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Summaq. The technique of Diffuse Reflectance Laser Flash Photolysis 
is outlined in terms of the general principles for detecting transient 
absorption within an optically-clense meuium, am ror lnterpretlng from 
diffusely reflecteo analysing light the kinetic and spectral 
properties oi the transient species. The application or data obtained 
by the technique to further the understanding of photoprocesses in 
alusotropic mecua is discusseo using examples of dyed cotton fabrics, 
functionalised polymers, molecules adsorbed as fractions of a monn- 
layer on axids substrates, a nd ketones intercalatgf in the channels of 
'silicalite'. 

Introduction 

Flash ohotolysis is frequently applied to organic molecules to 

investrgate primary photoprccesses from whrch a greater unoerst&rg 

of photochemical reactrons can be obtained. Numerous publications deal 

with the genera.t rlechaiology ot flash photolysis 1-4 , in which a pulse 

of exciting lignt is employed to generate transient species which are 

detected by absorption of light from an analysrng source. The decay of 

the transient absorption at one particular wavelength can be followed 

('kinetic spectrophotometry') or the absorption spectrum of the 

transient is recorded at given times after the exciting @se ('flash 

spectroscopy'). Hitherto a basic requirelnent was that the sample must 

transmit a portion of the analysing light. This requirement is met 

when a given molecule is dissolved in a fluid solution or exists in 

the gas phase, out is not met if, ror example, it is adsorbed on an 

opaque or highly scattering substrate. It 1s clear that transmission 

flash photolysis is ideal for stwdyinq a transparent isotropic medium, 

but is not orrectly applicable where the optical density is so high 

that no aetectaole light is transmittea. We have developed and 

extended MMSSUXEY laser flash photolysls for direct application to 

highly-scattering substances, and in this article we will discuss both 

the technique and its application to optically dense anisotropic 

media. 
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A given opaque sample has a certain reflectance Rg at a 

wavelength A. Rg is definea as wIA, where G ald IA are the levels 

of reflected and incident light, respectively, at the sample surface. 

If excitation produces a transient that absorbs a traction of light 

of wavelength A, Jg will be decreased to some value Jk and the 

reflectance is reduced to Rb As the transient decays JA will 

increase, and if completedecaytakes place and no permanentcolour 

change or other damage has occurred, the original level of 4 will be 

attained. Thus the decay of the transient can be followed by 

measuring the change in the level of reflected analysing light as a 

function of time. Rote that two kinds of reflection can take place 

from the sample: (i) the specular, regular surface, or mirror 

reflection, and (ii) the diffuse retlection. The essential difference 

betweenthesetwotypes is that in the former the inclaent light is 

almost entirely reflected by the surface of the sample and the 

reflected beam emerges with the same angle to the normal as the 

incident beam, whereas tar the latter reflection the incident beam 

penetrates into the sample betore emerging. The diffuse reflection 

occurs randomly am is not airectional. In Vitfuse Reflectance Laser 

Flash Photolysis" diffusely reflected monitoring light interrogates 

transient absorption in an analagous fashion to transmitted monitoring 

light in transmission flash photolysis. The interpretation of kinetic 

ard spectral paralneters contained in diffuseiy reflected monitoring 

light, ano a selection of examples of the photophysics and 

photochem.istry or some organic systems will now be discussed. 

One approach to considering light diffusely reflected from a 

medium containing randomly distributed, uniformly absorbing and 

scattering particles involves two differential equations which 

describe the light flux in a thin slice of thickness dx at a aepth x 

beneath the irradiated surfa&: 

dl = -(K+S)Idx + SJdx (1) 

cil = (K+SlJdx - SIdx (21 

where I and J are the light fluxes away trom ana towards the 

surface, respectively. K and S are the absorption and scattering 

coefficients, respectively, of the sample. When the sample is so 

thick that the layer containing the light tlux is backed by material 

into which M light penetrates, equations (11 and (2) can be solved to 

give the Kubelxa-Munk equation which relates the observed reflectance 

RtoKandS: viz. 

(l-RI2 = K (3) 
2R s 



(l-R'12 (l-RI2 7-- = 2(9-EG)CT (4) 

2R 2R S 

where R and d are the reflectance8 observed before and after lasing, 

respectively. If the Kubelka-Munk approach is used for considering 

diffusely reflected light, equation (4) is a general one for relating 

the &served transient reflectance to the initial reflectance of the 

sample and the exctinction coefficients of the ground state absorber 

and the transient species. 

Diffuse reflectance laser flash photolysis 

For a single substance K = 2Ec, wkrec= extinction axfficient and C 

= concentration. If there is backgroundabsorption by the substrate 

then K = KS + ZcC, where KS is the absorption coefficient of the 

mibstrate. For a homogetlgws conversion of grourd state spscies to a 

transient, at any time after flashing K = KR + z~G(cG-r+) + 23,1+ 

whereG represents the grcurxl state absorber arkdTtk transient. If S 

isoxmtantthen 

Generationof auniformtransientdistributionbyanexciting 

pulse occurs when a high percentage conversion of ground state to 

transient occurs, which wouldbe expectedinadilute sample witha 

high ground state extinction coefficient at the exciting wavelength. 

It has been shown theoretically that increasing the iatensity of 

excitation in such a sample causes an increase in the thicsness of the 

layer containing a uniform transient distri~tion6. This is depicted 

in Fig. 1. In samples where a low percentage conversion cf ground 

state to transient is expected, an exponentially falling-off 

04 
sample depth / mm 
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concentration of transients is obtained and equation (4) does not 

apply. Calculations have shown that when less than 10 % of available 

monitoring light is absorbed, the change in reflectance is directly 

proportional to the transient 03ncentration7. If the entire depth of 

sample is totally converted from the ground state, tor example where a 

thin absorbing layer is adsorbed on to a scatterinq substrate, 

equation (4) is inappropriate and the observed reflectance is related 

to the absorption and scattering coefficients by: 

R' = (1~3~) sirMad) (5) 

(1+B2) sinh(ad) + 26cosh(ad) 

where a = K (K +2S), J' 6= JKI/(KI+zs), and dis the sample thickness. 

Kinetic analysis and spectral interpretation of transient 

absorption data obtained from diffuse reflectance laser flash 

photolysis are therefore dependent on the distritaition of transients 

within the scattering medium. Samples such as organic micrcrystals 

which havevery highground state concentrations are likelytopossess 

an eqonentially fallirq-off transient concentration ard the change in 

transient reflectance ("AR") can be taken as proportional to the 

transient concentration. First order kinetic analysis is performed by 

plotting ln(AR) against time: second order processes would not 

normally be expected where a concentration gradient exists. The 

transient extinction coefficient will be proportional to AR 

In an optically-thick sample such as a monolayer of absorbing 

material adsorbed on an inert substrate, a uniform transient 

population may beproduced.To obtain the first order rate constant 

ln{[(l-R'~2/2R'J-[(l-R~2/2R1) should be plotted against time, and for 

second order analysis a plot of l/(~(l-R')2/2R'l-[(l-R~2/~1~ versus 

time will yield k2Co, where k2 is the secolxl order rate constant, and 

Co is the initial transient concentration. Provided that S is 

im%pemdent of wavelength, a plot of ~~l-~~2/~l-[~l-R~2/2Rl against 

wavelength at several times after excitation will give the time- 

resolved transient difference spectrum. For all the spectra shown in 

this paper S is assumed to he independent of wavelength 

The geometric disposition of sample, exciting and analysing 

beams, and detector (e.g. a photomultiplier) is naturally different 

for a scattering sample to that employed in transmission flash 

photolysis. It is crucial that the area of aample reoeiviq armlysiq 
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a , Beam splitter 

_ Integrating sphere 

Fi .2. Three geometric dispositions of sample 's', exciting 'x' and -37 ana ysing 'a' beam and detector Id'. (a): excitation normal to the 
sample, with analysing light incident atan ansle of about 45O. (bl: 
as for (al but exciting and analysitq be- reverse positions. In (al 
and (bl 'r' is the specular reflection of the analysing and exciting 
beams, respectively, andthedetector 'd' includes a monochromator. 
(cl: an arrangement including an integrating sphere where excitation 
and analysis is performed coincidentally. Herethedetector 'd' 1s a 
photomultiplier alone and monochromator 'rn' is placed before the 
Sanple. 

light has &en wholly excited, ark3 that m specular rerlection of the 

analysing beam is aetected since it contains littleor no transient 

information. It is equally important that neither the diffuse mr the 

specular reflection of the exciting laser beam enters the detector, 

since spurious signals due to pkkomultiplier fatigue and recovery can 

result. Fig.2 shows geometric arrangements for production and 

detection of a transient absorotion in an opaque sam@e, including a 

system which contains an integrating sphere. However, when ths sphere 

was employeo, no improvement in signalto noise ratio was obtained 

when the m0n0chr0mator-photomultiplier was placed at the s*re exit 

port, since only avery small amount of light from the sphere canbe 

directedthroughthe monochromator to the photomultiplier. If the 

morrchrcxnator is positioned before the sphere entrance and an 'end-on' 

photomultiplier placed at the exit, as in Fig. 2(c), this probkn can 

be overcome; butanyluminescenceofthe sample willusuallyaverload 

the photomultiplier, ark3 this arrangement is therefore only viable for 

non-emitting samples. Our experience has shown that little or M 

improvement can be gained from using an integrating sphere, andour 

preferred geometry is the simpler arrangement of Fig.2(al or 2(b). 



1202 F. WILKINSON and C. J. WILLSHER 

The use of nanosecond diffuse reflectance laser flash photolysis 

was firstreporteoror microcrystallinebenzil* and benzophemne', 

where the triplet-triplet absorption was detected for each material. 

We later demonstrated the versatility or the technique by applying it 

to inorganic phosphor powderslO, doped semicotictorsll, as well as to 

the heterogeneous anisotropic substances which are to be discussed 

below. It is gratifying to note that other workers have used the 

diffuse reflectance method to study, for example, the photophysical 

behaviour or pyrene on aluminaal and of ketone molecules adsorbecl on 

silica13vi4S 

(i) Dyestuffs incorporated into woven cotton fabric ---- 

Plain weave, non-fluorescent cotton rabric proviaes a medium 

into which dyestuffs can be readily incorporated from a fluid 

solution. Hitherto the photophysical properties of a dyed fabric 

could only be directly obtained from luminescence measurements and 

model stuales OL transient absorption by the dye would need to be 

carrieo out in a dilute fluid solution by transmission flash 

photolysis. By means of the diftuse reflectance technique, transient 

absorption with cotton fabric dyed with aluminium sulphonated 

phthalccyanine N.KS)15 am halogenatsd uerivatlves oi xanthene dyes 

(eosin and erythrosin) have been studied directly. Fig.3 shows the 

time-resolved transient difference spectrum for ALPCS dyed cotton 

fabric. From the spectral features thetransientcan be assignedas 

the triplet-triplet absorption of ALF&, and its aecay follows an 

exponential rate law for whichkl is intheregionof lo3 s -1 . This 

I I I I I 

460 550 650 75C 
worolength /nm 

Fiq.3. 
I=Sea, 

Time-resolved transient difterence spectrum of nitrogen- 
dry cotton fabric dyed with ALES following excitation at 354 

nm, (pulseduration= ns, pulse intensity= 40 mJ/pulse). (a) 0 Ps 
(b) 50 Ps (cl 100 1:s after laser flash. 



constant holds whether the fabric is dry or water-saturated in the 

presenceof a positivepressureof nitrogen, arrlindry fabric under a 

positive pressure of oxygen hardly any quenching of the transient is 

noted. However, when both water and oxygen are present, quenching 

does takes place. The decay in the presence of water and oxygen c&s 

not obey pseuao-rrrst order kinetics and there is evidence for the 

formation of a permanent product. Analaqous behaviour occurs for 

cotton dyed with eosin and erythrosin; for these fabrics the major 

transient component is the triplet state, assiqned on the basis of 

spectra reported for a dilute fluid solution 17,18 , although unaer 

certain conditions for Rosin there is also spectral evidence for the 

presence oi the semi-reduced form of tne dye. 

(ii) Polymer-bound Photosensitisers 

The successful immobilisation of rose bengal to a polymer 

backbone by Schaap et a11gr20 has considerably extenjed the important 

role of this compound as a photosensitiser. However, a full 

investigation of the primary photophysical processes within polymer- 

bound rose bengal is not possible by transmission flash photolysis, 

due to the opaque nature of the sensitizer. We have carried out a 

diffuse reflectance laser rlash photolysis study of "Sensitox I" (rose 

bengal bound to chloromethylated styrene-divinyl copclymer beads") 

and "Sensitox II" (rose bengal bound to the polymer formed from co- 

polymerisation of chloromsthylstyrene am the monomethylacrylate ester 

of ethylene glyc01~~) , and compared and. oDntrasted the photophysical 

behaviour of rose bengal in a variety of other heterogeneous 

environments21. Fig.4 gives the time-resolved transient absorption 

spectra for Sensitox I and Sensitox II. The structure of these two 

spectra are not dissimilar, but the shulder at 68u nm for Sensitox I 

becomes a peak in the case of Sensitox II. Note also that the 

different polymer base results in different decay times, with the 

transient absorption in Sensitox I decaying approximately ten times 

more quickly than tne transient from Sensitox II. For both materials 

the transient is assigned as the triplet-triplet absorption, and 

laser-induced emission maximising at 765 nm was also observed. The 

emission decay in each sample has the same first and secotld half life 

as the correspondim absorption decay, within erqwimental error: from 

both this observation and spectral information the emission is 

assigned as phosphorescence. 

1203 
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FisAA. Transient absorption spectrumof Sensitox I (a) 0 us (b) 1~s 
(c) 4 us after laser rlash. 
Fis.43. Transient abwrption spectrum of Sensitox II (a) 0 us (b) 25 
us Cc) 100 1.16 after laser tlash. For botn samples, excitatian 
wavelength = 354 nm, pulse width = 15 ns, intensity = 40 &@se. 

Decay by a mixture ot first and second order processes 

expressed as:- 

can be 

The integratea form OL this sq:ation may be written as:- 

t7) 

From analysis of a&sorption and phosphorescem? decays according to 

equation (7) a fit to the data was found2k Decay traces obtained from 

rose bengal in other heterogenecrus environments can also be fitted by 

equation (71, ard for samples where a faster triplet decay obtains, an 

akiitionsl laser-induced emission is observed which centres on 610 nm 

anl which decays more rapidly than the phosphorescence. In the 606 nm 

region ~OSEL bengal is expected to exhibit fluorscence, but the deosy 

observedat nmistoo slowtobaprompt fluorescence. It is more 

likely that delay& fltxxescence is occurring, atx3 this implies that 

triplet-triplet interaction to re-populate the singlet is more 

predominant in some heterogeneous environ@nts than in ott#ra. This 

kim.3 of i~or~t~~ may help in evaluating the efficiency of a triplet 

sensitizer, since reversal of the triplet to the singlet can we 

with the triplet sensitisation prccess. 

Benzophenone is a well-established triplet sensitizer in organic 
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photochemistry, and has recently been synthesized and used in 

polymeric form (as benzoylated polystyrene) to bring about 

photochemical reactions such as the (2+2) photocycloaddition of 

cyclohexene to maleic anhydride, the E-Z isomerisation of (El-1,3- 

pentadiene and methyl(E)-2,2-dimethyl-3,5,-hexadienoate, and the 

photooxidation of secondary alcohols to ketones22. Polymeric 

benzophenone exists in the formof insolublebeads in which we have 

Figs Decay of the transient absorption in polymeric benzophenone 
(benzoylated polystyrene) mDnitored at 530 nm following excitation at 
354 nm (pulse wtith - 15 ns, pulse intensity 120 nil/pulse). 
_A "Pl", where 1) of available phenyl groups in polystyrene-2% aivinyl 
benzene co-polymer 1s benzoylated. 
g "P-29" - 298 benzoylation 
c V-50" - 50% benzoylation. 

studied transient absorption using diffuse reflectance laser flash 

photolysis. Fig.5 shows that the absorption decay acurs more rapidly 

as the percentage benzoylation of available phenyl groups in 

pzLystyrenel% divinylbenzene copolymer beads is increased. Studies of 

laser-iticed emission show hardly any change in luminescence decay 

time for different percentage benzoylation of the polymer base.The 

emission 1s assigned as phosphorescence from its spectral 

distribution, but the transient absorption arlses from a species - 

perhaps a radical formed from the triplet state - which appears to be 

quenched when a higher concentration of phenyl groups and/or 

abstractable hydrogens surround the benzophenone moiety. The 

experiments wrtn benzoylated polystyrene are still in their initial 
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stages, but from the data obtained so far it is evident that 

interactions between an immobilised chroxmphxe and the substrate or 

an anchored guancher oan be investigated in optically dense materials 

by diffuse reflectance laser flash photolysis. 

(iii) Hydrocarbons adsorbed on to alumina ---- 

Samples of naphthalene, biphenyl, triphenylene, pyrene and 

pbenanthrene cbemisorbed ony-alumina were the first materials to be 

subjected to diffuse reflectance flash photolysis 23. Prom the 

spectrum obtained for each sample the transient was assigned as the 

triplet state, although the use of a millisecond flashlamp as the 

excitation source precluded any study of shorter-lived transients. It 

was from these results that the impetus was derived to tully oevelop 

and exploit nanosecond diffuse reflectance laser flash photolysis. 

(iv) Acridine adsorbed on alumina and silica ------ 

The interaction between a n-electron system and the electron- 

deficient sites at the alumina or silica surface can be probed by 

studying the properties of transients using time-resolved diffuse 

reflectance spectroscopy. For acridine on alumina the transient 

absorption maximises at 485 nm and is assigned as arising from 

complexes between acridine and Lewis acid sites in alumina. Svidence 

for insignificant interaction between aojacentacridine molecules 

I I 

450 550 

worelength/nm 

Fig.6 Triplet-triplet absorption spectrum of acridine adsorbed on 
silica (A) 0.5 ms (61 1.0 ms (Cl 4.0 ms after excitation at 354 MI 
(@se &ration = 15 ns, pllse intensity = 40 mI/Ixilsel. 



axnes from the cuservation that ths decay of thetransient absorption 

is virtually independent of surface coverage. This is in sharp 

contrast to where silica is the adsorbent. In this oz3e the transient 

absorption maximises at 440 nm - see Pig.6. - and is assigned as a 

triplet-tripletabenqkion. At low coverages of the silica surface the 

triplet has a lifetime of 30 ms ti its decay follows an erqxxrential 

rate law. When the surface coverage is raised the or&r charges from 

first to second: this is explained by triplet-triplet annihilation 

which results from the mobility of adsorbed acridine on the silica 

surface or from the formation of aggregates even at low surface 

coverages24. 

(v) Ketones intercalated in the channels of 'silicalite' ---- 

Silicalite is a hydrophobic zeolite with a zig-zag system of 

circular and elliptrcalchannels which have a freecross sectionof 

about5 8. Molecules which can k-s included in the channels should be 

expected to exhibit different properties to when existing in an 

isotropic msdium, e.g. by virtue of restricted molecular motions, ard 

by having a variety of potential &sorption sites. These properties 

have been probed tar different ketones intercalated in the channels of 

silicalite25. Fig.7 depicts the time resolved spectrum for xanthone 

on silicalite. This spectrum arises from the triplet state of 

xanthone26, for which &,ax is known to be sensitive to the polarity of 

theenvrronment. WeobserveX ,,,at605 nm, whichimpliesthatthe 

environment offered by silicalite is rather polar. Restricted 

molecular inotion within the silcalite channels is demonstrated with 

acetophenone, butyrophenone, and valerophenone. In each of these 

1207 
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72% Fi .7. Triplet-triplet absorption spectrum of xanthone on silicalite 
us (b) 25 US (c) 100 US after laser flash. Xexc = 354 nm, pulse 

duration = 15 ns, @se intensity = 30 mJ/pllse. 
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samples a transient absorption assignable to the triplet benzoyl 

chroa@xxe is obtained following excitation at 266 nm. The lifetime 

of the triplet increases in the order acetophenone > butyrophefkone > 

valerophenone, but it is substantially longer than when the ketones 

are in a dilute solution, indicating restricted molecular mobility 

within the reolite channel structure. The trend of the lifetimes&es 

parallel solution behaviour which suggests that the Norrish Type 11 

hydrogen abstraction can occur in the cases of butyrophenone and 

valercphenone, but at a considerably reduced rate. 

Hxperiamntal 

The apparatus to carry out diffuse reflectance laser flash 
pbotolysis is shown schematically in Fig.& A harmonic of an Nd-YAG 
pulsed laser (J.K Lasers Ltdl acts as excitation acurce - 3 harmonica 
are available: 532 nm, with a maximum intensity of 200 m7/pulse; 354 
nm (50 mJ/pulse); and 266 nm (10 m;l/pulse). The analysing source is 

+ 

Nd-YAG 
pulsed ” 

laser 
I 
I 

\I I (, 
I 

1, 
M - monochromator 

P - photomultiplier 

s- sample 

X- xenon lamp 

Fi .I3 Schematic diagram of apparatus for diffuse reflectance laser 
?I?-- ash photolysis. 

the pulsed output of a 250 W Xenon lamp (pulse width - 0.5 msl 
(Applied Photcphysics Ltd), ard an R928 Multiplier (Harmmatsu Ltd) is 
thedetector. The photomultiplier signal is led to a Tektronix 7912AD 
programmable digitizer for transfer to a PDP 11/03 minicomputer 
(Digital Equipment Ltd) for analysis. The minicompltor is in overall 
control of the timing sequences and the operation of the apparatus, 
namely the laser firing, pulsing of the arc lamp, shutter control, 
reading of digitized data and resetting instruments for the next run. 
The digitizer time-base is triggered from the *switching unit of the 
YFG laser. 

Saaple preparation is as follows: 

(1) Dyea cotton fabrics -- 

A piece of cotton fabric is left soaking in anaqueous solution 
of the dye for 15 hours followed by drying in an oven at SO°C for 2 
hours. The loading of the cottonisintheorder of a few micrograms 
of dye per gram or fabric. 

(21 Fuxtionalised polymers 

Sensitox I and Sensitox II (Hydron Laboratories Inch were a gift 
from Dr A.P. Schaap, and were used as received. Benzoylated 
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polystyrene is made by Friedal-Crafts benzoylation of 2%-divinyl- 
benzeneusitlg bensoylchlorideincarbondisulphide intbepresenceof 
AlC13 (22). 

(3) Materials &sorbed on alumina and silica 

Theadsorbents wereoutsassedunder a pressure of 10v6 mbar at 
1ooac or 3oOoC for 2to 5 daysto KemDve 

* K 
and ph sieorbed water 

tithe *bates introduced to the a&or nt fram i&-vacuum & 
- left for 2-5 days to mlete the adsorption process. 

(4) Ketones on silicalite -- 

Silicalite (Union Carbide) was heated at 500% for 24 hours prior 
to use. A solution of the ketone in 2,2,4_trimethylpentane (iso- 
octane) was stirr 

2 
with silicalite for several hours, followed by 

washingarddryi . The size of the solvent molecule ensures that it 
cannot be included in the channels of silicalite. 

Samples of U), (2) sod (4) were investigated in a quartz CUVette, 
and&oxygenated by flowingN;!in/araundthe sample, if necessary,and 
samples of (31 were held in a sealed guartz amparle. 
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