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a b s t r a c t

The time-resolved photophysical characterisation of a set of fluorescent conjugates of neurotransmitter
amino acids (glutamic acid, tyrosine and �-alanine) based on a methoxylated 5,6-benzocoumarin fluo-
rophore was performed. Both one- and two-photon excitation were employed to excite the fluorophore
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and the cross-section with wavelength for the two-photon process determined. The photophysical char-
acterisation was supported using a molecular modelling study, which helped elucidate the molecular
transitions (by a ZINDO calculation) and differences in the electron density between the HOMO and
LUMO in geometry (PM3) optimised structures. The effect of prolonged irradiation of the conjugates was
monitored via fluorimetry and differences in the kinetics of the process observed were found to depend

yed.
ime-resolved emission spectrum
wo-photon excitation

on the amino acid emplo

. Introduction

Amino acids are an important class of biomolecules that play
ssential roles, both as the building blocks of proteins and as inter-
ediates in metabolism. Glutamic acid, tyrosine and �-alanine

re abundant in the central nervous system and are involved in
ignalling processes. Therefore, the ability to monitor them is
mportant in neurological sciences for studying the chemical mech-
nisms and the kinetics of synaptic transmission. Glutamate is
nvolved in cognitive functions like learning and memory and is
lso a precursor for the synthesis of a major inhibitory neurotrans-
itter, �-aminobutyric acid [1]. Tyrosine is a precursor of dopamine
a neurotransmitter involved in controlling movement, regulating
emory, sexual and reward seeking behaviours and the regulation

f pituitary hormones [2]. �-Alanine acts as a physiological trans-
itter and is the rate-limiting precursor of carnosine, which is a
-alanine–histidine dipeptide present in muscle and brain tissues

3].
The use of photoremovable protecting groups to inhibit the
eactivity of chosen molecules has been extensively reported for
he convenient and controlled temporal and spatial release of
iomolecules (uncaging) [4–6]. Ideally this process should occur
apidly, with a high yield and at wavelengths that are not detri-
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© 2010 Elsevier B.V. All rights reserved.

mental to the biological system. One-photon excitation (OPE) using
UV light enables tight control over the timing of the excitation of a
tag, but the use of two-photon excitation (TPE) [7] offers the pos-
sibility of three-dimensional spatial control of the excitation to be
exercised. It is also advantageous as the longer wavelengths (lower
energy photons) involved can reduce out of focus photo-damage
[8] and allows a greater penetration into biological tissue. Recently
reported photolabile groups include polycyclic aromatic struc-
tures, which are in most cases fluorophores, allowing the process
monitoring by fluorescence techniques. However, few have suffi-
cient sensitivity to TPE, although 8-bromo-7-hydroxycoumarin and
8-bromo-7-hydroxyquinoline appear to be promising candidates
[9,10] and several coumarin derivatives have also been synthesised
with TPE in mind [11–14]. Also a dicoumarin derivate has been pro-
posed as a phototrigger activated via TPE [15]. 5,6-Benzocoumarin
derivatives have been shown to undergo photooxidation [16] and
their electronic properties along their photophysical characteristics
make them promising for use in biological applications [17–19].

Taking these facts into consideration together with our recent
research interests relating to the application of fluorescent con-
jugates based on fused coumarin derivatives in the photorelease
of biologically significant molecules, namely neurotransmitters

[20–25], it was decided to make use of time-resolved fluorescence
techniques to further characterise these systems. The possibility of
using TPE as triggering agent for the release of active entities from
the corresponding fluorescent conjugate was evaluated. Fluores-
cence, as well as being an extremely sensitive technique, provides a

dx.doi.org/10.1016/j.jphotochem.2010.08.020
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:graham.hungerford@horiba.com
dx.doi.org/10.1016/j.jphotochem.2010.08.020
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ultiparameter signal that is highly dependent of the fluorophore’s
ocal microenvironment. The use of time-resolved fluorescence is
dvantageous as it is independent of the fluorophore concentration
within limits).

In this work we employed both steady state and time-resolved
uorescence to characterise the photophysical properties of four
uorophore–amino acid ester conjugates (glutamic acid, at the
ain and side chain carboxylic acid function, tyrosine and �-

lanine) intended for photorelease applications. Both one- and
wo-photon excitation studies were performed and molecular

odelling carried out to help support the experimental findings.
s well as characterising the conjugates, it was possible to follow

he kinetics during prolonged irradiation of the samples by moni-
oring the fluorescence signal, which elucidated different kinetics
epending on the amino acid present. The origin of this behaviour
an relate to previously reported photocleavage [24].

. Experimental

The methoxylated benzocoumarin (MBC) conjugates 1–4, struc-
ures for which are illustrated below (Scheme 1), were synthesised
s previously reported [24]. All solvents used were of spectropho-
ometric grade (supplied by Sigma–Aldrich).

.1. Steady state spectra

Absorption and fluorescence spectra were measured using
erkin Elmer Lambda 2 uv-vis and HORIBA Scientific FluoroLog
spectrophotometers respectively. The bandpass on the excita-

ion and emission monochromators of the FluoroLog were set to
nm, unless otherwise stated. All measurements were performed
t ambient temperature.
.2. One-photon excitation TCSPC measurements

These were performed using a HORIBA Scientific Fluorocube
ystem. The excitation source was a HORIBA Scientific Delta-
iode pulsed diode laser, emitting at 375 nm and operating up

Scheme 1. Structures for the fluorescent neur
hotobiology A: Chemistry 215 (2010) 214–222 215

to 16.6 MHz. The emission was collected using a monochromator
tuned to 450 nm and detected using a TBX picosecond detection
module. A polariser at the magic angle was employed on the
emission. The measured instrumental full width at half maximum
(FWHM) using a scattering solution was nominally 200 ps, with the
laser giving an optical pulse width (FWHM) of nominally 55 ps.
Data were analysed using DAS 6 software and fitted to a sum of
exponentials according to Eq. (1).

I(t) =
n∑

i=1

˛i exp
(−t

�i

)
(1)

The pre-exponential components (˛i) are given normalised to unity
and errors given as three standard deviations.

Time-resolved emission spectra (TRES) measurements were
performed by recording the fluorescence decay at 4 nm wave-
length intervals over the range 390–598 nm, with the data recorded
for equal time periods. The fifty-three fluorescence decays were
then analysed globally by fitting common lifetimes to all of the
individual decay curves (iterated together). The most satisfactory
fit was obtained when using the sum of three exponentials in
all cases. The pre-exponential values for each of the decay com-
ponents were then plotted versus wavelength and normalised
to produce spectrum associated with the lifetime component
(decay associated spectra [26]). With the spectra associated with
the short-lived component in methanol a peak due to Raman
scattering (seen at one wavelength) was removed and 5-point
smoothing was applied to the spectra to remove any noise in the
data.

2.3. Two-photon excitation

Whereas linear one-photon excitation (OPE) depends on the

average laser power, two-photon excitation (TPE) is a non-linear
optical process and is largely dependent on the laser peak power.
The TPE efficiency of a molecule therefore depends on its two-
photon excitation cross-section, �2(�), as well as properties of the
excitation laser beam. The measured TPE fluorescence signal F as a

otransmitter amino acid conjugates 1–4.
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unction of the excitation wavelength � can be written as [27].

(�) = A
�2(�)W2(�)

(hv)2�(�)x(�)y(�)
(2)

is a parameter independent on � (including for example the fluo-
escence collection efficiency) and W(�) is the average laser power,
is the laser frequency, h is Planck’s constant. �(�), x(�) and y(�) are,

espectively, the FWHMs of the pulse temporal duration and the
ocal spot size diameters (FWHM), assuming Gaussian laser pulses.

A proper TPE spectrum needs the spectral dependence of the
xcitation laser beam as described in Eq. (2). An easier way than
o measure all the laser beam characteristics in Eq. (2), is to mea-
ure the TPE cross-section relative to a reference with known TPE
ross-section. Perylene emits and absorbs at similar wavelengths as
he benzocoumarin conjugates studied in this paper and is there-
ore a suitable reference. The unknown TPE cross-section of the
enzocoumarins can be determined from Eq. (3) [27].

2,s(�) = Fs(�reg)Crϕr(�reg)
Fr(�reg)Csϕs(�reg)

�2,r(�) (3)

he subscript indicates reference (r) or the unknown sample (s)
o be determined. F is the TPE fluorescence intensity, �reg is the
avelength interval at which the emission is recorded. C is the

oncentration of the dye and ϕ(�reg) is the fluorescence quantum
ield at the registration wavelength interval �reg. It is assumed
hat the fluorescence quantum yields are the same for OPE and
PE molecules and furthermore are independent of the excita-
ion wavelength. Under this approximation, one can determine
r(�reg)/ϕs(�reg) using a spectrometer as in Eq. (4),

ϕr(�reg)
ϕs(�reg)

= 1 − 10−(OD)s

1 − 10−(OD)r

· F̃r(�reg)

F̃s(�reg)
(4)

here (OD)s,r is the optical density of the sample and reference at a
hosen OPE excitation wavelength of 374 nm. F̃r,s(�reg) is the mea-
ured fluorescence intensities using this excitation wavelength and
he same registration wavelength interval as in the TPE measure-

ents.

.4. Two-photon excitation TCSPC measurements

Time-resolved measurements were obtained on a HORIBA
cientific FluoroCube equipped with a Coherent Chameleon
i:sapphire laser, operating at 750 nm with 80 MHz repetition rate,
or excitation. The emission was collected through a FES 650 nm
hort pass filter and a blue green copper sulphate filter and was
etected at magic angle using a TBX detector. The stop signal for
he TAC was obtained from a signal synchronised with the laser
ulses and operated at 4 MHz. The instrumental FWHM was 170 ps
nd the data were modelled with exponential decay functions and
nalysed using DAS6.

.5. Two-photon excitation spectra

Two-photon excitation spectra are obtained using fluorescence
etection with respect to the tabulated values of the cross-section
or perylene, outlined in [27]. The raw data were obtained as counts
er second incident on the TBX detector. The differential fluores-
ence yield in the observation wavelength region was estimated
y one-photon excitation using the 375 nm DeltaDiode laser and
sing the same conditions as in the two-photon excitation stud-
es. The registered detector counts were taken as a measure of
he fluorescence intensity of the samples. Estimates for the extinc-
ion coefficients for conjugates 1–4 were taken from a previous
eport [24] and for perylene, in dichloromethane, the value of
8,500 cm−1 M−1 was used.
hotobiology A: Chemistry 215 (2010) 214–222

2.6. Prolonged irradiation study

Time course steady state fluorescence measurements and life-
time determination were performed using a FluoroLog 3 TCSPC
spectrophotometer, equipped with a 450 W xenon lamp for steady
state excitation. The excitation wavelength was 275 nm, with a
bandpass of 10 nm and the emission was monitored at 440 nm with
a bandpass of 1 nm. From integration of the spectral output of the
Xe lamp a corresponding power estimate of ∼2.9 W is obtained for
these conditions. A neutral density filter (ND2) was placed on the
emission side to reduce the light intensity incident on the detector.
The apparatus was run in S/R mode to account for any fluctuation
in the intensity of the xenon lamp. These conditions were used
for each compound. Data were treated by dividing the initial value
(or peak intensity close to the experiment commencement) and
the rates were obtained by a linear fit to the data using Microcal
Origin 8 software. Time-resolved measurements were performed
using either a N-280 or N-340 NanoLED excitation source and tim-
ing made using a FluoroHub controlled via DataStation software.
Analysis was made using the DAS6 global analysis module, linking
the lifetimes.

2.7. Molecular modelling

Semi-empirical quantum chemical calculations were performed
using ArgusLab 4.0.1 from Mark Thompson, Plenaria Software LLC
of Seattle. Structure geometry was optimised using a PM3 model,
as was the determination of the molecular orbitals. The absorption
spectra were calculated using the ZINDO routine supplied in the
software.

3. Results and discussion

3.1. One-photon excitation

The steady state fluorescence and absorption spectra for the
compounds in chloroform are shown in Fig. 1. Previously the pho-
tophysical parameters, such as fluorescence quantum yield, peak
absorption and emission wavelengths have been reported for these
compounds in ethanol [24]. From the figure it can be seen that
the peak absorption (349 nm) is the same for all compounds and
this can be related to the MBC fluorophore. Differences between
the compounds can be seen below 300 nm, relating to the differ-
ent amino acid residue. The fluorescence emission wavelengths of
conjugates 3 and 4 are slightly shorter (437 nm) than those of 1
and 2 (440 nm) and may reflect the influence of the different amino
acids. The absorption wavelengths are in keeping with those of the
study using ethanol as a solvent [24], while the peak fluorescence is
shifted to shorter wavelength, reflecting the effect of lower dielec-
tric constant of chloroform. This type of solvatochromic behaviour
has also been reported for other 5,6-benzocoumarin derivatives
[17].

ZINDO calculations [28,29] to estimate the electronic absorption
spectrum were performed for the compounds and the dielectric
constant varied between the extremes of vacuum and water. A cal-
culation of the expected photocleavage product of the fluorophore
was also made and the outcome of these calculations is illustrated
in Fig. 1. This shows that for the conjugated compounds the spec-
tra are only marginally different for each dielectric constant, with
two main transitions between 320 nm and 335 nm obtained at

low dielectric constant (Fig. 1b). These both have similar oscillator
strengths. At the higher dielectric constant (Fig. 1c) the transitions
are shifted to longer wavelengths and compound 2 exhibits the
larger oscillator strength. The longer wavelength transitions are
enhanced at the expense of those between 325 nm and 330 nm. The
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Fig. 1. (a) Normalised fluorescence spectra for conjugates 1–4 in chloroform. The
lower panels show the oscillator strengths obtained from a ZINDO calculation, (b)
in vacuum, (c) in water, for conjugates 1–4 and the expected cleaved fluorophore
(MBC). The normalised absorption spectra of the conjugates (1–4) in chloroform are
also shown for comparison, 1 and 2 in (b), 3 and 4 in (c).

Table 1
Time-resolved data for compounds 1–4 in chloroform (C) and methanol (M) with excitati

Compound Solvent �1/ns �2/ns

1 C 1.09 ± 0.04 2.72 ± 0.01
M 0.10 ± 0.03 2.91 ± 0.90

2 C 1.27 ± 0.03 2.94 ± 0.01
M 0.15 ± 0.02 3.09 ± 0.33

3 C 0.98 ± 0.03 2.61 ± 0.01
M 0.08 ± 0.02 1.83 ± 0.21

4 C 0.98 ± 0.02 2.62 ± 0.01
M 0.09 ± 0.02 3.17 ± 1.54
hotobiology A: Chemistry 215 (2010) 214–222 217

wavelengths recovered in this study appear sensible in relation to
those obtained for the actual molecules in solution. The effect of
increasing the dielectric constant on a model of the cleaved MBC
fluorophore produces a steady shift to longer wavelengths accom-
panied by an increase in oscillator strength. This information can
help in this study using chloroform and methanol as solvents as
well as for future studies and application to proteins.

Time-resolved measurements were performed, exciting into the
longer wavelength side of the MBC absorption band, at 375 nm – a
wavelength equivalent to that applied later in the TPE study. The
lifetimes recovered are shown in Table 1. The decay parameters for
the compounds in chloroform appear comparable, with the sum of
two exponential components required in order to produce a sat-
isfactory fit to the data. It appears that the results from 3 and 4
are near identical in this solvent. The lifetimes obtained for 2 are
slightly longer than those obtained for the other compounds and
the relative amount of the fluorescing components are equal. The
others have a dominance of the longer-lived decay component.

When using methanol as a solvent, the kinetic behaviour
changes, and in order to obtain a satisfactory fit a further expo-
nential component is required. The recovered decay parameters
for the compounds all have a significant amount of a fast decay
component in the order of 100 ps. The kinetic behaviour is dom-
inated by a longer-lived decay with a lifetime between 6 ns and
7 ns. In all cases there was a minor quantity of a lifetime in the
order of 2–3 ns. As with using chloroform as the solvent the time-
resolved kinetic for compounds 3 and 4 are similar. Compound 2
again appears slightly different as it has proportionally more of a
3 ns lifetime than the other compounds and the longer-lived decay
(6.12 ns) is significantly shorter than the values recovered for the
remaining compounds.

The difference in decay kinetics between the two solvents can
relate to the influence of the solvent polarity and even the pres-
ence of the hydroxyl group in methanol. In order to obtain further
information time-resolved emission spectra were recorded for each
compound in the two solvents. The resulting decays for each com-
pound were analysed globally and the normalised pre-exponential
values plotted for each fluorescence lifetime to produce decay asso-
ciated spectra [26]. The result of this analysis is shown in Fig. 2.
When all the decays (53 in total, covering 390–598 nm at 4 nm
intervals) are considered, in order to fit all acceptably a sum of three
(common) decay components was required. If chloroform is used
as a solvent a short-lived decay component appears with a peak
about 415 nm. The presence of this extra component, uncovered
by this form of analysis, is testament to the number of decay curves
analysed and the wavelength range covered, which explains why
this decay is not seen in the simple analysis. For compound 2 this
shorter-lived decay time is 86 ps, but for the other compounds this
value is nearly twice as long. The other lifetimes are similar to those

obtained from the single decay analysis. Using methanol as the sol-
vent the analysis recovered a very short lived species and the same
number of decay components as in the simple analysis.

It is noticeable that the short-lived decay is at shorter wave-
lengths (higher energies) with the longer-lived decay associated

on at 375 nm and emission at 450 nm.

�3/ns ˛1 ˛2 ˛3 �2

0.37 0.63 1.06
6.65 ± 0.03 0.41 0.05 0.54 1.02

0.50 0.50 1.02
6.12 ± 0.03 0.36 0.15 0.49 1.06

0.31 0.69 1.04
6.97 ± 0.02 0.40 0.03 0.57 1.04

0.30 0.70 1.03
7.01 ± 0.03 0.42 0.02 0.56 1.01
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Fig. 2. Outcome of analysis of the TRES measurements for compounds 1–4 in chloroform (left) and methanol (right) with 375 nm excitation. This shows the decay associated
spectra for the different fluorescing components obtained from the pre-exponential values from global analysis.
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Scheme 2. Potential deactivation pathways for the MBC fluorophore.

ith longer wavelengths (lower energies), which points to the fact
hat the states have the same origin [30]. The wavelengths obtained
sing methanol as a solvent are longer than those recovered using
hloroform in keeping with the effect of solvent relaxation. It should
e noted that the value obtained for compounds 3 and 4 for the
hortest-lived decay component is beyond the resolution of the
quipment and should only be considered as being a very fast
ecay time. The trend in the longest-lived decay time is the same
s that observed in the single curve analysis. These data point
o a three-component system with emission from three different
nergy levels, although from the shape of some of the curves, in
erms of breadth and appearance of being the sum of two or more
omponents may indicate some interaction between these levels. A
imple scheme (Scheme 2) can be presented to represent possible
athways in the MBC fluorescence.

This assumes that the initial excited (A) state, can either relax
o the ground state or irreversibly convert to other states (B then
o C). This is similar to schemes proposed for (coumarin-4-yl)

ethyl derivatives [31–33]. In these works, competition between
e-excitation to the ground state and bond cleavage along with a
wo-step formation of the product has been proposed [33]. It is a

oot point to the exact attribution of the states B and C, but it
s likely that they relate to the formation of ion-pair prior to final
roduct formation.

From the lifetime data it is possible to further compare the
ffect of the amino acid on the MBC conjugate fluorescence.
lthough not possible to directly obtain the rates of interconversion
etween the species, an inference can be made from compar-

ng the ratios of the different lifetimes, see Table 2. This shows
hat the lifetime ratio of the two longer-lived components (�3/�2)
ppears mainly independent of conjugate and solvent. However,
hen the shortest-lived component is considered differences can

e easily discerned between the use of the two solvents. The
e-excitation/conversion from A → B is about an order of magni-
ude faster in the higher polarity methanol than in chloroform.

hen using chloroform as a solvent the ratios are the same for

he compounds, apart from compound 2. When considering the
hortest-lived component, values twice those for the other com-
ounds are found. When using methanol as the solvent, the main
ifferences between compounds 1 and 2 are noted with 3 and 4,
hich arises from the short decay time obtained for the latter.

able 2
atios of the lifetime values for 1–4 in chloroform and methanol recovered from global a
3 = k3

−1, given in Scheme 2.

Compound Solvent

Chloroform

�3/�1 �3/�2 �2/

1 18.0 2.3 7.
2 34.5 2.5 14.
3 17.5 2.3 7.
4 18.0 2.4 7.
Fig. 3. Difference in electron density between the calculated HOMO and LUMO of
1–4. Red lobes signify negative, blue lobes signify positive. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of the article.)

Complementary molecular modelling studies were performed
on structures geometry optimised using a semi-empirical PM3
model [34]. The difference in electron density between the high-
est occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), for each of the compounds, is illus-
trated in Fig. 3. This indicates that for all the compounds, with the
exception of 2, a transition between the HOMO and the LUMO is
predominantly localised on the MBC moiety. This observation is in
keeping with another study showing the �–�* characteristic of the
frontier orbitals [17]. For 2, this is spread between the MBC and
tyrosine parts of the conjugate. The electrostatic potential (ESP)
mapped onto the electron density of the compounds was calcu-
lated and shown in Fig. 4. It is clear from this calculation that the
ESP of compound 2 is different to that of the other compounds, with
most negative potential on the tyrosine part of the molecule. For
the other three compounds the most negative ESP is located on the
MBC. The aromatic side chain of tyrosine is known to participate
in electron transfer reactions in proteins [35,36] and in this case
its electronic properties may help clarify the charge distribution,
which can in turn help to explain the fluorescence decay kinetics
of this derivative.

3.2. Two-photon excitation

TPE studies of conjugates 1–4 were performed in a region where
the fluorescence signal showed an intensity squared dependence
on the incident laser irradiation power. This dependence is exem-
plified in Fig. 5 for 1 in chloroform using 750 nm excitation and

indicates that the fluorescence is indeed obtained from a two-
photon excitation process (see Eq. (2)) [37]. The fluorescence decay
parameters obtained from TPE of the conjugates in chloroform
using 750 nm excitation are reported in Table 3. As with the one-
photon excitation data, the data fitted well to the sum of two

nalysis of the TRES data. It should be noted that �1 = (k1 + k4)−1, �2 = (k2 + k5)−1 and

Methanol

�1 �3/�1 �3/�2 �2/�1

9 363 2.1 173
0 206 2.3 88
5 2340 2.7 867
5 3510 1.5 2275
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Fig. 4. Mapped surfaces showing the calculated electrostatic potential (ESP) for the
conjugates 1–4.
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ig. 5. Quadratic dependence on excitation power for 1 in chloroform, demonstrat-
ng a two-photon excitation process.

xponentials and the recovered parameters are in agreement with
hose for the single curve analysis given in Table 1.

Two-photon excitation spectra of conjugates 1–4 in the
30–820 nm region are shown in Fig. 6. The spectra are obtained
ith reference to the signal obtained from perylene, which absorbs

nd emits light in the same wavelength region [27]. To arrive at the
pectra shown in Fig. 6, Eqs. (3) and (4) were employed. The ref-
rence TPE cross-section �2,r(�) for perylene in dichloromethane,
lso plotted in Fig. 6, is taken from the literature [27]. Although, it
hould be noted that literature values exhibit some variation [38].

s seen in the figure, the compounds 1–4 have a strong absorption
t the low end of the spectrum (730 nm), corresponding to double
he excitation wavelength of the OPE peaks. The TPE fluorescence
ignal then drops off at higher wavelengths for 1, 3 and 4. Interest-
ngly, compound 2 still has a large TPE fluorescence signal above

able 3
ime-resolved data for 1–4 in chloroform from two-photon excitation.

Compound �1/ns �2/ns

1 1.29 ± 0.08 2.87 ± 0.03
2 0.97 ± 0.04 2.76 ± 0.05
3 1.11 ± 0.06 2.68 ± 0.13
4 1.16 ± 0.06 2.84 ± 0.14
Fig. 6. Two-photon excitation spectra for compounds 1–4 in chloroform and the
reference data for perylene in dichloromethane.

800 nm. This feature is absent in the OPE spectrum above 400 nm.
As can be seen in Fig. 6, the peak TPE cross-sections �max are in the
order of 1–3 Göppert–Mayer units. A value around 1–10 GM seems
to be typical for many common dyes [27,39–41]. However, the val-
ues that we found are similar to those obtained for other coumarin
derivatives [13], although an order of magnitude smaller than those
determined for ketocoumarins [12].

3.3. Prolonged irradiation followed using fluorescence

A previous study using irradiation at different wavelengths in
a photochemical reactor, monitored by HPLC with a UV detector,
showed that compounds 1–4 undergo photocleavage [24], with the
cleavage products depicted in Scheme 3. The aim of this part of the
study was to make use of fluorescence to monitor any cleavage
process directly.

This previous study showed a wavelength dependent cleavage
rate, so to help gain an insight into the photocleavage process a
relatively short wavelength (275 nm) was chosen for excitation. At
this wavelength the molecular absorption is principally related to
the amino acid part of the conjugate, although the MBC moiety also
exhibits some absorption at this wavelength. This is illustrated in
Fig. 7, which compares the excitation spectra of compound 2 with
uncoupled MBC in chloroform [13]. In the case of 2, which consists
of the fluorescent amino acid tyrosine coupled to the MBC fluo-
rophore, there is the possibility of energy transfer from the tyrosine
to MBC, as the tyrosine emission is at ∼304 nm [30]. Similar excita-
tion band structures were obtained for all the compounds, with the
band centred at 350 nm related to the MBC moiety. As the monitor-
ing wavelength was 440 nm, corresponding to the peak emission of
the MBC fluorophore, the choice of these two wavelengths should
lead to a reduction in the observed intensity if a cleavage process

occurred.

Fig. 8 demonstrates the change in the intensity monitored at
440 nm with 275 nm excitation with time for compounds 1–4 in
chloroform. Under normal measurement conditions (1 nm band-

˛1 ˛2 �2

0.41 0.59 1.12
0.37 0.63 1.02
0.34 0.66 1.00
0.35 0.65 1.02
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Scheme 3. General illustration of the photo
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ig. 7. Excitation and emission spectra of compound 2 in chloroform. Fluorescence
as excited at 275 nm and the fluorescence excitation was monitored at 440 nm.

he excitation spectrum for uncoupled benzocoumarin is also shown.

ass for both monochromators) no significant change in intensity
as observed, as illustrated by the inset in Fig. 8. However by

ncreasing the light intensity incident on the sample (by increasing
he excitation monochromator bandpass to 10 nm) a decrease in
uorescence intensity was observed with irradiation time. From

his figure it is noticeable that compounds 3 and 4 exhibit the
ame monotonous decrease (∼20%) over the course of the exper-
ment. The rate for which is 2.5 × 10−3 min−1, a value similar in

agnitude reported for the compounds in a methanol-buffer solu-

ig. 8. Fluorescence emission monitored at 440 nm with excitation at 275 nm (band-
ass 10 nm) with time. Inset is the response for 3 using an excitation bandpass of
nm.
cleavage process of compounds 1–4.

tion monitored via HPLC [24] and can indicate that photocleavage
may be the dominant process. The behaviour of compounds 1
and 2, under the same experimental conditions, differs dramati-
cally from that of 3 and 4. Here it is apparent that the decrease
in intensity is a multistep process. Considering 1, this was visu-
ally fitted and an initial rate of 11.2 × 10−3 min−1 obtained for the
first 25 min and a rate of 4.0 × 10−3 min−1 for the remainder of
the monitoring period. In the case of 2, this was visually fitted to
three linear regions (0 to ∼15 min, 15 to ∼53 min and ∼53 min to
experiment end). The corresponding rates were 21.0 × 10−3 min−1,
7.6 × 10−3 min−1 and 4.0 × 10−3 min−1. To specifically elucidate the
origin of this behaviour requires further analysis, however it is
clear that the electronic coupling between the amino acid and
MBC parts of the molecule play a significant role. This coupling
is obviously dependent on the structure of the amino acid in the
conjugate.

If we concentrate on the enhanced decrease observed with 2, it is
possible to speculate that upon cleavage energy transfer between
the tyrosine and MBC moieties is reduced (ceased) as each part
is free to migrate away from the other, this is because the exci-
tation wavelength of 275 nm excites the tyrosine and to a lesser
extent the MBC. Such a mechanism can explain the faster rate of
change observed, which has also been noted in the HPLC study
[24]. Other work using different coumarin derivatives has shown
that this class of molecule photochemically cleaves forming sin-
glet ion-pair, with the possibility of recombination leading to a
multiexponential decay kinetic [31–33].

To ascertain if any effects of irradiation could be seen in the
time-resolved fluorescence data, experiments exciting at 280 nm
during an irradiation experiment using a FluoroLog TCSPC were
performed. In view of the fact that distinct species (amino acid part,
MBC moiety) or interactions were expected the data were analysed
globally. This involved linking the lifetimes to gain further informa-
tion concerning the relative concentrations of the emitting species.
As with the early global analysis using 375 nm laser excitation, the
sum of three linked exponentials was required to fit the dataset.
It should be noted that upon prolonged irradiation of the sample
with a 375 nm DeltaDiode laser (at an average power of 0.5 mW) no
significant changes were seen. However, with an excitation wave-
length of 280 nm for the time-resolved measurements a variation
in the decay parameters was observed. The outcome is shown pic-
torially in Fig. 9. This shows that there is a significant increase (∼1.5
times) in the amount of intermediate component with irradiation
time at the expense of the relative proportion of both the shortest-
and longest-lived components. The fact that a change in the life-
time behaviour is observed, along with the previous report using
HPLC [24], is indicative that the process also seen in the steady state
is not just a simple photobleaching process. A possible explanation

for the change in the concentrations of the fluorescing species is
that photocleavage inhibits the conversion of state B → C, produc-
ing the reduction in the quantity of the longest-lived decay species,
caused by the physical separation of the fluorophore and amino acid
moieties.
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ig. 9. Outcome of global analysis for 2, linking three decay times, showing the
hange in their relative amounts during a prolonged irradiation experiment. Exci-
ation was at 280 nm, emission was at 435 nm.

. Conclusion

The MBC–amino acid conjugates were studied using both one-
nd two-photon excitation, with the two-photon excitation cross-
ections determined. Time-resolved fluorescence measurements
upported by molecular modelling helped elucidate different pho-
ophysical behaviour for the tyrosine containing conjugate, which
s also reflected in its photocleavage kinetics. This work shows the
romise of this class of conjugate for future application, both using
PE and TPE, in the study of the mechanism and kinetics of neuro-

ransmission.
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