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This report is on the final phase of the three year programme of work supported
under the terms of this contract. The report is divided into two sections, that dealing
with evanescent wave-induced fluorescence of polymer-surface interactions, and that

dealing with the fluorescence of synthetic polymers in solution.

Evanescent wave-induced fluorescence spectroscopy

Earlier work describing the setting up and performance of a time-resolved
evanescent wave-induced fluorescence spectrometer has been fuliy written upl, and a
copy of the paper (in press) 1s appended.

The emission properties of soluble polydiacetylenes have received considerable
attention over the past few years, since they exhibit dramatic solvato, thermo and
electrochromic effects. The evidence for 1D exciton diffusion in conjugated polymeric
svstems of this type promotes investigations for the theoretical medelling as well as the
technolognical importance in optical molecular electronics. -

The mechanisms responsible for the spectral shifts in both absorption and emission
(where observable) is attributed to the degree of disorder in the conjugated n-electron
backbone. In the disordered systems such as those induced by higher solubilities of
high temperature solutions or better solvents, the conjugation is disrupted which
reduces the effective conjugation length and results in a shift to higher energy of both
the absorption and emission spectra.2 Conversely, a reduction in the solubility causes
order in the polymer backbone and results in a shift to lower energies of the absorption
and emission spectra, although in some cases the increased order also reduces the
fluorescence quantum yield to an undetectable level. The structural deformations
responsible for the observed changes in conjugation is an area of controversy.3 In
disordered systems it is not clear whether the forms, the existence of solvated single
chains is debated.

Polymers based on fully conjugated backbones exhibit large non-linear optical




effects. The technological importance of this property is one of the major driving
forces for a greater understanding of the relationship between the microscopic
molecular properties and the macroscopic optical effects. The preparation of good
quality optical waveguides based on these materials is essential to the evaluation of the
non-linear properties. Soluble forms of the polymers provide a means for the
preparation of the waveguides by the simple spin coating technique, where solutions of
the polymers are spun onto a glass substrate. However, the solvating side-group can
be a major influence on the extent of conjugation.

The aim of the present study was to use the well known fluorescence properties of
4BCMU as a method of studying the molecuiar i Tuence on the quality of the thin films
used for the optical waveguides. In particular, the interfacial region between the
4BCMU and the glass substrate was of interest as it is a major influence on the optical
guiding properties of the Jilm.

Using evanescent-wave induced fluorescence spectroscopy, emission from the
soluble polydiacetylene, 4BCMU, has been studied at a fused silica/2-
methyltetrahydrofuran solution interface 4

Figure 1 shows that the red (R) form of 4BCMU in poor solvent (CHClz/Hexane)
gives a fluorescence centred at 550nm, and that in the evanescent wave experiment,
where the bulk solution is probed (marked ewif in Figure 1), an identical result is
obtained. The yellow (Y) form of 4BCMU in good solvent (2MeTHF) has a
fluorescence at 525nm, which is reproduced in the ewif experiment in the bulk (Figure

2).
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Eigure 1

Bulk and Evanescent-Wave induced Fluorescence Spectra
of an R-Form 4BCMU solution. (CHCI3/Hexane)
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Figure 3 shows the emission spectra at the interface for a Y solution of 4BCMU
presented 10 a clean fused silica surface. The emission spectra are seen to change for
up to three hours from the time when the interface is first made. Initially, the emission
has a maximum at 520nm, which rapidly shifts to 550nm and then reduces to an
equilibrium profile. Two spectrally distinct species can be identified which correlate
with the ordered (R) and disordered (Y) forms of the polymer. The changes in spectra
are related to the conformational reorganisation of the polymer at the solid solution

interface, with evidence for polymer folding.
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Eigure 2

Bulk and Evanescent-Wave induced Fluorescence
Spectra of a Y-Solution of 4BCMU. (2MeTHF)
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The changes from red to yellow forms which occur near the surface on a time-scale
of 3-300 minutes follow first-order kinetics, as shown in Figure 4. The implication of
these results are stiii being assessed, and will be included in the final technical report of

this contract, due shortly.

Variation of Y and R Component of 4BCMU Y Solution
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. i vinyl ( ic) polymers

As outlined briefly in the Fifth periodic report on this grant, results obtained on
poly(styrene) are at odds with earlier results concerning the extent to which electronic
energy migration contributes to the population of 'excimer’ sites in poly(vinyl aromatic

polymers in solution and bulk phases. A critical evaluation of the reverse dissociation
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in poly(styrene) in solution using better time resolution has led to the conclusion that
this process is absent in this polymer, despite earlier evidence that it occurred. A brief
paper reporting this is in press (copy appended). A full review of the implications of
our recent findings upon the reinterpretation of the relative importance of energy
migration and semental motion in populating excimeric trap sites in polymers is in
preparation, and wiil be included in the final report on this contract.

A brief study has also been carried out on the fluorescence from atactic
poly(styrene) films, cast from solution. In this study, care was taken to avoid
continuous exposure of the film to excitation radiation at 257.25nm. as this has been
shown to give rise to fluorescent products which complicate subsequent analysis.

At 298 K. the total fluorescence spectrum is dominated by excimer emission,
whereas at 77 K, the spectrum is dominated by monomeric emission, as is that of
atrractive polystyrene dispersed in poly(vinyl methyl ether). The propensity for
excimer formation is thus strongly correlated with the freedom of motion of the
aromatic moiety. This could be due to there being low rotational energy barriers to jnter
molecular excimer formation, or a temperature dependence to intermolecular energy
migration in these solids. An attempt was made to investigate this by close analysis of
the kinetics of the excimer forming process using picosecond laser excitation.
Fluorescence decay data recorded in the excimer region could be well fitted to a gingle
experimental decay with a lifetime of 20ns. That a risetime was also present was
established (thus indicating a time-dependence of population, i.e. excimer sites are not
preformed), but the details of this risetime were beyond the resolving power (100ps) of

the present apparatus.
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Part 1.—Deviations in the Fiuorescence Lifetime of Tetrasuiphonated Aluminium
Phthalocyanine at a Fused Silica/Methanol Interface

- N
Garry Rumbles,* A. J. Brownt and David Phiilips

Lt newt«

Department of Chemistry, Imperial Coliege of Science, Technology and Medicine, Exhibition Road,

London SW7 2AY. UK

Evanescent wave induced fluorescence spectroscopy and time-correiated single-photon counting have been
combined to provide a method of studying the fluorescence decay profiles of fluorophores at a solid/solution
interface Using these techniques the photophysical properties of tetrasuiphonated siuminium phthaiocyanine
(AIS,Pc) in methano! and water solution have been studied at fused silica interface. In & poor solvent, such as
methanoi. AIS Pc is shown to form an adsorbed monolayer on the tused silica surtace and exhibit a fiuores-
cence decay profile that deviates trom the simple. first-order, singie-exponential kinetics of the bulk solution. By
changing the soivent to water. which is & good solvent for AIS,Pc, the suriace,bulk differences not observed.

The ability of ime-resolved fiucrescence spectroscopy to distinguish between concentration and quantum-
yield effects on evanescent wave induced fluorescence intensity, is clearly demonstrased.

When hghtin a medium of refractive index, n,, encounters a
medium of Jower refractine index. n,. two processes can
occur . when the angle of inoidence 1s less than the cntical
angle O . denned by Snell's law as @, = sin™ *(n, n,), refrac-
uon occurs for angles of tncidence > ©, total interna) reflec-
uon occurs The name total internal reflection (TIR),
howeser, 15 a misnomer. as 1 amphes that all of the hght
remains with:n the more refractive medium This is not the
case. as predicted by Maxwell's equations of electromagnetic
radiatior.’ © since a small amount of light penetrates the
lowzr refractine medium in the form of a standing wave that
decavs exponennally in intensity with distance from the inter-
face and 1s known as an ‘evanescent’ wave. If the lower
refractve medium contains a chromophore that can absorb
the wavelengthis: of hieht that are incident at the interface,
then they can absorb the hght witnin the evanescent wave.
This principle can be combined with conventional spectro-
scopic techmaues. such as 1IR3 UV-visible.? Raman**® and
fluorescence spectroscops.® ** 1o study molecules of interest
at a sohd interface. at distances that are a fraction of the
waselength of the inadent hight. The less refractive medium
can take the form of a flud solution. a sohd film or even a
gas. with the only hmitation being that the refractive index 1s
lower than that of the solid medium. for the wavelength of
hight used (IR, visible. UV} It 15 also possible to modify the
nature of the surface without unduly affecting the nature of
the evanescent wave. this therefore provides a method of
studving surface interacucns with simple spectroscopic tech-
mques. Early experiments were based on IR and UV-visible
absorption spectroscopies and developed under the name of
attenuated total internal refiection (ATR) and have been well
revieaed ¥ As with most spectroscopic absorption techniques,
1t was necessary to develop methods of overcoming the inher-
ent tnsensitivities. which were further hindered by the small
interaction length between the light and the absorbing solu-
tion These were overcome in a number of ways, the most
commeon of which vas the use muluple esfiections. with a
number of elaborate experimental configurations leading
finalls to the use of planar dielectric waveguides®*?
However. in recent vears there has been a renewed interest in

+ Present address 1CI Chemicals and Polvmers, PO Box 1. Bili-
ingham_ Cleveiand TS23 JLB. UK
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the apphcation of single-reflection techniques promoted by
the availability of intense laser light sources and improve-
ments 1n signal detection equipment. Total internal reflection
fluorescence (TIRF), or more precisely, evanescent wave
induced fluorescence (EWIF) spectroscopy. as well as a
Raman analogue have been employed by a number of saient-
ific disciplines, ranging from biophysics'®'? 10 polymer
photophysics. 2%-2*

One of the most recent controversies in the field of EWIF
concerns the effects of the surface on the photophysical
properues of the fluorophore. Steadv-state measurements
assume that the properties close to the surface, specifically the
fluorescence quantum yield.?'~2° are the zan:c as in the bulk
In addition. there are incidences where the knowledge of the
homogeneity of a solution from the bulk to surface 15
required, in order to provide a reference for more complex
systems. This often requires modification of the eurface in
order to render it nert.21-27-3¢ Time-resolved fluorescence
spectroscopy has the potential of resolving some of these con-
troversies and confirm assumptions, since any changes in the
photophysicai psopeities cf the chromephore will be reflectad
in the fluorescence decay profile.2%-2%-32 Indeed, it has shown
that the photophysical properties of the scintillator, POPOP,
differ as a function of the proximity to a solid surface when
dissolved in a polymer matrix.2%-2° In this paper we use time-
resolved evanescent wave induced fluorescence, (TREWIF),
spectroscopy to investigate the photophysical properties of
tetrasulphonated aluminium phthalocyanine (AIS Pc) in
methanol and water solutions. AlS,Pc is & well characterised
dye that exhibits a simple single-exponential decay profile in
dilute solution and has interesting binding properties with
applications in photomedicine®’ and molecular electronics.*®

Experimental

Fluorescence decays were recorded by time-correlated single-
photon counting®® using a cavity-dumped, synchronously
pumped, mode-locked dye laser (Coherent Antares/701-3CD
7220) as an excitation source (/,, = $90 nm). The light, pol-
arised perpendicular to the plane of excitation and detection
(s-polarised). was focused, using a 15 cm focal length iens,
onto the interfacial repon. Fluorescence was collected per-
pendicular to excitation using an f1 collection lens. which
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focused the ermussion onto an ins and was detected subse-
quently using & red-sensitive photomulupher tube
Hamamatsu R955) with a cv - filter (Schott RG645)
placed in front of 1t to rem~ - .ny scattered laser hght To
record spectra. the cut-~if .ier was replaced by a 14 m
monochromator Althc ugn the pulses from the laser are 10 ps
in duration. the sl~wer response of the detecuon electronics
results 1n a cravoluted instrument response function of ca
500 picose.onds The sample was contained in a modified
cuvette which aliowed the solution 10 come into contact with
th 2 side of a hemusphencal pnsm (Spanoptic, n,, = 1.46}
A aetailed charactenisation of the set-up can be found else-
where 3> The surface of the pnsm was thoroughly cleaned
with sulphunc acid and water, but was otherwise untreated.
AlS,Pc was obtained by the sulphonation of aluminium
phthalocyanine and punfied by medium-pressure liquid chro-
matography *° Water and methanol (BDH HPLC grade)
were tested 1o ensure that no extraneous emussion was obser-
vable and were used without furtber purification. Fluores-
cence decays on the bulk of the sample were recorded by
using the prnism to refract the hght into the sample cuvette,
and the collection optics translated to ensure that no emis-
sion from evanescent region could be simultaneously
detested All decavs were recorded 1o a munimum of 20000
counts in the chann2} of maximum intensity and analysed by
a non-hinear least-squares iterative reconvolution program,
with global analvsis ** using the reduced y°. senal correlation
coeflicient and piots of weighted residuals and autocorrela-
uor funcuon as a method of determinung the quahty of fit.

Theory

To understand 'uiiv the imphications of the concentration and
angle effects. discussed later. 1t 1s necessary to outline some of
the mathematioy which define the relationship between the
evanescen' wave and the observed fluorescence intensity 234

For verticalv or s-polarised hight. the intensity of the eva-
nescen: wasve a« a funcuon of distance, :. perpendicular to
the interlace v gven ™y

Jotn Av= Ui@expo -2 A) (1

LAY T

where A 1stermed the penetration depth and 1s reiated to the
waveiength o7 the hght « the refractive index of the solution,
r.. the ang.z > ynaidence @ and the cniucal angle for the
prism. @ b

’ 1
A=

= . - ()
dmn, (9t O - sint O

and 11O 11s the energy density at = = 0. and 1s also related to
the angle of incidence and refractuive indices, by

U@, = 4 cos? O, [1 ~ (n; n,}?) (3

From eqn (211t can be seen that there are two hmiting cases
for A As ©, deviates from the critical angle and approaches
90 . a imiing penetration depth gven by

A = 4 (870, 0(1 = sin? ©,)) 520@);

1s attained and for the system described here 1s 780 A,
assuming that the concentration of the AlS, Pc 1s sufficrently
dilute. so as not to affect the refractive index of the solvent
As O, approaches ©,. A approaches infinity and refraction
occurs The total intensity of the evanescent hght at any angle
of incidence greater than ©_.1s gven by

A) = l UtOexpi — - A1 d: ($)

o'
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Therefore for a fluorophore dissolved in the solvent. the
mtensity of fluorescence that would result from I, (A}
would be

aven

IdA) x L SO expi —2-A) d: (6)

Where ¢(z) and «(z) are the fluorescence quantum wield and
the concentration profile of the fluorophore 1n the interfacial
region. For homogeneous solutions that extend up to the
surface, such that ¢(:) and a1z} are independent of z and are
therefore constant. and eqn. (6) reduces to

11 el A) X U(O A (&l

If this assumption is valid, then measurements of fluorescence
intensity from the evanescent wave can be used to verify the
existence of the evanescen! wave and prove the theory which
describes j1 3172734

A more general treatment. without the assumptions above,
can be developed as follows The fluorescence quantum yield,
¢, and lifetime, 7, are related by:

¢ =k 1 {8

where k, is the rate consiant for raciative decay of the fluoro-
phore. Assuming that k, is independent of environment, then
eqn. (6) can be rewrnitten as:

o«

IniA) = k, J‘ 12t U(B Jexpt — 2 'A) d: {9

0

Results and Discussion

Fluorescence decays of AlS,Pc in bulk methanol and water.
were well described by a single-exponential decay function
with lifeimes of 5.8 + 0.1 and 6.0 x 0.1 ns, respectively
These results demonstrate the punty of the samples. the
ability of the instrument 10 record simple decavs. and also
provide a functional form of decay from which any surface
induced deviations can be easily compared

Concentration Effects

Using methanol as a solvent (n, = 1.328) a senes of decays
were recorded at different bulk concentrations using the eva-
nescent wave as the exaitation source, at the hmiting pen-
etration depth of 870 A (®©, x 77%) Starting with an imtial
absorbance of 1.0 and reducing the concentration by a factor
of two between measurements, 10 decays were recorded, four
of which are shown 1n Fig. | and are normalised to the
channel of maximum intensity  The most noticeable observa-
tion 1s the asymptotic approach. with successive dilutions, to
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Fig. 1 Evanescent wave induced fluorescence decay profiles of

AIS Pc in methanol at a penetration depth of 870 A and a1 a bulk
concentration (absorbance) of  (a) 1.0, {b) 0.063, (c) 0.004 and () 0.00
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the decay recorded at infinite diluuon, at which point no
appreciatle amount of sampie resides in the bulk of the solu-
tion. This indicates that the AlS,Pc must be binding to the
surface of the fused silica pnsm. Indeed, repeated flushing of
the surface wi'h methanol failed to eliminate the fluorescence
signal The second observation is the difference in the func-
tional form of the decays as a function of bulk concentration
If the solution were homogeneous up to the surface, then no
difference 1n the decavs would be observed. with decays
exhibrung single exponential behaviour at all concentrations.

Aggular Dependence

Using a sample with an absorbance of 0.1, the influence of
the angle of incidence on the decay profiles was studied, the
results from which are shown in Fig. 2. The angle of inci-
dence influences the intensity profue of the evanescent wave,

counts » 10 4
———
,

- _ —
Tl z Z s zC 22
t ns
Fig 2 Franewsn wave induced fluorescence decay profiles of

AS Poir menane a3 bulk concentration tabsorbance) of 0.1 and
at angies ol anclence o 6442 (R 6667 (10 7013 and () 7742,
correspong mp 1o nerecrii t depths of (arefraction. (b) 1990 A, (¢)
[N WL |

as discussed 1n the theory section, and 1s summansed by eqn
(1) and (2). In a similar fashion to the concentration data. the
decay profiles change with increasing angle, asymptoticalls
approaching a common profile in the Limiting case as the
angle of incidence approaches 90°. The dependence of the
decay profile on the angle, once again demonstrates the
effects of the interface on the transient photophysical proper-
ties of the AIS,Pc. Unlike fluorescence intensity measure-
ments, the fluorescence decay profiles are independent of
U(©) and depend only upon the penetration depth, A

Two conclusions can instantly be drawn from these data
first, the AIS, Pc is adsorbed on the fused silica and the con-
centration at the surface is independent of the bulk concen-
tration. Secondly, the fluorescence lifetime of the AIS,Pc, &t
the surface, differs from the bulk value. Since the fluorescence
lifetime and quantum yield are related, any changes in the
lifetime, as a result of a change in a radiative or non-radiative
rate of decay, will also be reflected in the quantum yield
Therefore the assumptions made in simplifying eqn. {6) to
eqn. (7). in the theory section, cannot be made here.

To quantify the changes in the fluorescence decay profile as
a function of concentration and angie, the decays were
analysed in terms of a sum of exponentials, i.e.

I =Y A exp— 1y

=1

{10

The results of this analysis are given in Table . In all cases
the number of exponentials, n, required to describe the fluo-
rescence decays, was the minimum required for achieving a
good fit. In the majority of cases the number was three, with
the major component, >80%, having a lifetime of ca
5.5 + 0.6 ns. This value is similar to the value derived from
bulk measurements. The next most significant lifeime is ca
1.6 + 1.0 ns, constituting ca. 10% of the decay, and finally a
third component of ca. 0.4 + 0.3 ns. The lifetumes recovered
are similar from both the concentration data and the angle

Tabie 1 Experimental analvsis of luorescence decavs
W kN vieldg b o1 T, A, ps wield | (%) 1, A,'ps wield, (7o)
CUNIEnITgl U7 radsnrdgnee LNty
; S~ [N 94 1050 001 ! 0 000 0
[ Sxns (9s 96 146! 0.0¢ 1 0 0.00 0
[ N 0 Q" 1178 012 3 0 0.00 0
[ cels (X3 94 j8s2 012 5 1 02 1
(RN AR [GR] 9 1620 01le 9 129 0.34 i
[ERT S8 [ & 1708 0.20 11 2258 0.2¢ 2
oe IR [ &¢ 1669 0.21 12 184 0.31 2
(R 3 (4 8< 1676 22 13 220 0.30 2
Qine ERN (4% K 1714 021 14 209 034 3
€ TR U 3n 79 1844 0.22 17 220 040 4
angle’
~t4r [3IC 026 82 1392 0.15 12 161 0.58 S
T4z sanT [VRit [ 1417 0.16 12 179 0.05 1
tlal 4400 029 84 1342 0.6 11 162 0.58 S
T 2% L5248 031 84 1451 (VAT 11 183 0.54 5
MK Sk on 8s 1486 0.15 10 181 0.53 4
6% 9y 5654 on [ 1452 0.14 9 163 0.53 4
[ S 036 89 1398 013 8 147 0.51 3
6667 8675 04} 90 1517 0.1 7 163 048 3
6579 L6482 051 94 1296 0.09 4 142 039 2
6% 56 $670 041 97 1215 0.04 2 59 0.56 1
654% 574" 0 5% 98 1480 0.03 1 87 0.38 1
62, 5§76 041 98 1692 0.02 1 41 0.57 1
6¢ 11 §832 no9s 976 = 3556 005 3 0 0.00 0
(KN 7% 100 100° 0 0.00 0 01,7 0.00 0
™ " 100 100 0 0.00 0 0 0.00 0
PEPR <9¢ 100 100 0 0.00 0 or 000 0

* A apenetratior depth. A, of 870 A * At a bulk concentration. ¢y ... of absorbance = U1
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data. The relative fluorescence intensities that correlate with

each lifeume can be calculated from:

J=n
yield, = A;1/ Y A1, §9))

j=13
In many instances the number of measured lifetimes is a
reflection of the number of non-interacting fluorescent species
contributing to the decay. On this basis there are three differ-
ent AlS,Pc species in the interfacial region. The major com-
ponent represents a species whose properties are simiiar to
those of the bulk, whilst the other two represent two
quenched species, perhaps one adjacent to the interface and
the other fixed on it. On this basis the relative contribution of
the 5.5 ns compenent to the decay, would decrease in yield,
as the penetration depth decreased or as the concentration
was decreased, reflecting the percentage of the evanescent
wave probing the bulk of the solution. Coinciding with the
decrease in the major component, an increase in the percent-
age yield of the minor components would also be observed,
and indeed this is the case, lending credibility to this hypoth-
esis. However, this theory does not give any reasoning for the
change in lifetimes as a function of angle or concentration.
For example the lifetime of the ‘bulk’ species is 50 + 1.0 ns
at infinite dilution but increases to 6.1 + 0.1 ns at the highest
concentration. It must be recognised that all the parameters
are derived from a non-linear least-squares fit to the mea-
sured data. which, although 1t 1s of exceptional quality, does
require a minmimum of six variable parameters to describe it.
Consequently, any apparent trend of any hfetime or percent-
age vield with angle or concentration, may be a consequence
of the fitung procedure, which does not give any indication of
the correlatior between the parameters. If the three non-
interacting species theory 1s correct. then all three lifetimes
recovered from a set of experiments should be the same, inde-
pendent of angle or concentration. and the differing amounts

J. CHEM. SOC. FARADAY TRANS. 1991, VOL &

of cach species reflected in the pre-exponential 4 factors. To
test this theory, all the fiuorescence decays from both the
angie and concentration data were analysed globally.*! where
three lifetimes common to all the decays were calculated. In
every case an excellent fit was obtained, with an average
reduced x? of < 1.1 and no single decay baving a reduced y’
> 1.2. The results of this analysis are given in Table 2 with
the three common lifetimes of 6.1, 3.4 and 0.6 ns.

For the AlS,Pc molecules bound to or in the vicinity of the
interface, the interaction of the surface could induce a change
in the fluorescence spectrum. To examine this idea, two emis-
sion spectra were recorded and these are shown in Fig. 3.
Spectrum (a) corresponds to spectra recorded at early time
(0~10 ns) on the infinite dilution sample, while spectrum (b)
corresponds to s total fluorescence spectrum of the bulk
species. The total fluorescence spectrum of the bulk species
peaks at 680 nm, whilst spectrum (a) is red shifted, by 10 nm,
to 690 am. This indicates that the species which emit at early
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Fig. 3 Fluorescen.c spectra of AlS,Pc in methanol, recorded (a)
under refraction conditions, corresponding to & ‘buik ' spectrum and
(b) an early gated (0-10 ns), evanescent wave induced fluorescence
spectrum, recorded at a penetration depth of 870 A and a bulk con-
centration (absorbance) of 0 704

Table 2 Global analysis of luorescence decays

veidgt weld, (b yield, (%) Ap A, A,

corcertration® tabsorbance uniisi

1 Nox 9% 0 f 0.040 0.000 0.003

[UWKE 9 4 1 0.040 0.003 0.003

0% gx W1 ! 0.030 0.007 0.004

C2¢ 80 1% 2 0.050 0.020 0.010

O e 71 2" 2 0.022 0016 0.008

00x: 6! 38 4 0.017 0.017 0.008

0 Gt b 3k 4 0.0i4 0017 0.009

0 00 s3 42 5 0.013 0018 0.010

0 (nat 44 42 4 0013 0019 0011

000 &4 44 6 0.00” 0.012 0.008
angle’ AK
7742 6" 24 9 0.025 0.017 0.030 870
7242 6% 2 9 0.018 0011 0.017 1060
T242 69 23 8 0.020 0012 0.022 1060
71.2% 69 24 7 0.030 0018 0.025 1130
7013 73 20 7 0.023 0.012 0.021 1230
68 90 74 20 6 0.024 0.011 0015 1370
67 &S 77 18 5 0.026 0011 0.016 1590
66 0° 80 16 4 0.036 0.013 0014 1990
65279 8s 12 k] 0.042 0011 0012 2660
65 56 8% 12 0 0.067 0016 00935 2980
6545 90 9 1 0.040 0.007 0N 319
65.33 91 9 0 0.040 0.007 0 3480
65.11 92 8 0 0.045 0.008 0 4310
64 42 4 6 u 0.038 0.005 0
5742 92 7 0 0.056 0.009 0
47 42 93 7 0 0036 0.006 0

tg= 61201 ns <
absorbance = 01 * Calculated using » = 590 nm. n, = 147, n, = 1.33

«~34+03ns 1, =06=03 ns *At s penetrauon depth. A, . of 870 A. * At a bulk concentration. Cg um+ Of
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times, and which are in the vicinity of the interface, are spec-
troscopically different from those that exhibit bulk phase
properties and emit at later times. Spectroscopically there is
evidence for only two non-interacting fluorescent species,
although the contribution from the species assigned to the
shortest lifetume is smail and may not be spectroscopically
observable.

In the case of infinite dilution, if it is assumed that the
adsorbed layer(si of AlS, Pc are insiantly formed on addition
of the high-concentration solution, then the fluorescence
decay corresponding 10 this case originates from the
adsorbed layer only and can be considered as the ‘surface’
decay. The contribution of the 6.1 ns component to the
‘surface’ decay is ca. 50%, therefore even at infinite dilution
there is a speci-s within the evanescent wave that reflects the
bulk environment. This is not too surprising, since even
under these conditions some AlIS,Pc molecules will be
desorbed from the surface into solution to set up a dynamic
equilibrium. Assuming that the absorption coeflicient of the
adsorbed species is identical to that of the solution species,
then the ratio of the measured pre-exponential factors are a
direct measure of the ratio of adsorbed AlS, Pc molecules to
solution phase molecules within the evanescent wave.

The fluorescence decay from the adsorbed layer is biexpon-
ential and has been justified in terms of two non-interacting
fluorescent species This. however, may not be the case. The
photophysical properuies of an adsorbed species can be
complex. w:th the possibiity of self-quenching and energy
transfer. as well as unusual polansation effects that can lead
to a non-exponenual decay. The two lifetimes may therefore
only be parametnising a more complex functional decay form.
The approximation of two species 1s sufficient for the dis-
cussions here and future expeniments will be aimed at eluci-
daung the origins of the biexponentiality.

The conclusions drawn so far indicate that there exists an
adsorbed laver of thickness. d. the concentration of which, on
the imescale of these experiments, 1s independent of the bulk
concentration. but mayv be related to the concentration of the
onginal  high-concentration solution. The fluorescence
quantum wield within the adsorbed laver is constant and ca.
one third of the bulk phase value. Beyond the adsorbed layer
the solution resembics that of the bulk of the solution. If the
concentration gradient between the two phases is small in
companson with the thickness of the adsorbed layer and the
penetration depth of the evanescent wave, then the fluores-
cence intensity can. from egn (6). be wnitten as

LAY = 1 (A = Iy, (A) (12)
ra
=¢,c, O J expi~- Ay d:
o
+ ¢gcy UO) j exp(—2/A) dz 13)
d

where ¢, 5 is the fluoresence quantum yield of adsorbed /bulk

species and ¢,  1s the concentration of adsorbed bulk species.
On integration, this reduces to

IgiA)Y = ¢, ¢, UOMA[] — exp(—d/A)}

+ ¢pcg U(OIA exp{~d/A) (14)

Hence the ratio of fluorescence from the surface to that of the
bulk 18

lgdAV o, [l —exp(~d'A)]
Lot A? duca eXpi~d A)

(15)

The fluorescence intensity 1s proportional 1o the area under
the fluorescence decay curve. i

IacJ- Aexpi—~t1)dt = At (164
0
and for a biexponential decay
Tx At + A1, amn
Therefore,
AT+ A1y Pl —expl—d'A)] (18)

Agty Py cp eXpl—d/A)

Substituting for the quantum yield of the bulk, ¢,. from eqn.
(8) and rearranging gives

Aty + Ay, - dacalexpld/A) - 1)
Al k,C.

If the thickness of the adsorbed layer, d, is much iess than the
penetration depth, A, the exponential term in eqn. (19) can be
expanded into a Taylor series. By using only the first two
terms in the expansion, eqn. (19) reduces to:

Aty + Ayt - @ala EM__)
A' k, Cs

Therefore a plot of 1/A against (4,7, + A, 1/A4,., . &t con-
stant bulk concentration, ¢y . should also be straight line
with a gradient equivalent to (@, c./k Y1y .0, These data
are shown in Fig. 4, and the line through the data points has
a gradient of 2850 + 150 A ns. Similarly, & plot of 1/cy vs.
(A1, + A,1,)/Ay at constant penetration depth, A, . should
also be a straight line with a gradient of (¢, c,/k /A, .
However, in this case the value of the bulk concentration
must be modified in order to take into account the small
amount of bulk species resulting from the desorption process,
as discussed earlier. The ratio of the gradient from the angle
study, grad,, to that from the concentration study, grad.. is
given by:

(19)

(20)

(21)

The limiting penetration depth for the concentration study,
A Was ca. 870 A, and the value of the concentration for
the angle study, ¢p ;. Was 0.1 (measured in absorbance
units). Combining these values with the gradient from the
angle study, grad,, of 2850 A implies that the gradient from
concentration study should be 0.33 ns. By adding 0.05 to
each concentration value the predicted linear relationship,
discussed above, was obtained and is shown in Fig. 5.

The adsorbed layer, d, is assumed to be much smaller than
the limiting penetration depth, A, (810 A}, and since AIS, Pc
is ca. 20 A x 20 A x 10 A, this indicates that the adsorbed
layer is probably a monolayer.

gradc /Bradl =y, hm/Alm
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Fig. 4 Plot of /A vs. (A1, + A,1,)/A41, 8t & bulk concentration
(sbsorbance) of 0.1. The straight line represents a finear regression fit
1o the expenimental daia points with a gradient of 2850 ns
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It has to be recognised that there are a number of assump-
tions in the treatment of this data, including the vaiue of n,
and hence ©_, the modification to the data at different bulk
concentrations and the model itself. But in view of these sim-
plifications, the agreement between experiment and theory is
excelient. el e

By choosing water as the solvent, none of the eflects seen in
methanol solution are onserved. All decays could be satisfac-
torily described by a single-exponential function, with a life-
tume of 6.0 = 0.1 ns. The result is probably a reflection of the
better solvatng properties of water on AlS Pc. This will be
examined 1n the {uture by using the disulphonated compound
AJS;Pc. which 1s more soluble in methanol than in water.

The most important results from this work are the obser-
vation of AlS,Pc binding to the fused silica prism surface and
the deviation from monoexponentiality of the fluorescence
decays recorded in the interfacial region. Both of these results
indicate that the interpretation of steady-state fluorescence
measurements may be erroneous. unless the effects observed
here are taken into consideranion. Returning to eqn. (6). the
fluorescence quantum yield, @iz). and the concentration
profile. (21, are. in the case of AlS,Pc in methanol, not con-
stant and the simplification relating eqn (6) to (7) cannot be
made. Alternativels, if free AlS,Pc were used as a reference
solution for a more complex system, where the AIS, Pc was
bound 1o a larger molecule and acted as a probe, then the
differing solvent effects on the free molecule compared with
the bound molecule would not simplify the mathematics, but
would compiicate i1. However, when water is used as a
solvent for the AIS Pc. the assumptions are valid since the
data clearly show that quantum yield is independent of pen-
etraton depth and hence eqn. (7) provides an accurate
descripuon of this particular system.

Conciusions

By combining the techniques of evanescent wave induced
fluorescence spectroscopy and time-correlated single-photon
counting we have developed a very powerful spectroscopic
technique for investigating the properties of fluorescent mol-
ecules at a solid solution interface. By studying the fluores-
cence spectra and decay curves of tetrasulphonated
alumimum phthalocyanine in methanol solution in contact
with a fused sihica surface, we have shown that: (a) the dye
binds to the surface to form an adsorbed monolayer, and (b)
the photophysical properties of the adsorbed layer differ from
the bulk solution characteristics. In the vicinity of the surface.
the fluorescence decay characteristics are not simple, with evi-
dence for at ieast one kinetically different fluorophore, the
reasons for which have not yet been identified, but are the
subject of current investigations.

J. CHEM SOC. FARADAY TRANS, 1991, VOL 87

The relationship between steady-state fluorescence inten-
sity and the evanescent wave is becoming more important in
the understanding of surface-solution interactions. Funda-
mental to these studies is the knowledge of whether the
observed changes in fluorescence intensity are a result of dil-
fering quantum yields or changes in concentration profiles.
The data reported here, clearly demonstrate the ability and
ease with which time-resolved fluorescence measurements can
resolve these criteria.

Financial support from the SERC and the U.S. Army Euro-
pean Research Office is gratefully acknowledged.
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Abstract,

Time-resolved fluorescence spectra of purified atactic poly(styrene) in
methylene chloride and methylcyclohexane and poly(2-vinylnaphthalene) in
benzene. have been obtained. At late-gated times, only excimer emission is
observed. Under these conditions, reverse dissociation of the excimeric species to

reform singlet, excited state monomeric chromophore is thus absent.




Introduction,

The starting point for the interpretation of the fluorescence of vinyl aromatic
polymers such as poly(styrene) is the Birks kinetic scheme 1 (scheme 1), devised
to explain excimer formation of free aromatic molecules in solution. A feature of
the scheme is the thermally activated process represented by the rate constant
kyp through which the excimer, (MM)* undergoes reverse dissociation
('feedback’) to reform singlet excited monomeric species M*. The manifestation
of such a process would be a long-lived component in the fluorescence decay of
the monomeric species, with a lifetime characteristic of the excimer and the
appearance of fluorescence in the monomer spectral region at long times after
excitation, such that the monomer to excimer intensity ratio becomes constant
by virtue of the equilibrium set up between the species. This phenomenon is well
documented in free aromatic molecules, but the evidence for 'feedback' in
poly(styrene) is conflicting (late-gated emission spectra of poly(2-
vinylnaphthalene) have not been reported in the literature). In early work on
this polymer, no evidence for reverse dissociation was presented 27 but in later
studies, spectral and kinetic data suggested that the dissociation did occur to a
small extent8910,

In view of the conflict, we have reinvestigated these systems using an

apparatus with improved time and spectral resolution.

Experimental.

This has been described fully elsewhere!l For the work carried out on
poly(styrene), a mode-locked, cavity-dumped argon ion laser (Spectra Physics
Model 165) was used with a temperature tuned ADP frequency-doubling crystal
to give 150 ps duration pulses at a repetition rate of 5 MHz, and at a wavelength

of 257.25 nm. Standard single-photon counting!? detection techniques were




employed, with a Hilger Watts D330, 1/4 meter grating monochromator used to
isolate emission wavelengths. An end-on photomultiplier tube (Philips XP2020Q)
was used for pulse counting, giving an overall instrument response function of
approximately 600 ps.

For the work carried out on poly(2-vinylnaphthalene ), a mode-locked cavity-
dumped, synchronously pumped dye laser (Coherent Antares-701-3/CD) was
used with an angle tuned lithium formate frequency-doubling crystal to give 10
ps duration pulses at a repetition rate of 1 MHz. The laser was tuned to emit
radiation at a wavelength of 283 nm. Using a Hamamatsu R1564 U-01
microchannel plate photomultiplier tube the instrument response function was
around 100 ps. The steady-state fluorescence spectra were taken on a Perkin
Elmer LS5B spectrofluorimeter.

Atactic poly(styrene) was obtained from BDH and purified by making up a
concentrated solution using benzene (Aldrich HPLC grade) as solvent and by
precipitation by addition to chilled methanol (Aldrich HPLC grade). The
procedure was repeated eight times.

Poly(2-vinylnaphthalene) was obtained from Aldrich and purified by the
process of impurity abstraction from the polymer film using acetonitrile
(Aldrich HPLC grade).

Methylene chloride (Aldrich HPLC grade) was freshly distilled over
phosphorus pentoxide. Methylcyclohexane (Aldrich, Gold Label) grade was
purified by abstraction of aromatic impurities 1314 by sulphonation followed by
successive passage through basic alumina then activated silica gel. Benzene
(Aldrich HPLC grade) was used without further purification. All solvents were
tested for impurities using fluorescence spectroscopy by comparison of Raman
bands as a reference.

All samples were outgassed by the technique of freeze-pump-thaw cycles. All

experiments were carried out at a temperature of 292 K unless otherwise stated.




Result 1 Di .

Figure 1 shows the total fluorescence spectra of poly(styrene) in outgassed
methylene chloride and poly(2-vinylnaphthalene) in benzene to be dominated by
the excimer contribution, as has been reported elsewhere 21015 \Gated' spectra
for polv(styrene) are shown in figure 2a, from which it is seen that at time zero,
the excimer contribution is absent but that as the monomeric contribution to
fluorescence, decays, the excimer grows in importance. At 1.7ns after
excitation, the monomer species is still visible. At longer times after excitation
however, figure 2b, the monomeric contribution is absent, and the excimer
fluareccence plotted on an energy scale (Fig. 2¢) is reasonably well represented
by a Gaussian function as predicted by the Frank-Condon projection of the
electronic excited state, vibrational ground state, onto a repulsive electronic
ground state. The same is true of poly(styrene) in methylcyclohexane at room
temperature (figure 4) and the dominant excimer in poly(2-vinylnaphthalene)
(figure 3).

It is clear from this work that reverse dissociation of the excimer does not
occur under these conditions. Increasing the temperature (figure 4) however
resulted in a blue shift of the excimer emission of 438 cm-! for a temperature rise
of 48 K. Coincident with the resulting spectral overlap of the excimer emission,
monomer absorption, there is the appearence of a small contribution to
fluorescence in the blue edge of the emission band (Figure 5). This may be due to
'feedback’, however the spectral overlap between hot ground-state absorption
and excimer emission cannot preclude a 'trivial' population mechanism of
excimer emission followed by monomer reabsorption. The case of poly(2-
vinylnaphthalene) has yet to be fully investigated.

The present poly(styrene) results differ from those reported earlier®%1? lower

temporal resolution (instrument reponse function of 7 ns FWHM). It seems




possible that the discrepancy is due to the duration of the excitation pulse in
these experiments, such that even at time-gates nominally some 20 ns after
excitation, the spectra recorded contained features due to directly excited
monomeric species. A more likely explanation however, would be that in the
former experiments, a free molecular phenyl based impurity was present. For
example, isopropyl benzene has a fluorescence decay time similar to that of the
poly(styrene) excimer 16, and thus direct excitation would give a contribution in
the monomer region at late gates. In the present experiments, great care was
taken in the purification of the polymers. Late-gated emission spectra of poly(2-
vinylnaphthalene) has not been reported in the literature.

These results show that particular care must be taken in recording and
interpreting spectra and decay characteristics of these polymers, in which
excimeric reverse dissociation to reform excited singlet state monomeric species
is now seen to be absent in poly(styrene) and in the case of the dominant excimer

in poly(2-vinylnaphthalene).
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Schemel

Birks' kinetic scheme for excimer formation and decay.

K, (M . Kip

M*e M “_—A(MM)—-—-——>2H

\ \
f1+h‘U
2r1+h1)D
Figure 1

(a) Toal fluorescence speczum of polystyrene dissolved in outgassed methylene chloride.
(b) Total fluorescence spectrum of purified P2VN dissolved in degassed benzene.

Figure 2 Polystyrene dissolved in outgassed methylene chloride.
(a) Gated spectra: Pulse width, 600 ps (FWHM) gate width, 8t = 0.4 ns.
At=0ns At=10ns At=17ns

(b) Late-gated spectra. Pulse width, 600 ps (FWHM) gate width, 8t = 4 ns.
At=20ns At=30ns At=40ns

(c) Late-gated spectrum plotted on an energy axis.

Eigure 3 Poly(2-vinylnaphthalene) dissolved in outgassed benzene.
Late-gated spectrum plotted on an energy axis (At = 255 ns).

Figure 4
Late-gated spectra of polystyrene dissolved in methylcyclohexane at the temperatures of:
(1)292K (1) 322K (i1i)) 340K

Eigure 5

Polystyrene dissolved in methylcyclohexane.

Detailed examination of the blue edge of the excimer emission at the temperatures of:
(a) 292 K

(b) 340K
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