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Brewster angle reflectometry has been developed as a tool for determining the absorbance and
refractive index changes in molecular monolayers containing spiropyran. The method is sensitive to
changes in both the real and imaginary parts of the refractive index in the monolayers. It was used to
monitor the conversion of spiropyran to merocyanine and the reversal of this reaction when the
molecules were immobilised on quartz using silane coupling. An analytical solution of Fresnel formula
allowed the transient reflectometry data to be converted into transient absorption information.
Absorbances of transients as low as ~10-6 were possible using the current apparatus with a single laser
pulse transient measurement. It was found that spiropyran photoconverted to merocyanine with an
efficiency of ~0.1. The photochemical reversion of converted merocyanine to spiropyran occurred with
efficiencies of 0.03–0.2 and this was probably site dependent. It was found that the thermal conversion
from merocyanine to spiropyran was slow and even after 10 min there was no significant thermal
reversion. This measurement was possible because the real part of the refractive index of the monolayer
could be monitored with time using an off-resonance probe at a wavelength where the merocyanine did
not absorb light meaning that the probe did not photobleach the sample. Thus our method also
provides a non-intrusive method for probing changes in molecules in thin films.

A. Introduction

Spiropyran (SP) conversion to merocyanine (MC) (Scheme 1) in
monolayers on solid supports and in Langmuir and Langmuir
Blodgett films has been extensively studied because of its poten-
tial for use in photoswitching applications.1–10 For example the
switchability has been harnessed to make the wetability of surfaces
change, in order to alter capillary action, to lift heads of liquid, and
to make water droplets move as UV and visible light excitation are
alternated.1–3 Light-induced phase transitions and pressure jumps
have also been observed on timescales from minutes to hours,4–6 as
well as more recently by the current authors using nanosecond
time-resolved Brewster angle microscopy.7–9 Furthermore SP’s
ability to switch surface properties has been utilized in electrodes
on gold for binding proteins,10 in biopolymer films11 and in hybrid
surface architectures.12

Scheme 1 Schematic representation of SP to MC and reverse
photoconversions.
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Despite the plethora of works harnessing or studying the
photo-switching of properties by SP, as well as other molecules,13

on surfaces, there is little fundamental knowledge about the
photochemical reactions themselves. This is primarily because
making optical measurements in thin films and monolayers is
difficult due to the short optical pathlength available. Ellipsometry
has been reported on SP thin-films.14,15 Reflectometry based on
surface plasmon resonance (SPR) has been used to monitor
reactions in self-assembled monolayers16 and in polymer films17

on metallic gold and silver surfaces, however the vast majority of
surfaces are not metallic, so it is desirable to find alternative means
to probe reactions in monolayers that can be used on a wider range
of substrates.

Diffuse reflectance has been successfully applied to studying
monolayers on scattering media18 and this methodology was
developed in the late 1980s into picosecond and nanosecond
diffuse reflectance flash photolysis by Wilkinson et al.19,20 The
measurement relies on multiple scattering in an opaque medium,
meaning that the effective pathlength is increased. This method
is especially useful since many surfaces scatter light diffusely.
Later still, regular reflectance flash photolysis was proposed
by Fukumura et al. to look at specular reflection from highly
absorbing thick molecular samples.21

More recent attempts to look at absorbance in ultra-thin films
have applied the methods of waveguides to observe ~100-fold
increases in sensitivity using multiple passes.22 Also, cavity ring-
down has been applied to this problem using multiple passes
through the film and the substrate to gain extra pathlength.23–28

This has resulted in measurements of absorbance down to 10-6

per laser pulse (better with averaging) with the drawbacks that
the time resolution of the technique will be limited and the
problem that small absorbances in the substrate can interfere in
the measurement. The method has therefore not been applied for
kinetic studies. Katoh et al.29,30 have also developed methodologies
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in transient absorption using electronic filtering that have pushed
down absorbance change detection limits in transmission to ~10-6

with multiple accumulations of transient signals.
Note that, although highly sensitive, both cavity ring-down and

Katoh’s methods monitor transmitted light. This is most appropri-
ate for bulk measurements and thicker films, although cavity ring-
down methods have also been applied to monolayers. However all
molecular monolayers are deposited on bulk substrates; and even
very low level traces of absorbing or scattering impurities in the
substrate will contribute at the same level as the monolayer or even
higher. Reflection, on the other hand, is naturally more sensitive
to optical properties of interfaces than the transmission. One of
the most accurate and widely used techniques to measure optical
properties of thin films at bulk interfaces is ellipsometry. However,
when using this method for monolayers it is not always possible to
separate optical constants such as absorption coefficient, refractive
index and the monolayer’s thickness.31

Another useful technique for measuring low absorbances in thin
films is polarization modulation reflection spectroscopy,32 which
can measure absorbances down to 10-6 using lock-in amplification
and signal modulation. This will, however mean that the data
must be accumulated over some time. According to ref. 32, for
a monolayer on gold, peak to peak noise of 5 ¥ 10-5 can be
obtained with 200 background scans and 1000 sample scans using
this technique.

Brewster angle microscopy (BAM), itself a special case of
ellipsometry, was invented by Henon et al. and Hönig et al. to
observe monolayers.33,34 So, not surprisingly, it is well suited for
the study of optical transformations in these thin films.7–9 The
method relies on the fact that when p-polarized light is incident
on an interface of two transparent media at the Brewster angle
it is nearly all refracted and reflectivity is at a minimum. If the
refractive index of the interface changes the minimum reflectivity
angle or value will change. Hence it is possible to observe and
image very small changes in refractive index.

In the current work we describe the use of reflectometry in the
vicinity of the Brewster angle to make transient measurements in
thin films. Using this method, with a single transient generating
nanosecond laser pulse shot, absorbance sensitivities of ~10-6

have been achieved demonstrating that this it is at least a
competitive and complimentary technique to cavity ring down or
any other proposed methods. Furthermore, it has some potential
advantages, such as being inherently more versatile to kinetic
studies and less susceptible to scattering losses from the bulk of the
substrate. The measurement is more approaching dark-field as the
measurement is made in geometries for which the intrinsic levels of
reflected light are low. The data is easily interpretable as a kinetic
trace of reflectance, which has proportionality to concentration,
with time. Furthermore the reflectance is sensitive to both real
and imaginary parts of refractive index and this method will
yield independent assessment of both of these parameters. An
additional advantage is that the BAM technique can also be used
in pump–probe imaging mode with mm space resolution.7–9

In the current work, the BAM method combined with pulsed
laser excitation has been used to elucidate relevant photochemical
parameters of the photocolouration, photobleaching and thermal
fading reactions for the system of SP immobilised onto fused silica
using silane coupling reagents. Thus this method opens an alter-
native way in which to study the photochemistry of monolayers in

which the absorbance changes are otherwise extremely difficult to
measure. Absorbance sensitivities down to ~10-6 are demonstrated
for single laser pulse transient measurements.

B. Experimental

1. Chemical synthesis

In this section the synthesis of the spiropyran, 5-(3¢,3¢-
dimethyl -6 -nitrospiro[chromene-2,2¢ - indoline] -1¢ -yl)pentanoic
acid (C23H23N2O7), is described (Scheme 2), as well as the
immobilization procedure by covalently bonding it to the surface
of fused silica (FS) slides (Scheme 3).

Scheme 2 Synthesis of SPCOOH.

Scheme 3 Procedure of FS slide modification with SPCOOH.
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1-(4-Carboxybutyl)-2,3,3-trimethyl-3H-indolium bromide. A
solution of 2,3,3-trimethylindolenine (1.71 g, 10.8 mmol) and 5-
bromovaleric acid (2.14 g, 11.8 mmol) in 5 ml of chlorobenzene was
heated at 140 ◦C for 16 h. After cooling to room temperature, the
mixture was titrated with 100 mL of acetone. After a few minutes,
a light pink solid came out. The solid was filtered out and washed
with acetone to give 2.87 g (8.64 mmol, 80% yield) of the desired in-
dolium bromide as a light pink solid: 1H NMR (500 MHz, DMSO-
d6) d 1.54 (6H, s, 2-CH3), 1.65 (2H, m, CH2CH2CH2CH2COOH),
1.86 (2H, m, CH2CH2CH2CH2COOH), 2.31 (2H, t, J = 7 Hz,
CH2CH2CH2CH2COOH), 2.85 (3H, s, –CH3), 4.49 (2H, t, J =
8 Hz, CH2CH2CH2CH2COOH), 7.6–8.0 (4H, m, ArH); 13C
NMR (125 MHz, DMSO-d6) d 14.3, 21.8, 22.4, 27.0, 33.4, 47.6,
54.5, 115.8, 123.9, 129.3, 129.8, 141.5, 142.2, 174.4, 197.0; IR
(neat, cm-1): 2875, 1732, 1597, 1401, 1298; HRMS (ESI) m/z [M -
Br]+: calcd 260.1645, obsd 260.1643 for C16H22O2N1.

5-(3¢,3¢-Dimethyl-6-nitrospiro[chromene-2,2¢-indoline]-1¢-yl)pen-
tanoic acid (SPCOOH). A solution of 1-(4-carboxybutyl)-2,3,3-
trimethyl-3H-indolium bromide (118 mg, 0.347 mmol) and 5-
nitrosalicylaldehyde (64 mg, 0.382 mmol) in 10 mL of THF
was heated at 80 ◦C for 12 h. After cooling to room temper-
ature, a dark purple solid precipitated. The solid was filtered
and the filter cake was washed with ether to give 129 mg
(0.316 mmol, 91% yield) of SPCOOH as dark red solid:
1H NMR (300 MHz, CDCl3) d 1.18 (3H, s, 3-CH3), 1.28
(3H, s, 3-CH3), 1.64 (4H, m, CH2CH2CH2CH2COOH), 2.34
(2H, t, J = 7 Hz, CH2CH2CH2CH2COOH), 3.19 (2H, m,
CH2CH2CH2CH2COOH), 5.86 (1H, d, J = 10 Hz, Pyran-H),
6.56 (1H, d, J = 8 Hz, ArH), 6.74 (1H, d, J = 8 Hz, ArH), 6.86
(1H, d, J = 7 Hz, ArH), 6.90 (1H, d, J = 10 Hz, Pyran-H), 7.07–
7.21 (2H, m, ArH), 8.00–8.03 (2H, m, ArH); 13C NMR 13C NMR
(75 MHz, CDCl3) d 19.8, 22.4, 26.0, 28.3, 33.5, 43.3, 52.6, 106.6,
115.5, 118.4, 119.5, 121.7, 121.9, 122.7, 125.9, 127.7, 128.2, 135.9,
140.9, 147.0, 159.5, 178.4; IR (neat, cm-1): 1699, 1609, 1512, 1479,
1274; HRMS (ESI) m/z [M+H]+: calcd 409.1758, obsd 409.1762
for C23H25O5N2; m/z [M + Na]+ calcd 431.1577, obsd 431.1582 for
C23H24O5N2

23Na1.

FS slide modification with SPCOOH. The FS slides were
cleaned by pyrolysis in a furnace at 500 ◦C for 5 h to remove any or-
ganic contamination prior to use. 3-Aminopropyltriethoxysilane
(APTES) was used as a silane coupling agent and tert-
butyldiphenylsilyl (TBDPS) was used as a spacer. The APTES and
tert-butylchlorodiphenylsilane (TBDPSCl) were mixed in different
proportion to alter the SP surface coverage as required. Solutions
of APTES/TBDPSCl in dry toluene (0.25% v/v) were prepared.
The slides were then incubated in the solution at room temperature
for 30 min to obtain the aminated slides. After amination, the
silane-coated slides were incubated in an ethanolic solution of
SPCOOH in the presence of EDC (10 molar equivalents). This
was carried out in an airtight bottle, at room temperature, with
gentle shaking for 12 h. The slides were then removed from
the solution and washed sequentially with ethanol and water to
remove unbound SPCOOH.

2. The apparatus for reflectometry

The apparatus (Fig. 1) is a modified NanoFilm EP3 BAM. A
CW probe laser (532 nm or 671 nm AOTK diode lasers ~50 mW
appropriately attenuated using filters) is made incident at the

air interface with the sample monolayer in the vicinity of the
interface’s Brewster angle.

Fig. 1 Experimental setup for time-resolved Brewster angle reflectometry.

The probe light is p-polarization purified before the sample
using a high extinction (1 ¥ 10-8) Glan-Thompson polarizer. In the
current work, the reflected beam is collected with the microscope’s
objective removed and monitored using a CCD camera. The
CCD camera can measure images every 40 ms, enabling real-time
monitoring of events occurring on timescales from 40 ms up to a
few seconds.

This timescale is adequate in the current study. However, for
faster timescales either faster cameras, photomultiplier tubes,
or pump–probe imaging can be used.7–9 The angle of incidence
is varied using the EP3 goniometer, which has a 0.01◦ angle
resolution and a reproducibility of 0.001◦.

The 355 nm, 5 ns pulse from a Lotis Nd-YAG laser is made
incident normal to the surface and the sample monolayer. This
initiates photo-induced reactions in the monolayer. The laser pulse
energy fluence could be varied from 0–100 mJ cm-2.

A Shimadzu UV-2450 UV-VIS spectrometer was used to
measure the absorption spectrum of the initial SP monolayer.

3. Theoretical considerations for data handling

Numerically, the reflectivity of the interface can be simulated
using Fresnel equations,7 however, in the following we have
derived its analytical approximation that simplifies the approach
for quantification of kinetic studies. For this derivation, we
consider a monolayer to be a thin homogeneous isotropic film
with a refractive index n1 and thickness d at the interface of two
transparent media with refractive indices n0 for the upper medium
and n2 for the lower medium.

The probe light is p-polarized and incident from the upper
medium (medium 0) to the film (medium 1) at an angle q0 (Fig. 2).
In the film it is refracted at an angle q1 and in the lower medium
(medium 2) it is refracted at q2. The angles are related according
to the Snelius law: nisin q i = nksin qk.35a Then the Fresnel equation
for reflectance of p-polarized light from a thin film at an interface
between two infinite media can be used:35b

(1)

where

(2)
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Fig. 2 The schematic representation of the monolayer film.

is the reflectivity from the pure interface 01 between media 0 and
1 and

(3)

is the reflectivity from the pure interface 12 between media 1
and 2.

(4)

is the phase factor, l is the wavelength of the incident light.
Instead of plotting the monolayer’s reflectance as a function

of the angle of incidence, in further considerations it will be
convenient to plot it against the reflectivity of the pure interface
02, which is itself a function of the angle of incidence

(5)

We assume that the film is initially transparent, that is the initial
refractive index n10 is real. Upon pulsed UV irradiation, transient
species are formed and the refractive index becomes complex, if
the transients absorb the probe light:

n1 = n10 + Dn(t) - ik(t), (6)

where the imaginary part is an extinction coefficient, k, which is
proportional to the absorption coefficient a.35c

k = al/4p (7)

Thus the two parameters that change upon photo-excitation are
the real and the imaginary parts of the refractive index of the film.
They will both contribute to the change of the reflectance:

DR(q0,t) = R(q0,t) - R0(q0) (8)

where R0(q0) is the initial reflectance before the irradiation.
To estimate these contributions, we assume that, in the vicinity

of Brewster angle, the parameters d/l, Dn/n10, k/n10, r02 are small
(�1). That d/l is small is obvious because we are dealing with
a monolayer and this assumption will be safe up to a few tens
of nanometres. r02 is related to the angle of incidence which we
can control, so we can keep it small. Likewise Dn/n10, k/n10 can
be limited by limiting the excitation fluence. For example, in the
current work this holds true for photoconversions up to 50% (vide
infra). Then we can carry out the Taylor series expansion of the
Fresnel equation (1) over these parameters. As noted above, the
result of the Taylor series expansion for the first non-vanishing

terms can be most simply expressed using r02 as an independent
variable instead of the angle of incidence q0:

DR(r02) = Ar02 + B (9)

(10)

(11)

Eqn (9)–(11) therefore predict that DR is linear with respect to
r02 and that the slope is proportional to k, whilst the intercept is
proportional to Dn. Thus, using this approximation, it is possible
to separate the contributions of Dn and k to DR. This prediction
will be experimentally validated later in the results and discussion
section (vide infra).

Combining eqn (7) and (10), the coefficient A can be expressed
in terms of the monolayer’s absorbance Abs = ad:

(12)

where Abs corresponds to the absorbance at the normal incidence
of the probe light to the monolayer, but not the real absorbance at
the real angle of incidence. Taking into account that the monolayer
is one molecule thick, Abs = sN, where s is the absorption cross-
section of the transient (cm2) and N is its surface concentration
(cm-2).

Note, that k and Dn are derived keeping only the first non-
vanishing terms in the Taylor series approximation of the exact
Fresnel equation (1). Comparison of k and Dn values calculated
using eqn (9)–(11) with numerically simulated reflectance using
the exact Fresnel equation (1) showed that the error in the
approximation is about 10%. For better precision the next terms
in the Taylor series expansion have to be derived.

4. Data collection procedure

The procedure required for data collection is dictated by the need
to experimentally obtain the time dependent parameters A and B
for eqn (9)–(12) as well as parameters for the initial monolayer (its
initial refractive index n10 and its thickness d). The rigorous data
collection procedure involves three steps.

a. Reflectance calibration. In the first step of the procedure,
the angle dependence of reflectance of a pure interface R¢02(q0)
is measured, in greyscale units of the CCD, in the vicinity of the
Brewster angle. First, the variable substitution is required q0 ←
r02. This is easy to achieve using eqn (5) since the values of n0, n2 are
known. Then, the greyscale units must be converted into absolute
reflectance units (R02). R¢02 is proportional to R02 via a calibration
factor S:

R¢02(r02) = SR02(r02) + DC = S(r02
2 + C) + DC (13)
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where DC is a dark current of the CCD camera. R02 is an exact
parabola with regard to r02, and C is an offset background,
which includes a background reflection from the sample due to
scattering, probe-beam divergence, etc. By fitting the dependence
R¢02(r02) with a parabolic function one can obtain S and C.

b. Evaluation of the initial monolayer parameters. In the
second step, the r02 dependence of reflectance of the interface with
the SP monolayer Rinit(r02) is measured by changing the angle of
incidence in the vicinity of the Brewster angle. From this procedure
using Fresnel equations (1)–(5), we can estimate the parameters of
the initial monolayer, such as n10 and d.

c. Transient laser induced reflectometry measurements. In the
third step, we irradiate the sample monolayer with the pump pulse
at different angles of incidence in the vicinity of the Brewster angle,
and record the kinetics of the reflectance change DR(t) at each
specific angle. Thus we achieve DR(t,r02) and in principle we can
record the evolution of the dependence DR(r02) with time. Finally,
using formulae (9)–(11) to fit DR(r02) at each point in time, we can
evaluate k(t) and Dn(t).

From k(t) we can determine the kinetics of the system since k
is proportional to the concentration of transients. Interpretation
of the value of Dn is, however, not that straightforward and may
be seen as a complicating factor that makes reflectance changes
harder to analyse kinetically. However, in some cases the procedure
for obtaining the kinetics can be simplified and Dn can be ignored
as will be described to be the case for this SP/MC system using a
532 nm probe light.

When the first term in eqn (9), Ar02, is much larger than the
second one, B, we can neglect the second term and DR will become
proportional to k and hence to the transient concentration. The
first term in eqn (9) is proportional to r02. Therefore, moving
the angle of incidence away from the Brewster angle, and hence
increasing |r02|, we can often achieve the situation desired for
simplified kinetic analysis. In that case, the reflectance change
can be measured at a fixed angle of incidence, for which the first
term of eqn (9) is dominant. If this is done the kinetics of the
reflectance change will be a good guide to the kinetics of the
transient concentrations of the system. Other parameters such as
the excitation and probe fluence can be varied at this fixed angle.

C. Results and discussion

Fig. 3 shows the UV-VIS spectrum of an SP modified slide before
(dotted line) and after (solid line) ~100 pulses of 355 nm irradiation
(10 Hz, 10 mJ cm-2). The dotted vertical lines show the wavelengths
of the pump radiation, 355 nm and the probe radiation, 532 nm.
Before irradiation the spectrum corresponds to that of SP with no
MC; 355 nm is close to the absorption maximum. After irradiation
a peak at 550 nm appears, which corresponds to MC absorption.
From these spectra one can see that 532 nm is very close to the
MC absorption maximum in the visible region.

Fig. 4 shows the UV-VIS spectrum of a typical sample slide used
for the reflectometry measurements. Initially, all of the monolayer
consists of SP only. The absorbance at ~355 nm is ~1.5 ¥ 10-3.
This absorption spectrum was measured in transmission using a
standard UV-Vis spectrometer. This means that the probe light
passed through two chemically modified sides of the fused silica
slide, so we can say that the absorbance of a single side of the slide

Fig. 3 UV-VIS spectrum of a SP modified slide before and after series
of pulses of 355 nm irradiation. Dashed line: before the irradiation; solid
line: after the irradiation.

is ~7.5 ¥ 10-4. Note that only one side is probed in the reflection
measurement. This low absorbance makes the sample challenging
to study using conventional means. Using a typical molar decadic
absorption coefficient for SP in solutions (e ª 4000 L mol-1 cm-1),36

the SP surface concentration Nsp can be estimated: Nsp ª1 nm-2.

Fig. 4 UV-VIS spectrum of a typical SP modified slide used for the
time-resolved reflectometry measurements.

Next, as the first step of the experimental procedure, the analysis
of the r02 dependence of reflectance of the initial monolayer will
be discussed. Refractive indices for air and FS are known to be
n0 = 1, n2 = 1.46,37 respectively, therefore it is easy to calculate the
dependence r02(q0). This is shown in Fig. 5 for q0 in the vicinity
of the Brewster angle. The Brewster angle for an air/FS interface
is qB = arctan(n2/n0) = 55.6◦. r02(q0) in the vicinity of qB is a
straight line with a negative slope, and r02(qB) = 0. An example
of the r02 dependence of a pure air/fused silica interface is shown
in Fig. 6 with a dashed line (532 nm probe beam with intensity 2
mW cm-2). The y-axis on the right corresponds to greyscale units of
the CCD camera; the y-axis on the left corresponds to the absolute
reflectance. The calibration factor S = 1.3 ¥ 108 was obtained by
fitting the dependence with parabola (13). The background, C,
was found to be ~10-7 under the experimental conditions used.
The minimum of the parabola is found to be at r02 = 0, which
corresponds to the Brewster angle.

Next, in the second step of the experimental procedure, we
obtain an estimate for n10 and d for the initial condition as it
is required in formulae (9)–(11) to enable us to determine the
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Fig. 5 Angle of incidence dependence of r02 in the vicinity of the Brewster
angle for an air/FS interface.

Fig. 6 The r02 dependences of the initial SP monolayer reflectance (solid
line) and of the pure air/FS interface (dashed line). DMINinit corresponds
to the shift of the minimum of the former with respect to the minimum
of the latter along the r02 axis. DRinit(0) corresponds to the shift of the
minimums along the R axis. The right y-axis is in CCD greyscale units, and
the left y-axis is in the actual reflectance units. The calibration procedure
is described in the text.

absolute value of transient absorption and the real part of the
refractive index change (k and Dn).

These values could be obtained independently, using other
experimental methods, or from assumptions based upon the
molecular structure. However, in principle, it is also possible to
estimate their values with the current apparatus using the method
described below, if other sources of the data are not available.

The reflectance dependence Rinit(r02) is shown in Fig. 6 by a
solid line. The difference between Rinit(r02) and R02 is clear and
much larger than the noise level.

Rinit(r02) has a pronounced minimum in the vicinity of r02 = 0. In
general, it is possible to show, using Fresnel equations, that Rinit(r02)
is a parabola, similar to R02, however it is shifted ‘vertically’, by
DRinit(0) and ‘horizontally’, by DMINinit in the figure, with respect
to R02(r02). The difference in the curvatures of the parabolas is quite
negligible if d � l, which is the case for a monolayer. Using these
two parameters (DRinit(0), DMINinit) it is possible to calculate n10

and d independently. For example, in the case when n10 is close to
n2, (n10 - n2)/n2 � 1, we can use the Taylor series expansion for the

Fresnel equation using r02, d/l, Dn = n10 - n2 as small parameters.
The result for the first non-vanishing terms is similar to (9):

DRinit(r02) = Ar02 + B (14)

In this case the coefficients A and B will be:

(15)

(16)

Hence, we can obtain dn from

(17)

Thus d can be obtained either from (15) or (16). Fig. 7 shows
the difference DRinit(r02) between Rinit(r02) and R02(r02) (shown in
Fig. 6). Using the parameters of the linear fit to DRinit(r02) (solid
line in Fig. 7) it was found that d = 1.7 nm and dn = 0.08, and
hence that n10 ª 1.55.

Fig. 7 The r02 dependence of the difference of the initial SP monolayer
reflectance and the reflectance of the pure air/FS interface from Fig. 6.
Dots: experimental data; solid line: linear fit to the data.

Note that, for such a thin film, DMINinit is quite difficult to
measure with high precision, since it is close to the limit of
experimental reproducibility. For a film a few nanometres thick,
it corresponds to a shift of the minimum of the angle of incidence
dependence of a few millidegrees. Therefore, the values of dn and
d obtained are a rough estimate. However, the values obtained
appear to be quite reasonable values for this organic monolayer
and will be used in further estimations.

Next, we will estimate the expected absorbance changes in
the monolayer, after photoconversion, to evaluate weather our
approximations (eqn (9)–(11)) are valid. To do this assume that
the molar decadic absorption coefficient e ª 40 000 L mol-1 cm-1

at 532 nm for MC, which is reasonable since values for the related
6,8-dinitro-substituted analogue, for which e is best known, range
from 35 000–45 000 L mol-1 cm-1 depending on the solvent.38 The
value that we currently adopt, 40 000 L mol-1 cm-1, is from a
measurement made in acetone. The surface of the fused silica is
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modified with alkyl, ketyl, amino and phenyl groups so it is hard
to assign a polarity in this case. This is because there are polar,
non-polar and polarizable groups all present. We therefore choose
a medium value for e. The absorbance of MC on the surface is
close to maximum at ~532 nm (Fig. 3) so we can assume that the
best value of e is to use is that for the peak maximum as we have
done. n10 ª 1.55 and the estimated surface coverage of SP molecules
is ~1 nm-2. We can therefore expect that, even if 50% of all of the
SP molecules in the monolayer convert to MC under the action of
the pump radiation, the transient absorbance of MC formed will
only be about 3 ¥ 10-3 and k/n10 ~ 0.04 which is �1. Therefore,
the approximations (9)–(11) of Fresnel equation (1) can be used.

Next we discuss step 3 of the experimental procedure. Rep-
resentative DR(t) dependences following single pulse 355 nm
photoexcitation are shown in Fig. 8 at two different angles of
incidence: 55.50◦ and 55.70◦. The former one is smaller than the
Brewster angle and corresponds to r02 = 10-3, which is >0, and
with DR(t)>0, whilst the latter is larger than the Brewster angle
and corresponds to r02 = -10-3 < 0, and with DR(t)<0.

Fig. 8 Representative DR(t) dependences following a single 355 nm
photoexcitation pulse (10 mJ cm-2) at two different angles of incidence:
(top) 55.50◦; (bottom) 55.70◦. The Brewster angle is about 55.60◦. Probe
light wavelength is 532 nm, intensity 2 mW cm-2.

Both kinetic traces have similar characteristic decay times.
At r02 = 0, DR(t) is not detectable above the noise level. Both
dependences were obtained using 532 nm probe light with a fluence
of 2 mW cm-2.

The representative DR(t) dependence for the 671 nm probe light
taken at r02 = 0 is shown in Fig. 9. At other values of r02, DR(t) was
found to be similar. Note that a 671 nm probe fluence of about 500
mW cm-2 was required in order to see a DR signal with similar in
magnitude to that seen in case of the 532 nm probe of 2 mW cm-2.
Note also that there is some drift in the long term stability of the
diode laser currently employed leading to kinks in the kinetic trace
over such long timescales.

In the case of the 671 nm probe light, even though the fluence
was so high, DR did not change with time within the time interval

Fig. 9 Representative DR(t) dependences following a single 355 nm
photoexcitation pulse (10 mJ cm-2) with the 671 nm probe taken at the
Brewster angle, 55.60◦. Probe light intensity is about 500 mW cm-2. A
532 nm laser switched the monolayer back at ~550 s.

of measurement of about 10 min. So, no reverse thermal reaction
occurred on this time scale. The fast drop in DR in the end of
the trace corresponds to the moment when a 532 nm laser was
made incident normal to the sample at the same time as the
671 nm probe. This laser switched the monolayer back to the
original non-coloured state. This means that, the main reason for
the DR decays that are seen in Fig. 8 is the reverse MC to SP
photoconversion under the action of the 532 nm probe light and
not thermal reversion.

Before proceeding to the kinetic analysis, let’s first take time
out to experimentally validate the approach developed here in
part 3 of the experimental section, the main conclusion of which,
was that DR(r02) is a straight line with a slope proportional to k
and the intercept proportional to Dn (eqn (9)–(11)). To validate
this conclusion, a quasi-photostationary point was generated
to achieve the maximum change in k and Dn for 2 different
wavelengths of the probe laser one at 532 nm, where MC absorbs
and we would expect to observe the effect of k, and the other at
671 nm, at which MC does not absorb, which means that k = 0
and only Dn contributes to the reflectance change.

This was achieved by irradiating the sample sequentially by the
355 nm pump pulses until DR was nearly saturated due to the
combined photochemical reverse reactions caused by the pump
(355 nm) and probe lasers (532 nm). This took about 15 shots of
the pump laser using a repetition rate of ~0.75 pulse per second
and a fluence of 10 mJ cm-2. The 532 nm intensity used in this case
was 2 mW cm-2. After the reflectance change was nearly saturated,
no more pump shots were applied, and R decayed by the action
of the probe light until it reached its initial value. We repeated
this process at different angles of incidence, keeping the 532 nm
fluence the same. The r02 dependence of the reflectance near the
saturation point, Rsat, when the 532 nm probe was used, is shown in
Fig. 10a by a solid line. The dashed line shows the initial Rinit(r02).
Fig. 10b shows the difference DRsat(r02) = Rsat(r02) - Rinit(r02). The
corresponding dependences for the 671 nm probe are shown in
Fig. 11a,b.

It can be seen, from Fig. 10 and 11, that for the 532 nm
probe Rsat(r02) is predominantly shifted horizontally with respect
to Rinit(r02) after photoconversion, whilst in the case of the 671 nm
probe the shift is mainly vertical. Consequently, DRsat(r02) in
Fig. 10b is a straight line with a significant slope in the case
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Fig. 10 r02 dependence of (a) saturated reflectance (solid line) and initial
reflectance (dashed line) and (b) their difference using 532 nm probe light,
2 mW cm-2. Reflectance was saturated by a train of 15 355 nm pulses of
10 mJ cm-2, 0.75 pulse per second repetition rate.

of the 532 nm probe, whilst in the case of the 671 nm probe in
Fig. 11b the slope is much smaller. Using formulae (9)–(12) and
taking the parameters of the initial monolayers to be d ª 1.7 nm
and n10 ª 1.55, as they were estimated above, the values of k and
Dn were calculated. For the 532 nm probe k ª 2 ¥ 10-2 (Abs ª
5.6 ¥ 10-4) and Dn ª 2 ¥ 10-3. For the 671 nm probe Dn ª 4 ¥ 10-3.
From the absorbance so-obtained from the 532 nm probe it is
easy to estimate that the fraction of SP molecules photoconverted
to MC DNMC ª 0.1 nm-2, which is only about 10% of the initial
coverage close to saturation. For this estimate, e for MC of 40 000 L
mol-1 cm-1 at 532 nm and e for SP of 4000 L mol-1 cm-1 at 355 nm
was again assumed. Note, that for the 671 nm probe Dn is about
twice as big as for the 532 nm probe as will be discussed next.

In the spectral regions where MC absorbs, dispersion of the
real part of the refractive index can reach quite large values, as
determined via the Kramers–Kronig relation.35d In the current
case, the 532 nm probe light is close to the absorption maximum of
MC, and according to the Kramers–Kronig relation, the refractive
index dispersion is zero at absorption maxima. Therefore, we can
assume that at both probe wavelengths the refractive index of the
monolayer should be dispersion free and would change similarly
upon SP to MC photoconversion.

As previously mentioned, the relationship between the real part
of the refractive index and the relative surface concentration is

Fig. 11 r02 dependence of (a) saturated reflectance (solid line) and initial
reflectance (dashed line) and (b) their difference using 671 nm probe light,
500 mW cm-2. Reflectance was saturated by a train of 15 355 nm pulses of
10 mJ cm-2, 0.75 pulse per second repetition rate.

not straightforward. In ellipsometry the Lorentz–Lorenz relation
is commonly used.35e In this case, when the conversion is relatively
small, it can be assumed that the refractive index change is
proportional to the relative concentration of MC. Since with the
671 nm probe Dn is twice as high as at 532 nm, we can then conclude
that the conversion of SP to MC in the case of the reflectance
saturation at 671 nm is twice as high as the conversion in the case
of the reflectance saturation at 532 nm. This is reasonable since
there would be no photochemical reverse reaction due to the probe
beam when probing with 671 nm light.

Next, we will discuss the kintetics of this system in detail. In
Fig. 10b the slope of the DRsat dependence is A = 3.1 ¥ 10-4 and
the intercept B =4.3 ¥ 10-8. Therefore, for r02 ≥ 10-3, the first term
of eqn (9), Ar02, will be significantly higher than the second term,
B. For such values of r02, B can be neglected in DR(r02), so that
DR(r02) ª Ar02 and is proportional to the absorbance (from eqn
(12)) and hence to the surface coverage of MC. Dn can then be
safely ignored.

The reflectance change following a single excitation pulse is
much smaller than the reflectance change at saturation (Fig. 10).
Hence, the corresponding changes Dn and k will also be smaller.
However the B coefficient can still be safely ignored for values
of r02 ≥ 10-3. Therefore we can monitor DR(t) following a single
355 nm pulse at a fixed angle of incidence corresponding to one
such r02 value and we can still expect that DR(t) will be proportional
to the MC surface concentration. We can then obtain kinetic
information directly from DR(t).
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A representative dependence DR(t) at r02 = 10-3, following a
single 355 nm excitation pulse (10 mJ cm-2) is shown in Fig. 12. For
this trace a 532 nm probe intensity of 36 mW cm-2 was used. The
decay adequately fits to a biexponential function with exponents
having decay times differing by 5 times (t 1, t 2) and having
similar amplitudes. It is known that steric and site-dependent
matrix effects can play a crucial part in SP/spirooxazine photo-
isomerizations.39,40 Therefore, we can assign the difference in the
decay times to inhomogeneity of the molecular environment within
the monolayer. Since the amplitudes of the exponents are similar,
the amounts of molecules in different environments are probably
almost equal. Of course the real situation is likely to be more
complex than biexponential, however the approximation fits in
this case.

Fig. 12 Representative dependence DR(t) at r02 = 10-3 following a single
355 nm pulse (10 mJ cm-2) and its biexponential approximation. 532 nm
probe, 36 mW cm-2.

Fig. 13 shows the dependence of the fast (open circles) and
the slow (closed triangles) components’ reciprocal lifetimes on
the 532 nm light intensity. Both dependences were fitted linearly.
In both cases the intercept is zero at zero laser intensity, which
confirms that the DR(t) decay occurs solely due to the action
of the 532 nm probe light. From the slopes of the reciprocal
lifetime dependences we can estimate quantum efficiencies for both

Fig. 13 Reciprocal lifetimes of the R decay biexponential approximation
vs. 532 nm probe light intensity. Open circles: fast component; closed
triangles: slow component of the approximation. Solid lines: linear fittings
of the experimental data.

components in the biexponential decay: t-1 = sqU532, where s is
the absorption cross section in cm2, q is the quantum efficiency of
MC to SP photoconversion, U532 is the photon flux of the 532 nm
light in cm-2 s-1. The corresponding quantum efficiencies were
estimated to be q1 ª 0.2 for the fast component and q2 ª 0.03 for
the slow component, which are reasonable values based on data
obtained in a solid matrix.36

Fig. 14 shows the typical 355 nm excitation pulse fluence
dependence of DR taken at the moment just after the 355 nm
excitation pulse, t = 0. The angle of incidence was fixed so that
r02 = 2 ¥ 10-3. The left y-axis corresponds to DR. Since in our
case DR is simply proportional to the monolayer absorbance, DR
can be recalculated into absorbance using eqn (9) and (12). These
calculated absorbance values correspond to the right y-axis. One
can see that the dependence is saturated at excitation fluences
higher than 30 mJ cm-2. The level of the absorbance saturation
is about 3 ¥ 10-4. This saturation is achieved using single pulse
laser excitation with relatively high pulse fluence at the point of
saturation. This is in contrast to the saturation achieved by a
sequence of low-fluence pulses that was used to obtain the data
in Fig. 10 and 11. In fact, the level of the saturated absorbance
for single pulse excitation is about half that for the multi-pulse
saturated absorbance.

Fig. 14 355 nm fluence dependence of the initial reflectance change
measured just after a 355 nm pulse. Reflectance change is shown on the left
y-axis. The corresponding absorbance is shown on the left y-axis. 532 nm
probe light, 2 mW cm-2; r02 = 2 ¥ 10-3.

This is no doubt due to the absorption cross section becoming
saturated in case of single pulse saturation, since the condition sU
� 1 is not satisfied for fluences higher than 30 mJ cm-2 (sU ª 0.5
for 50 mJ cm-2).

For low fluences <10 mJ cm-2, the dependence is approximated
to be linear. From the slope of the dependence we can estimate
the average quantum efficiency of the SP → MC conversion under
action of the 355 nm light. It was found to be qsp

355 ª 0.1, which is
again a reasonable value for this type of transformation in a solid
matrix.36,40 Fig. 15 shows two kinetic traces of DR(t) corresponding
to two extreme points in Fig. 14. Fig. 15a corresponds to the
point with the highest 355 nm fluence used (about 70 m Jcm-2).
Fig. 15b corresponds to the point with the lowest 355 nm fluence
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Fig. 15 DR(t) corresponding to two points in Fig. 12: (a) the point with
the highest 355 nm fluence used (about 70 mJ cm-2); (b) the point with the
lowest 355 nm fluence used (about 1 mJ cm-2).

used (about 1 mJ cm-2). The maximum DR at t = 0 in Fig. 15a
corresponds to an absorbance of 2.8 ¥ 10-4 and that in Fig. 15b
corresponds to an absorbance of about 6 ¥ 10-6. From this figure
we can estimate the single-shot detection limit of our method with
respect to absorbance as ~10-6. Note that this detection limit may
improve as more stable laser sources and higher dynamic range
detectors may be used. The kinks in the curves are due to long
term probe laser stability drift. The higher frequency noise comes
from the laser and the CCD. If kinetics were not require then a lock
in amplifier could also improve the detection limit. Referencing the
laser beam or using a more stable source can probably improve the
sensitivity as could using a cooled CCD. In any case, in its current
form, the method is at least comparable to the best alternative
methods currently available.17,22–30,32

D. Conclusions

SP and MC photochemistry on an immobilized quartz monolayer
was studied using time-resolved Brewster angle reflectometry. The
quantum efficiency for SP to MC conversion was 0.1, whereas the
conversion from MC to SP occurred with yields of 0.2 and 0.03.
The thermal reverse reaction was negligible over 10 min. This new
method in photochemistry can give information on both real and
imaginary refractive index changes for transient species. The single
shot transient detection limit is currently sensitive to absorbance
changes of ~10-6.
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