalysis using a 110 nm thick sol gel titania film, were

monitored simultaneously using FT-IR spectroscopy' .

A typical set of IR spectra recorded as part of this work are illustrated in figure 6-3 and

show the disappearance of the SA film and simultaneous appearance of the CO; as a

. . .. . 17
function of irradiation time

Absorbance

Figure 6-3 — IR spectra, recorded over time, of a stearic acid layer on a thick sol-gel TiO, film

irradiated with UV light. Published with permission of Professor Andrew Mills"’.

This data, and other work, shows that no major intermediates, volatile or otherwise, are

generated via the photocatalytic mineralisation of the SA film, i.e. the only major and

readily observable IR active species present during the course of the

photomineralisation process are SA and CO,. The FT-IR data generated in this study
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were used to produce the plots illustrated in figure 6-4 of the variation in the number of
moles of stearic acid, (1/18) x the number of moles of CO; and, the sum of both as a

function of irradiation time for the sol-gel TiO; film.
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Figure 6-4 — Plots of the variations in: (i) the number of moles of stearic acid, (1/18) time the
number of moles of CO2, and the sum of both as a function of irradiation time for a P25 TiO: film.
The data for the plots was derived from the integrated areas under the IR peaks, such as shown in

6-3, and appropriate calibration plots.

These plots show that, apart from the initial stages of the photomineralisation process,
the degradation of SA and the concomitant generation of CO, are described by the

reaction stoichiometry of reaction (6.2)"" .

6.2.2 The methylene blue (MB) test

The methylene blue (MB) test is fast-becoming the most popular method for assessing

photocatalytic activity of titania films and powders and is based on the photobleaching

22-33

of the cationic, thiazine dye, methylene blue, MB The overall mineralization

process can be summarized as follows:
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2C16H|sN3S" + 510, —— 32C0, + 6HNO; + 2H,SO4+2H + 12H,0  (6.3)

The initial step in the mineralization of this dye appears to be the cleavage of the bonds
of the R-S"=R’ functional group in MB by a photogenerated OH" radical, both adsorbed

on the surface of the titania photocatalyst, to form the sulfoxidezS, 1.€.

R-S'=R’ + OH* —— R-S(=0)-R’ +H" (6.4)

A second oxidative attack of the sulfoxide will produce an unstable sulfone, which is
thought to dissociate to form the two benzenic rings and lead to a complete loss in
colour of the original dye molecule. Herrmann and his co-workers have established that
prolonged, titania-based photocatalysis of MB in aqueous solution leads to its complete
mineralization as described by the reaction stiochiometry in equation (6.3). In most
work where MB is used to assess the photocatalytic activity of a semiconductor, only
the bleaching of the dye is monitored via UV/Vis absorption spectroscopy, presumably

due to dye oxidation via reaction (6.4)!1-23,

In aqueous solution MB absorbs most strongly at ca. 660 nm and, given its molar
absorbtivity is ca. 10° dm® mol™ cm™ at this wavelength?’, it is easy to translate any
absorbance data generated in a study of the photocatalytic destruction of MB into a plot
of [MB] vs t, from which either an initial rate or a first order rate constant, k;, can be
obtained. Using this procedure as a guide, a 10 M, air-saturated, aqueous solution of
MB was placed in a 1 cm spectrophotometer cell, 1 face of which was replaced with a
piece of glass covered with a 4 micron sol-gel titania film. The spectra of this solution
were then recorded as a function of UVA (I mW cm™) irradiation time and the results
are illustrated in figure 6-5. The insert diagram is a plot of the change in absorbance of
the MB solution at 660 nm, AAbs, as a function of irradiation time and fits first order

kinetics, with k; = 0.0097 min™, using data from the main diagram.
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Figure 6-5 — a plot showing the absorbance spectrum, changing with time, of a methylene blue

solution in contact with a 4 micron sol-gel titania film irradiated with 1mW em? UVA light.

These results show that a thick titania film generated by the sol gel process'” is effective
at bleaching MB under the reaction conditions used, i.e. an initially neutral solution
with a UVA intensity = | mW cm™. Note that in the absence of a titania film, over the
same irradiation period the [MB] remains largely unchanged. The ease of this method
of assessment, and its ability to provide a very visible and dramatic demonstration of the
efficacy of semiconductor photocatalysis for water purification, have helped contribute

to the ever-increasing popularity of this test method.

It is possible to claim some ambiguity in the interpretation of the MB test method, due
to the ease of reduction of MB to its doubly reduced form, /euco-methylene blue, LMB,
which, like the initially oxidized form of MB, is colourless, i.e.

MB +2¢+H — LMB (6.5)

This reduction reaction is possible because E°(MB/LMB) is ca. 0.53 V vs NHE at pH 0,

and the reduction potential of the photogenerated electrons on a titania photocatalyst is
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-0.32 V vs NHE at pH 0. It is well-known that it is very easy to effect reaction (6.5)
with UV light, using a titania photocatalyst and a sacrificial electron donor, SED,
provided that oxygen is absent from the reaction solution, e.g. by sparging with

: 27,34-37
nitrogen™ "’ .

Although the probability appears low that reaction (6.5) can be effected by a titania
photocatalyst, if a SED is not deliberately added to the system, in practice it is very
readily effected by UV irradiation of a titania photocatalyst film or powder in contact
with just an anaerobic MB solution and no obvious SED present. In this case it appears
that MB itself, or other adventitious impurities, are able to act as a SED. That LMB has
been generated in such an experiment is easily demonstrated, by exposing the final
anaerobic, photo-bleached solution to air, which rapidly restores most of the original

colour of the reaction solution, via the oxidation of to LMB to MB, i.e.

The above results pose the question: is the photobleaching of MB in aerobic solution —
i.e. the process that is a fundamental feature of the MB test — due solely to the photo-
oxidation of the dye, via reaction (6.4), and not some or all of the photoreduction, of
MB, via reaction (6.5)? In neutral or slightly alkaline solution, the kinetics of reaction
(6.6) are so facile that any photo-bleaching of MB appears to be due solely to its photo-
oxidation, i.e. reaction (6.4), as demonstrated by the results in figure 6-5. These results
show that the neutral MB aqueous solution is photo-bleached upon irradiation with UV
light. Other work shows that it does not recover its colour even with continued purging
with air in the dark, indicating that no LMB has been photo-generated, since under the
latter conditions, any LMB present would have been expected to react with the oxygen

in the dark and recover some of the original colour of the MB solution.

Interestingly, reaction (6.6) is much slower under acidic conditions and, as a result, the
photo-bleaching of MB by titania is more likely to show some evidence of LMB

production, via reaction (6.5), as well as photo-oxidation, via reaction (6.4) if carried
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out at a low pH. This is nicely demonstrated by performing an experiment in which a
10 M MB solution containing 0.01 M HC1O, was placed in contact with a film of P25
titania and UV irradiated in an oxygenated solution for 30 min, and then left in the dark
for a further 60 min during which the solution was purged with nitrogen (first 30 min)
and then oxygen (last 30 min). The results of this work are illustrated in figure 6-6,
plotted in the form of the change in absorbance at 660 nm of the MB solution, AAbs, as

a function of time.

(light off/05)

(light on/O,) (light off/N,) (light off/O,)

0.8 1

0.6

AAbsggs

0.4 4

0.2 1

0 20 40 60 80 100 120 140
Time (mins)

Figure 6-6 — a plot showing the change with time in absorbance at 660nm of a 10> M MB solution,

in contact with a TiO, film, in 0.01 M HCIO,. During the ‘light on’ stage the solution was

irradiatied with 1 mW cm™ UVA light.

These show that, as with the non-acidic MB solution, the MB is photo-bleached by the
titania particles in an oxygen—saturated solution and does not recover any of its colour
when the light is switched off and the solution purged with nitrogen for 30 min.
However, in marked contrast to the work carried out in neutral solution, under acidic
conditions, purging of the photo-bleached reaction solution with oxygen allows the MB
solution to regain 2/3’s of its original colour, as illustrated by the results in figure 6-6.
The most likely explanation for these observations is that in oxygenated solution, MB in
aqueous solution is photo-oxidatively and irreversibly bleached under neutral or

alkaline conditions, whereas under acidic conditions it is largely photo-reductively and
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reversibly bleached to LMB-reduced, which is quite stable even in oxygen-saturated
solution, since reaction (6.6) is very slow under acidic conditions. Previous work also
established that this latter reaction is favoured in neutral and acidic conditions upon UV

irradiation of the MB/T10, under anaerobic conditions.

Any ambiguity in a method of assessment, as exists for the MB test system, is clearly
highly undesirable. Although reaction (6.5) is a possible cause for ambiguity in the MB
test, it appears to be only a concern when the MB solution is acidic, or not fully
saturated with oxygen. However, less than fully air or oxygen saturated conditions may
arise not only if the solution is poorly stirred or purged — both of which can be
eliminated by good practice - but also if the photo-catalyst under assessment is highly
active. A rather nice demonstration of this is illustrated by the AAbs vs UV irradiation
time profiles in figure 6-7 that were generated using samples of plain glass, ActivT™,
and a thick sol gel film (4 microns) in contact with an unstirred, and stirred, air-

saturated aqueous solution of 10° M MB.

AAbsgg,

0.4

021 e,

0.0 ; ; ; ‘ ‘ ‘
0 20 40 60 80 100 120 140

Time (minutes)
Figure 6-7 — a plot showing the change in absorbance at 665nm of 10° M MB solutions, irradiated
with 1 mW cm? UVA light in contact with: plain glass, Activ Glass, Sol-Gel TiO, (unstirred soln.),

and Sol-Gel TiO, (stirred soln.). Stirred solutions for the plain glasses showed were no different to

the unstirred solutions.
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From these plots it is clear that MB in contact with plain glass is not photo-degraded by
the UV light to any great extent, with or without stirring, over the timescale of the
experiment. In addition, the AAbs vs t profile for Activi™, with its very low SPC
activity, is largely the same with and without stirring (initial rate (r;) = ca. 9.0x10™* Ab
min'l) for ActiviM. However, for the much more active, thick sol-gel film, the
measured initial rate of MB bleaching is 9.2x10” AbsU min" when stirred, but ca. 2.7
times less, when left unstirred, presumably due to oxygen depletion and/or LMB

production.

The results of the above work show that a set of test conditions in which an air-
saturated, neutral, quiescent MB solution is used may be appropriate if a slow-acting
photocatalyst film, such as ActivT™ is under test, but clearly inappropriate if a more
active photocatalyst film is being assessed. Clearly if the MB test does become a
standard test procedure, - and there is a strong suggestion that it will - the protocol
should be defined as such that the test is able to assess the activities of photocatalyst

films with high and low activities.

6.3 Newly Developed Method of Analysis

6.3.1 The resazurin (Rz) ink test

Both the stearic acid and the methylene blue tests do not appear apt for making
measurements in the field, since they require at least one piece of sophisticated and
expensive electrical analytical equipment and, usually, a trained technician to run and
maintain it. In addition, because most commercial self-cleaning glasses utilize only a
very thin layer of titania, the kinetics of the photomineralisation of SA or MB are very
slow and so it can take hours, if not days, to completely destroy a stearic acid layer or a

MB solution under solar UVA conditions (typically ca. 4.5 mW cm™ for a clear, sunny

day).
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It is apparent that the photocatalytic activity of a semiconductor film would be more
easily assessed, and appropriate for use in the field, if the test involved a simple color
change, especially if the latter were rapid, i.e. within a few minutes of UV exposure.

38-40 .
and, with

Researchers have tried staining SPC films and powders directly with dyes
more success, incorporating a dye in a deposited polymer film layer*'. However, the
major problem with these approaches is that they rely on the colour change being
effected by the photo-oxidation of the dye or dye/polymer combination and this is
usually a slow process, as evidenced by the SA test. Such a dye or dye/polymer test
might be adequate for assessing the SPC activities of very active, usually thick, titania
films, where the kinetics of photomineralisation are rapid, but, clearly inappropriate for
most commercial, self-cleaning photocatalytic products, including glasses and tiles, that
exhibit much slower rates of photocatalysis. Instead, what is required is an indicator ink
that can be printed, coated or written onto any SPC film, be it transparent or opaque,

and which rapidly, i.e. within a few minutes at most, will change color upon UV

irradiation of an underlying thin photocatalyst film.

Such an ink has been reported recently by this group* and comprises: 3 g of a 1.5 wt%
aqueous solution of hydroxyethyl cellulose (HEC), 0.3 g of glycerol and 4 mg of the
redox dye, resazurin, Rz. The film is usually spun-coated onto the substrate under test
and dried in an oven at 70°C for 10 min, although drying in air, rather than in an oven,
does not alter its performance. A typical dried ink film has a Any.x at 610 nm, and is ca.
590 nm thick when coated onto a test substrate, such as plain glass or Activ’™™. The
UV-Vis spectrum of this film, as well as the associated spectra recorded during UVA

irradiation, is shown in figure 6-8.
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Figure 6-8 — the change in the absorbance spectra of the resazurin ink with time while in contact

with a photocatalyst film (Active Glass) and irradiated with UV light.

In contrast, as illustrated by the results in figure 6-8, the ink did change rapidly in color,
i.e. within minutes, from blue to pink upon UVA irradiation when deposited on a
commercial sample of self-cleaning glass, such as Activi’™. Other work shows that this
colour change always occurs if a titania photocatalyst is present, regardless of its form
(film or powder) or supporting substrate (glass, tile, paper, plastic or metal). Further
irradiation (hours) of this system bleaches the ink, although the polymer remains
apparently intact. However, the unreacted polymer component of the ink is readily
removed with a damp cloth, since the ink is water-soluble, or when subjected to
prolonged UV irradiation (days), since this effects its complete mineralization by the

underlying photocatalytic film.

In contrast to the stearic acid and methylene blue tests, the Rz photocatalyst indicator
ink test described above does not work via a photo-oxidative mechanism, but rather by a
novel, photo-reductive mechanism in which the photogenerated holes react irreversibly
with the sacrificial electron donor present, glycerol, and the photogenerated electrons

(E° (Ti10; (¢")) = -0.52 V) reduce the indicator ink dye molecules, Rz, contained therein,
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to a differently coloured form, namely, resorufin, Rf. The various steps of the process

are summarised in figure 6-9.
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Figure 6-9 — the change in absorbance at l,,,, of a Resazurin film on Activ Glass when irradiated

with UV light and then left in the dark.

The Rz/glycerol/HEC photocatalyst indicator ink described above works very rapidly
for photocatalyst films with low SPC activities, such as commercial samples of self-
cleaning glass, as illustrated by the results in figure 6-8 for Activi™ [43]. However,
clearly its value as a photocatalyst indicator would be greatly enhanced if the initial rate
of dye bleaching, Ri., correlated with the initial rate of stearic acid removal, Rga, which
is so often used to assess the SPC activities of such films. In order to address this issue
a series of CVD coated samples of anatase titania on glass with different SPC activities
were prepared by varying the deposition conditions. These films, and a commercial
sample of self-cleaning glass, Activ'™, were first assessed for SPC activity using the
stearic acid test and then cleaned and coated with the photocatalyst ink and assessed for
SPC activity via the measured values of Rjx. A plot of the rate data arising from this
work, i.e. Rin, vs Rga is illustrated in figure 6-10 and reveals a good correlation

between the two sets of rate data, the important difference being that for each sample
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the Rjx data were obtained in a few minutes, whereas the Rgs data required hours of

illumination.
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Figure 6-10 — a plot showing a comparison of the rates of reaction of the resazurin test against the

same values obtained for the stearic acid test.

Finally, the efficacy of the photocatalyst indicator ink for work in the field was
illustrated by placing some of the Rz ink in an empty felt-tipped pen and using it to
write on a piece of plain and Activ™ glass. Upon exposure to 3 min of UVA light (7.4
mW cm?) the writing on the Activi™ coated glass had changed from blue to pink,
whereas the writing on the plain glass remained blue even after prolonged (6h)

irradiation with the same UV source. Figure 6-11 is a photograph of the pen and the

two inscribed pieces of glass after irradiation.
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Figure 6-11 — a picture showing the resazuring ink on Activ Glass and plain glass after irradiation

with UV light, alongside the pen used to put down the ink.

Given that most methods of assessing photocatalyst activity are slow and require
expensive analytical equipment to service them, the Rz photocatalyst indicator ink
reported here appears an attractive test for SPC activity, either in the laboratory for
quantitative work, or in the field, for a semi-qualitative assessment. It is of particular
merit since it can be delivered using a simple felt-tipped pen or rubber stamp and it
allows the semi- quantitative assessment of a photocatalytic film to be made in the field,

using sunlight as the light source and the human eye as the detector of a colour change.

6.4 Conclusions

Two major established, and one new, methods of assessing the photocatalytic activities

of films, such as found on self-cleaning glass, are reviewed. The SA test is currently
most popular and very reliable. The MB test has a more checkered history, and there
remain some genuine concerns regarding its reliability; despite this it is used
increasingly in SPC. The new Rz ink test is much faster than the other tests and easier

to use, especially in the field.
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7 Summary

7.1 Viologen Dosimeter

It was shown that viologens will form coloured species when exposed to all
wavelengths of ultraviolet light. The rate of formation of this species follows a near
linear correlation with the intensity of irradiating light. These coloured species are
stable in an oxygen free environment, such as in the low permeability poly(vinyl
alcohol). In the presence of oxygen the viologen radicals are rapidly oxidised to their
colourless bipyridinium molecules. The use of benzyl viologen, rather than methyl
viologen, is preferably as the benzyl species is less likely to be oxidised (although will

still react in an oxygen permeable environment).

The mechanism of the reduction remains unclear. The two proposed mechanisms for
the reaction involve the donation of electrons from either the halide associated with the
viologen or the solvent environment. Increasing the amount of halide in the system by a
factor of 10 led to a very small increase in the rate of reaction. Replacing chloride with
the less electronegative iodide decreased, rather than increased, the rate of reaction.
This is complicated, as the presence of the iodide clearly affects the electronic structure
(and thus absorbance spectrum) of the viologen so the effect of the halide isn’t simple.
Regardless, substituting the halide proves useful in retarding the rate of reaction. The
use of electron donating species appears to have little effect on the rate of the viologen
reduction, although the species used must be considered carefully as plasticization of
the a polymer film may occur, leading to the problems caused by oxygen outlined

above.

A viologen system has been shown to respond to erythemal levels of UV radiation,
producing a strong colour change it does so, with an absorbance of 0.8 at 550 nm after
reaching the MED for skin type II. This same system has been shown to respond in a

similar fashion under varying intensities of both artificial and natural light.
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7.2 Tetrazolium Dosimeter

The tetrazolium salts have been shown to respond to ultraviolet light of different
wavelengths, much like the viologens, and neotetrazolium chloride has been shown to
produce the greatest response in that regard. These extent of colouration can be
controlled by dye concentration and film thickness, much like the viologen films. The
tetrazolium systems are not sensitive to oxygen so a wider variety of polymer materials
may be used as the films for a tetrazolium based dosimeter. A tetrazolium system has
been shown to respond to erythemal levels of ultraviolet light, producing a strong colour

change after reaching the MED of an a skin type II individual.

7.3 Solvatochromic VOC sensor

Reichardt’s dye was embedded within an ethyl cellulose film and the film was shown to
change colour depending on the solvent vapour it was exposed to. The colour changes
were not equal to, or directly correlated with, those reported for the Reichardt’s dye in
pure solvent. It was shown using ethanol that, by carefully choosing the analysis
parameters, these RD/EC films could be used to quantitatively measure the level of

solvent vapour in the environment.

The response and recovery characteristics of the RD/EC films were shown to be similar
to other polymer-dye films reported in the literature, with the complete colour change of
the film when exposed to (and removed from) the solvent vapour occurring in over 1

minute.

Reichardt’s dye was also adsorbed onto a fumed silica support. These RD/SiO; films
also displayed colour changes when exposed to solvent vapours, although these were
markedly different to those displayed in the polymer films. This difference is due to the

different polarities of silica and ethyl cellulose.

The RD/SiO; films responded much quicker than the polymer films, with colour
changes taking <30 seconds to come to completion for ethanol. These films were also

capable of quantifying the amount of solvent in the surrounding environment.
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Interestingly, the E130 values of the RD/SiO; films under a series of alcohols showed a
linear correlation with the Er30 values recorded in the pure solvents. If these sensors
are not useful for directly identifying individual solvents they can at least be used for

identifying specific alcohols.

The RD/Si0, films were also shown to be sensitive to water and, while not a VOC, may

be useful as humidity indicators.

7.4 Sensor systems for Photocatalysis

Existing and new systems for assessing the activity of photocatalytic films were
reviewed. The Stearic acid test was shown to be a reliable and well understood system
for monitoring the activity of a photocatalytic material, either by direct monitoring via
IR spectroscopy or by monitoring the evolution of CO, through the same. The
advantage to this system is that it closely mimics the real-world application of many
photocatalyst films — the destruction of a thin layer of organics — but this comes at the
cost of taking a long time to perform, with times of 1000+ minutes reported for

complete testing.

The Methylene Blue test, which looks set to become a new standard method of
assessing photocatalytic activity, was shown to be quicker than the stearic acid test
(times <120 mins) and can be regarded as easier to monitor; While a spectrometer gives
accurate results the experimenter can gauge the extent of reaction by simply watching

the colour change.

The review highlighted difficulties with the Methylene Blue test, showing that the
precise mechanism of the reaction varies depending on the surrounding conditions such
as pH and O, concentration. These show that the results obtained from this test will
only be reliable if the conditions are understood and good experimental practice is

followed to ensure that each film under receives the same test.

The newest test developed by the Mills group, using the reduction of Resazurin as the

analysis method, has been shown to be much faster the the two established methods,
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with complete reaction occurring in less than 5 minutes. The colour change displayed
by this method occurs at levels of UVA associated with natural sunlight and so can be
used to give semi-qualitative analysis in the field without the need for specialist
equipment, especially if delivered by the proposed method of a felt-tip pen or rubber

stamp

7.5 Further Work

e It is suggested that more work needs to be done to fully understand the
mechanism of the viologen system. The author is inclined to believe that the
mechanism is based on the donation of electrons from the solvent environment,
rather than donation from the halide, but this has not been proved conclusively.
Kamogawa even argues that changing the solvent simply changes the mobility
of the viologen cation and halide anion, so any change in reactivity is simply a

matter of solubility rather than the solvent directly causing the reaction.

e The author tried to completely replace the halide with another type of anion —
dodecylsulfide — and saw no colour change (results not reported). However this
species was dissolved in a non-aqueous polymer and so it is impossible to say
either way what caused the loss of reactivity. If the halide were to be replaced
by another anion that allowed dissolution in the same polymer mixture then it
may be possible to say whether the halides are contributing to the reaction. By
understanding what causes the reaction it will be easier to identify ways of

altering and controlling the rate of reaction.

e The work performed by this author shed little light on the tetrazolium system
other than it was a UV dosimeter system unaffected by the presence of oxygen.
It was suggested that work similar to that with the viologens and using electron
donors, and perhaps even reaction blocking species, be carried out to

demonstrate that the rate of the tetrazolium reaction can be controlled and made
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applicable to all skin types. (This work was carried on by Mrs Pauline

Grosshans — see appendix).

The solvatochromic system was shown to give a quantitative response to
different levels of solvent vapour but the qualitative response was shown to be
non-simple when compared with the pure solvent. One direction to take this
would be to build up a library of E130 values for the RD/Si0, films exposed to
different solvent vapours. This would remove the difficulty of direct

comparison with the values recorded for Reichardt’s dye in pure solvent.

A project which could come out of the work would be the development of an
optical nose system using this dye. The broad spectral peaks obtained from
these films make it difficult to correctly identify a maximum wavelength and
this may result in solvents of similar polarity being confused. If an array were
built with RD dissolved in a variety of different solid supports, each recording a
different E130 value for a given solvent, then it may be possible to develop
unique spectral pictures for any given solvent. This would allow the

development of a more ‘complete’ library than the one suggested above.
Now that the solvatochromic system has been shown to work, it is suggested

that work is carried out to determine whether it can detect levels of solvent in the

ppm/b range more commonly associated with VOCs in real world situations.
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Abstract A UV indicator/dosimeter based on henzyl
viokogen (BV®") encapsulated in polyvinyl abeohol (PVA)
is described. Upon exposore to UV light, the BV /PVA
film fums a striking purple colour due to the formation of
the cation radical, BV™", The usual oxygen sensitivity of
BV i= significantly redoced due to the very low oxygen
permeability of the encapsulating polymer, PVA, Exposare
of a typical BV /PVA film, for a set amount of time, to
UVE light with different UV mdices produces different
fevels of BV, as measured by the absotbance of the film at
550 nm, A plot of the change in absorbance at this
wavelength, AAbs(350), as a function of UV index, VI,
produces 4 linear calibration curve which allows the film o
be used as a UVB mdicator, and a similar procedure conld
be employed fo allow it 1o be used as a solar UV indicator,
A typical BV PVA film generates a significant, semi-
permanent (stable for =24 h) saturated purple colour
(absorbance ~0.5-0.9) upon exposure to sunlight equiva-
lent i a minimal erythemal dose associated with Cancasian
skin, e, skin type 11 The current drawbacks of the film and
the possible future use of the BY*/PVA film 1s & personsl
solar 1TV dosimeter for all skin types are briefly discussed,

Keywords UV dosmmeter - UV indicator -
Methyl viclogen « Photoreduction

The major source of UV radiation is the sun, although other
sonrces include fluorescent lamps, welding arcs, plasma
torches and some lasers, On the surface of the Earth, the
wavelengths of solar UV lie in the UVB and UVA
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e-mail: a millsisirarh acuk

Tel: +44-141-54B2458
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waveband regions, Le. 200320 nm and 320-400 nm [1],
typically .16 and 4.49 mW cm . respectively. on a sunny
day (UVI=3.7); temrestrial levels of solar UWVC (200—
2900 ) are neghigible, Most Muorescent white light sources
emit small amounts of UVA (=48 pW cm ™) and UVE
{=9.3 nW cm™ %), both of which are well below (typically
<14% of) current recommended UV exposure himits [2],
Black—light blue (BLB) lamps (A, (cmission)=355 nm;
half-peak bandwidth=34 nm} are UVA fluorescent lamps;
they are commonly used i stores to0 check for fuorescent
markings on banknotes and to set UV-sensitive glues or
paints. UVC (ie germicidal, fluorescent tubes, A,
(emizsion)=254 nm) are most commonly uzed by the
water industry s a means of disinfection; they are also used
to disinfect the air in air-conditioning units, especially in
hospitals [3]. UVA and UVB fluorescent tubes are often
used in the sun-tanning mdustry [4].

UV is a well-recognised potential health hazard [5-2].
The damage it can cause depends upon many factors,
mecluding the biological material concerned (usually skin or
eyes), the type of UV, its intensity, the length of exposure
and the sensitivity of the mdividual. For example, shor-
term exposure of the skin to 'Y can cause damage ranging
fromm erythema, i.e. skin reddening or sunburmn, to blistering
that is simalar o that azsociated with second-degree thenmal
burns., Prolonged exposure can lead to premature skin
ageing and skin cancer. Exposure of the eyes and eyelids o
UV can cause kermtoconjunclivifis, 1e. webder's flash or
snow blindness [6—K]. Prolonged exposure of the eyes can
cause cataracts and'or clonding of the lens of the eve.
Finally, there is increasing evidence that the human
mmimune system s suppressed upon acute and low-dose
UV exposure, and this effect is independent of skin type
sensitivity [9].

Each year, sbout 133,00d) mew cases of malignant
melanomas and approximately three million nonmelano-
mia skin cancers are diagnosed, most of which are directly
attributable to UV damage [10]. It is no surprise therefore
there is growing public recognifion that we all shouold
ke an effort fo reduce the harmiil effects of UV when
out i the sun. The latter is particularly important where
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AP dosimissr
Tetzaznlium
A i
MED

A monveer] LV dhosimeter i5 described comprising a tetracodium dye, neotetrazolium chlcride {NTC ), dissaleed
in a film of palymer. pobywingl alcobol (FVA)L The dosimeter is pale yellowjcalourless in the absence of
U lizht. and tumns red upon expossre to UY lizht, The specrral characteristics of a nypacal Uy dosimeter
film and the mechanism through which the colowr change ocoars are detailed, The NTC UV dosimeter
fikms exhibit 4 response 1o LV light thar 15 related o the intensity and duration of UV expasune, the level
af dye present in the films and the thickness of the films themselves, The respanse of the desimeter is
temnperature independent aver the range 30-40°C and, like most UV desimeters, exhilits a oodine-like
response dependence upon irradiance angle, The introduction of a layer of a LV-screening compaund
which slows the rate ab which the dosimeter fespoods o UVE enables the dosimeter response to be
taidored m different UV doses. The possibie wse of these novel dosimetens to measure solar UV exposure

dose is disoussed,

© 1008 Elsevier BV, All rights reserved.

L. Introduction

Tetrazolium salts are water soluble organic heterocycles thar
can be readily redwoed to form partially seluble and insoluble for-
mazans. Tetrazoliums are generally colourtess or pale yellow in
solutien while formazans are highly coloured species typically red.
e and purple. A general tetrazelivm reduction reaction is as fol-
Iowes:

R -
"f'"‘n’—n + 2+ 2 n—{’

)_,_ i H =HCI
i

W=
G N
colouriss coloursd

1}

This colour changing reaction has made tetrazolium salts a pop-
ular chodce of indicator for the evaluation of bacterial metabilic
activity [1] as well as the detection of diseases such as tuberculo-
i [2]. The literature has numerous references to the “Tetrazolium
Test™ or the “Nitre Blue Test” [3-7] in which the tetrazolium dyes
provide a quick visual indication of cell activity vio its addition to a
cell culture,

* Comesponding auitorn Fel: H4d 141 348 2498; fam: +949 18] W8 qE2E
E- il aadeeis: amilaararioae uk (A Milks)

HIHI-E0G0]E - see Tl matter © 2008 Elseier AV AR rights sl
ol LB phimnc heim 200810010

As well as occurring vin electron transfer in biokogical emvi-
ronments, the reduction of tetrazoliums can also be induced by
y-radiation, which enables tetrazoliums to be used as desimeters
for measuring absorbed dose of «y-rays. Much work in this area has
bean carried out using triphemy tetrazolium chloride (TTC) [B-11]
the structure ofwhich is illustrated in Fig. 1, along with some other
cited compounds.

TTC based dosimeters for+y-radiation monitoring have been pro-
posed inthe form of aqueous |8.9] and alcobelic | 10] solurions but
also as agar gels [8]. Less well studied has been the wuse of tetra-
zolium dyes in films for UV dosimetry.

Ultraviolet radiation [ LIVR] plays an impantant mole in maintain-
ing the human body. The main benefit of UVE s generally ascribed
o its role in the synthesis of vitamin D3 [12], which is required
in mamy important functkons within the human body, such as aid-
ing the absorption of dietary caleium in the gut required to sustain
healthy bones [12.13], Individuals suffering from skin conditions
such s psoriasis can also benefic from UV phototherapy | 14] Over-
cxposure i UVR can, howewer, be hazardous to human health [15]
with the severity of the damage caused depending on the type of
U, the intensity and kength of the exposure and the sensitivity of
the individual. Asute effects arising from short-tenm EXposure to
the skin and eyes include erythema ie, the reddening of the skin
more commanky known as sunburn, photokeratitis and photocon-
Junctivitusg, the reversible sunbum of the comea and conjunctig,
respectively |15.16). Long-term exposure can lead to chronke con-
ditions such as photoaging [12,17] and skin cancer [12-21] and
cause clowding of the lens of the eye, Le. cataracts [22]. There is
alse evidence that the human immane system is suppressed dus to
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Current and possible future methods of assessing the activities of
photocatalyst films
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Ahstract

The continuing interest in semiconductor phodochemistry, SPC, and the emergence of commercial products that uiilise films of photecatnlys
muberinls, hos created an urgend need 1o ngree a set of methods for assessing photocatalytic activity and indemational commitiees are now meeting
to nddress this isswe, This anticle provides o briel overview of two of the most popular curnent medhads employed by researchers for assessing SPC
activity, and one which has been published just recently and mighd gin popalarity in the future, given its ense of use, These tests ane: the stearic neid
(5A) test, the methylene blue (MB) test and the resarurin (Rz) ink test, respectively. The basic photochemical and chemical processes that underpin
each of these tesis are describei. along with typical resulis for lasborstory made sol=gel tilania films and a commercial form of self-cleaning glass,

Activ™, The pros and cons of their future use as possible stasdard assessment techniques are considened.

() M7 Elsevier BV, All rights reserved.
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L. Introduction

The baosic process that underlies most examples of
semiconductor photocatalysis, SPC, can be summarized as
fellows [1-51,

r By
Oeganic pollutant +Dgg.m—drﬂmrrumnl; (1

where Ep, 15 the bandgap energy of the semiconductor and,
usunlly, the semiconductor is anstase tisnium dioxide, The
latter form of tinnia is commenly chosen because of its
chemical and biokogical ineriness, mechanical toughness, high
photocatalytic activity and low cost [1-5],

Extensive research imto SPC using TiO has shown that it 13
able 1w photocatalyse the complete oxidative mineralization of
a wide range of organic materials, incheding many pesticides,
surfactants and carcinogens, by oxygen [ 1-5], Mot surprisingly,
many commercial products have emerged in recent years based
on titania photocatalysis, including: water and air purification
systems and self-cleaning tles and glasses [6]. The latter in
particular have met with significant commercial snccess and are

* Corespoiding methor. Tel.: 444 141 348 2458; fnu 44 141 548 4832,
E-weert] ceeldress: nomills @ sivah ac ok (A, Malls)
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now sold world-wide by mest of the mapor glass manufsciurers
including the following (with the tmade name of their
commercial product  in parentheses):  Pilkington  Glass
tActiv™) [7], $t-Gobnin (Bioclean™) 18] und FPG (Sun-
Clean™ 191,

In the case of the above, the thin, typically 15 nm, Glms of
anatuse titania on glass employed are self-cleaning in that most
of the organic pellutants that go to make op the dirt and grime
that deposit on window gloss are rendily mineralized by oxygen
via the photocatalytic process (1) [10]. These films are also
more easily welled by waler, e, hydrophilic, afier UV
mradition, making it difficult for hydropbobic  organic
pollutants to mihere o the surface. Although it remains, as
ved, unclear how UV-induced, ydrophilicity and SPC activity
are related, it is clear that any titania film which 15 SPC active
also exhibits. UV-induced hydrophilicity. It follows that for a
fully functioning, self-cleaning glass it is essential that the
titania coating exhibits SPC sctivity.

In order o compare the effectiveness of one self-cleaning
glass with that of another, and to be able w effect and
demomstrate 4 commercially acceptable high degree of quality
comtrol on any SPC peoduct, such as self-cleaning glass, it is
essenlial o have a set of agreed standard methods of assessing
SPC activity. The creation, validation and promotion of such a
sel of standard methods is cumently in progress by an
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