The
University
s Of

)

2" Sheffield.

This is a repository copy of Strong coupling in molecular systems: a simple predictor
employing routine optical measurements.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/213307/

Version: Published Version

Article:

Rider, M.S. orcid.org/0000-0001-5130-1901, Johnson, E.C. orcid.org/0000-0002-0092-
1008, Bates, D. et al. (6 more authors) (2024) Strong coupling in molecular systems: a
simple predictor employing routine optical measurements. Nanophotonics, 13 (14). pp.
2453-2467. ISSN 2192-8606

https://doi.org/10.1515/nanoph-2023-0879

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose -
| university consortium eprints@whiterose.ac.uk
WA Universiies of Leeds, Sheffield & York https://eprints.whiterose.ac.uk/




DE GRUYTER

Nanophotonics 2024; 13(14): 2453 -2467 a

Research Article

Marie S. Rider, Edwin C. Johnson, Demetris Bates, William P. Wardley, Robert H. Gordon,
Robert D. J. Oliver, Steven P. Armes, Graham J. Leggett and William L. Barnes*

Strong coupling in molecular systems:
a simple predictor employing routine optical

measurements

https://doi.org/10.1515/nanoph-2023-0879
Received December 4, 2023; accepted March 8, 2024;
published online April 16, 2024

Abstract: We provide a simple method that enables readily
acquired experimental data to be used to predict whether
or not a candidate molecular material may exhibit strong
coupling. Specifically, we explore the relationship between
the hybrid molecular/photonic (polaritonic) states and the
bulk optical response of the molecular material. For a given
material, this approach enables a prediction of the maxi-
mum extent of strong coupling (vacuum Rabi splitting), irre-
spective of the nature of the confined light field. We provide
formulae for the upper limit of the splitting in terms of
the molar absorption coefficient, the attenuation coefficient,
the extinction coefficient (imaginary part of the refractive
index) and the absorbance. To illustrate this approach, we
provide a number of examples, and we also discuss some of
the limitations of our approach.
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1 Introduction

Coupling of a vibrational or an excitonic resonance of an
ensemble of molecules to an optical cavity mode (confined
light field) has become a major area of research. Interest
is focused in particular on what happens when the cou-
pling between the molecules and the confined light field
enters the strong coupling regime [1], [2]. In this regime, the
molecular resonance at (angular) frequency w, hybridises
with an optical resonance (e.g. that of an optical microcavity
[3]) to produce two new modes — polaritons — that are
part light, and part molecular resonance, at frequencies w,.
(upper polariton) and w_ (lower polariton). The difference
in frequency (energy) of the upper and lower polaritons at
resonance is usually called the Rabi frequency and, since we
often wish to know how far from the original molecular res-
onance, w,, the two polaritons w, are, we write 2, = @, —
w_ = 2gy where g, is the N-molecule interaction strength
[2], see Figure 1. The extent of the hybridisation can be so
dramatic that the associated energy levels may be shifted by
a substantial fraction of the unperturbed resonance energy
[4]. Interest is particularly strong from the perspective of
using molecular strong coupling to modify energy transport
between molecules [5], [6], to control exciton transport [7]
and to alter chemical reactions [1], although the extent to
which this is possible is still an area of vigorous debate
[8]-[13].

Various theoretical and computational approaches can
be adopted both to explore and understand the associated
phenomena [14], [15], ranging from simple classical oscilla-
tor models [2] to sophisticated macroscopic quantum elec-
trodynamics [16] and ab-initio numerical quantum chem-
istry approaches [17], [18]. Classical models are remarkably
effective, and simple mechanical coupled oscillator models
and transfer matrix approaches are particularly prevalent
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Figure 1: Overview of molecular strong coupling (a) Strong coupling between a molecular resonance and a cavity resonance results in two new hybrid
energy levels separated by frequency Q; = w, — w_ = 2g,. (b) This hybridisation and resultant energy level splitting can be seen in the transmission
of the system, here employing data adapted from Shalabney et al. [50]. The blue data are the transmittance of a polymer (polyvinyl acetate, PVA) film
in the absence of a cavity. The strong absorption at ~1730 cm~" is due to the C=0 stretch mode in the PVA. The black data show the transmittance of
an empty cavity, i.e. one in which the oscillator strength associated with the molecular resonance has been set to zero. The red data show that when
the cavity is filled with PVA, the original single transmission peak is lost and two new transmittance peaks emerge, the upper (w, ) and lower (_)
polaritons. (c) The molecule-cavity system we consider is that of a polymer sandwiched between two mirrors.

in the literature and often seem to successfully account for
observed phenomena [19], [20].

Both the dispersion of the split modes (polaritons) and
the extent of the Rabi splitting (shown in Figure 1(b)) can be
predicted solely on the basis of a detailed knowledge of the
bulk optical response of the molecular material involved,
for example that of the dye-doped polymer used to fill the
cavity shown in Figure 1(c). This approach to modelling
strong coupling has been successfully used in the context
of phonon resonances [21]. Here, we investigate these ideas
in the context of molecular excitonic and vibrational res-
onances, for example dye-doped polymers. We focus our
attention on how the results of simple optical measurements
can be harnessed in a predictive way to help in the design
of molecular strong coupling systems. To keep the message
of the main text clear, we restrict the majority of derivations
to the appendices.

2 Summary of key formulae

2.1 Strong coupling criterion

Whether or not one can expect strong coupling to be
observed depends on whether the interaction strength
(rate) between the molecular resonators and the confined
light field exceeds the dissipation rates. We can also consider
this condition from a spectroscopic viewpoint: we need the

Rabi frequency, £2;, to exceed the mean of the cavity, K, and
molecular, I, linewidths. Noting that the Rabi frequency is
twice the interaction strength, then for strong coupling, we
have the following condition [2],

I'+K

) (W)

Qp =2gy >

A fuller discussion of strong coupling criteria is given
in Appendix A.

We focus here on calculating a value for g, from exper-
imentally measurable parameters. We can see from (1) that
strong coupling is possible provided €, — I is positive; if it
is then we can rearrange equation (1) to set a usable upper
bound on the cavity linewidth, K, for which strong coupling
can be observed, specifically,

K <2Q,-T. @)

2.2 Interaction strength

The strength of the interaction of N molecular resonators
and a cavity mode, gy, is based on the electric dipole inter-
action. We consider molecular resonances that involve elec-
tric dipole transitions, at angular frequency, w,, and that
have a transition dipole moment, y. Note that the formation
of polariton modes involves the interaction of this dipole
moment with the cavity vacuum field, E,,.. No external
source oflightis involved in the formation of these new, cou-
pled modes. Observation of the modes will usually involve



DE GRUYTER

light, but the modes exist whether or not the cavity is illu-
minated [1], [2].
The interaction energy for a single electric dipole is
given by,
hg = t.Eqser &)

where we have assumed that the dipole moment and field
are aligned. The (RMS) strength of the vacuum field is
Vhogy [2V,,€0Enos Where €, 1S the background permittiv-
ity of the molecular material, and V,, is the volume of the
cavity mode [2]. For example, the mode volume associated
with the plasmon mode of a gold nanosphere will be roughly
the surface area of the sphere multiplied by the decay
length of the electric field associated with the plasmon mode
into the surrounding medium [22]. As another example, the
mode volume associated with an optical microcavity will be
roughly the cavity thickness multiplied by the area of the
mode, which in turn is dictated by the spatial coherence
properties of the mode [23]. Calculating exact mode volumes
is a subtle business [24], but we only need to appreciate the
underlying ideas involved here, there is also the question
of whether the molecules of interest fill the mode volume,
a matter we discuss in the third bullet point bellow. The
last piece of information we need is that the interaction
energy scales as the square root of the number of dipoles
(molecules) involved [2]. We thus have,

(&) _1 -1 | hag
gN_ < 2 ) - h\/NﬂEvac - h\/]v/’l 2Vm505host.

@

Whether or not this value of gy is sufficient for strong
coupling to be observed depends on whether the strong
coupling condition, equation (1) is met.

Equations (1) and (4) are standard results, but they are
not convenient if one wishes to make an estimate as to
whether a particular molecular resonance/material combi-
nation will yield strong coupling. To see why we can rear-
range equation (4) to write the coupling energy, E, in terms
of the coupling strength gy as,

W*E\N

E = h = —_—
¢ gN 28Oghosth

6)]
where E; is the energy of the molecular resonance and
is assumed to be matched to the resonance frequency of
the cavity. Our result, (5), is similar to that of [25], [26];
we note, however, that the exact form of this expression
relies on the system of units used, the assumed spatial vari-
ation of the cavity field and the distribution and orientation
of the molecules within the cavity. If we know the dipole
moment, u, and we also know the number density of molec-
ular resonators in the cavity, N/V,, then the interaction
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strength is easily determined. However, N/V,,, and in par-

ticular y, are not easily derived from standard experimental

measurements, although it can be done, see Appendix B and

also [27].

In what follows we reformulate equation (4) in a num-
ber of ways so as to more easily facilitate strong coupling
predictions based on common measurements of material
properties.

We show in Appendices C and D, that the interaction
strength in terms of the extinction coefficient « (equal to
the imaginary part of the complex refractive index) of a thin
solid layer of material (or a cuvette of material in solution)
can be found using the following procedure:

— We assume that the molecular resonance can be
described as a Lorentzian oscillator (LO).

—  Weuse the LO model to write the interaction strength in
terms of an oscillator strength for the transition, rather
than a dipole moment.

— The LO model then allows us to obtain the per-
mittivity of the material, e(w), and from &£(w) we
can extract the extinction coefficient (the imaginary
part of the (complex) refractive index n + ix) through
(n+ix) =e.

Details are given in Appendices C and D; the result is that the
interaction strength in terms of the peak (maximum) value
of the extinction coefficient k can be approximated as,

0.56
= \/ o, 6
gN V Mpost Fimax 0 02 ( )

where, for clarity, k,, is the maximum value of the extinc-

tion coefficient associated with the molecular transition,

, is the (angular) frequency of the molecular transition

(rad s, Sw is the width of the extinction feature (rad s—1)

and ny,; is the background refractive index of the molecular

host (e.g. solvent or polymer). For practical purposes — see

Appendix A — we take I' ~ Sw if we are working in rad s,

and I ~ §v or I' ~ 6E if we are working in cm™ or eV,

respectively.
We note a number of assumptions that we have made:

— We have assumed that the dipole moments of the
molecules are randomly oriented. If instead they were
oriented, for example, in the direction of the E-field of
the light, then we would need to multiply the right-hand
side of (6) by /3.

— The question of how best to incorporate inhomoge-
neous broadening is on-going, e.g. via various modi-
fied forms of the LO model [28]-[30]. In Appendix D,
the final form of equation (6) is based on relaxing
the assumption that the description of the transition
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should be Lorentzian, we use a generalised spectro-
scopic approach [31].

— We have also implicitly assumed that the molecules of
interest fill the mode volume. For a closed Fabry—Peérot
cavity, this may be a good approximation, but in other
situations, this may not be the case, e.g. a monolayer
of molecules on a metal surface that supports a surface
plasmon mode, or on a metallic particle [32]. Investigat-
ing the effect of only partially filling the mode volume is
beyond the scope of the present study; our calculations
provide a ‘best case’ in this regard.

We note that Gunasekaran et al. have used a related
approach to extract predictive information from absorp-
tion spectra [33]. In Table 1, we provide equivalent for-
mulae in terms of a number of different common spectral
parameters, and we do so for a variety of spectral units: (i)
wavenumber (v), in cm~%; (ii) angular frequency w, in radi-
ans s~! and (iii) electron volts (eV); details are given in the
appendices. Note that these parameters are all frequencies,
or equivalent. Frequently experimental data are acquired in
terms of wavelength, e.g. from a UV-VIS (ultraviolet-visible)
spectrophotometer. In this case, the data need to be con-
verted to frequency to avoid lineshape distortion [34]; fur-
thermore, making direct use of transmittance to determine

Table 1: Formulae for the maximum interaction strength, gy, in terms of
material parameters. Equations are given (by row) for four different
material parameters: molar absorption coefficient €; absorption
coefficient a; extinction coefficient k¥ and absorbance (a) (equivalent to
optical density (OD)), and by column for different units: wavenumber v
(cm™"); angular frequency @ (rad s™") and energy £ (eV). In each column,
the prefactors for the equations are set so as to yield the coupling
strength in the same units. Thus, for the wavenumber column, using the
equations given above will yield a coupling strength in wavenumbers
(cm™") etc. It is important to note the units used here, we have tried to
adopt the conventions used in practice. Accordingly, for the top row

the molar absorption coefficient, €, is in units of dm? mol~" cm~",

whilst the concentration, C, is in units of mol dm=3. For the second row,
the attenuation coefficient is in units of cm=". For the third row,

the extinction coefficient, k, is dimensionless and has no units. In the
fourth row, the absorbance, a, is also dimensionless and so has no units.
In this row, the sample path length / has units of cm. Note also the
assumptions concerning these equations, listed in the main text (dipole
orientation, line broadening and mode volume).

v(cm™?) o (rads™1) E (eV)
0.24 = 1.05x10° 270x103

€ V €max GOV 22 1/ €05 G OO V €maxCnOF
\/m max+m m“ max+m Mhos , max+m
016 == 6.92x10° 1.78X10"
V Mhost amaxév v/ Mhost amaxéw AV Mhost amaxéE

h
0.56 = 0.56 0.56
Kpax Vo OV V Kpax@g 6@ KpaxE OF
v Nhost max "0 vV Mhost max™'0 A% Mhost max
024 /[a

7 1.05x10° [ agacdw
Vhost / VMhost /

Q
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the width is likely to lead to errors. The three assumptions
listed immediately above also apply to the formulae listed in
Table 1. In the next section, we look at a number of worked
examples.

3 Worked examples

3.1 Absorbance: Nile Red in a polymer brush
film

We consider first a system consisting of the dye Nile
Red attached to a surface-grafted aldehyde-functional
hydrophilic polymer brush scaffold. Brushes are thin films
(typically <100 nm in thickness) in which polymer chains
are end-tethered to an underlying substrate [35]. These
surface layers have been shown to have many desirable
properties [36], including increased antifouling [36] and
lubricity [37] and can act as a scaffold for various small
and large molecules [38], [39]. In the example presented
here, a hydrophilic aldehyde functional polymer brush
(PAGEO5MA) was grown from a glass cover slip [40]-[42],
with a dry thickness = 40 nm, before decoration with an
amino-functionalised Nile Red analogue (2-(2-Aminoethoxy)
Nile Red) [43]. We have shown that PAGEOSMA can be con-
jugated with reactive amines through reductive amination
chemistry to produce highly functionalised coatings (>80 %
of available reactive sites) [40]-[42]. Further details of the
synthesis and characterisation of the Nile Red analogue, the
PAGEO5MA brush and Nile Red-brush system are outlined
in Appendix F.

The transmittance is measured in a standard UV-VIS
spectrophotometer. Usually the absorbance is calculated
from the transmittance as a = log;, (I(0)/I(t)), where I(0)
and I(¢) are the incident and transmitted intensities, respec-
tively. However, this equation does not take into account and
reflection of light by the sample, and for a highly absorbing
thin film, this reflection can be substantial (in the case of
the film used for Figure 2, the maximum reflection - on
resonance — was ~10 %) leading to an overestimate of the
absorbed power. To account for this reflected light, we need
to use,

where I(r) is the reflected intensity, see Figure 6 below.

The measured absorbance of such a thin film on a glass
substrate is shown in Figure 2. Note that for these data, the
power lost to reflections was estimated by simulating the
reflectance using a Fresnel-type calculation, a calculation
that incorporated the resonance of the Nile Red dye. If this
correction is not made, the absorbance is overestimated
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Figure 2: Absorbance of Nile Red functionalised PAGEO5MA polymer
brush. Experimental data for the absorbance of a 40 nm PAGEO5MA
polymer brush functionalised with Nile Red. From these data, we find
the maximum absorbance to be a,,,, ~ 0.15, and the width to be 6£ ~
0.49 eV. The inset top left shows a schematic of the dye molecules (red)
incorporated into the brush. The inset top right shows the structure of
the variant of Nile Red we used (for further details see Appendix F).

by 15 %. Further note that we have also ignored any pos-
sible scattering. In a future publication will discuss these
important issues concerning data analysis from UV-VIS
spectrophotometer measurements more fully. Since the
data are in terms of eV, see Figure 2, the formula we need
for the coupling strength is, see Table 1, lower right entry,

27%1073 [, 6
N V Mgt !

From Figure 2, the maximum absorbance is 0.15, and
the width is 6E ~ 0.49 eV. The polymer brush is [ = 40 nm
thick but the units we need here are cm, so the thickness is
4x107° cm, thus with /ny. ~ 12, we find gy = 0.31eV.
Using this result, and the fact that '~ 6E ~ 0.49 eV,
together with condition (2), we can see that provided
K < 0.75 eV, i.e. we employ a cavity mode of width no greater
than 0.75 eV, then observing the effects of strong coupling,
e.g. split peaks (see Figure 1) should be possible. This esti-
mate assumes that the mode volume is filled by the dye,
i.e. that the 40 nm thick brush layer fills the mode vol-
ume. As noted above, this may be reasonable, e.g. for a
particle plasmon resonance [44], [45] but will not be the
case for a surface plasmon on a planar surface, or a stan-
dard Fabry-Perot cavity mode. Nonetheless, in these lat-
ter cases, there is considerable margin to make use of the
Nile Red—doped brush since it would be easy to employ a
cavity mode with a much narrower mode, for example a
Fabry-Pérot cavity might typically have K ~ 0.1 eV.

M. S. Rider et al.: Strong coupling in molecular systems: a simple predictor = 2457

3.2 Extinction: TDBC in a layer-by-layer film

Our second example is based on a molecular system that
has been a workhorse in strong coupling experiments, the
aggregated dye TDBC [7], [46]. This dye has been extensively
used because it has a strong (high oscillator strength) yet
narrow transition. Various approaches to making structures
containing TDBC can be employed; here, we show data
based on ellipsometry of 4 layers of TDBC deposited on a
glass substrate using a layer-by-layer approach [7], [47], [48].

Again, because these data are in terms of eV, see
Figure 3, the formula we need for the coupling strength is
in row three, right hand column of Table 1,

056 /
= ESE. 9
gN V Mpost Fmax ( )

From Figure 3, the maximum extinction is ¥ ~ 1.75, the
width is 6E ~ 0.08 eV and the transition is at E ~ 2.14 eV.
Again assuming /Mye, ~ 1.2, we find gy = 0.25eV. This
is comfortably greater than the TDBC linewidth I" ~ 6E ~
0.08 eV so that strong coupling should be possible in a range
of cavity structures. The restriction we find for the cavity
linewidth using equation (2) is K < 0.42 eV. Note that: (i)
the extinction feature is not symmetric, due to a transition
on the high energy side of the main transition [45], our
estimate of the width is thus an overestimate, we might
expect something closer to 0.06 eV; (ii) a significantly greater
density of TDBC aggregates can be achieved than has been
accomplished here, see for example [49].

2.0
Cl Cl
r--- Kmax ------- S © N> LN o
o +NWN
1.5 0 © (CH)SO5" (CH)iSOs5"
o
o
o
o
o

o
3y

Extinction
=}
PR BPEPEFErE PR SR

o

Energy (eV)

Figure 3: Real and imaginary (extinction) components of the refractive
index of a TDBC layer-by-layer sample, 4 layers thick. The data are
derived from ellipsometry measurements. From these data, we can
estimate the transition energy to be £ = 2.14 eV, the peak extinction to be
Kmax = 1.75 and the FWHM of the extinction to be 6F = 0.08 eV. The inset

shows the chemical structure of the TDBC monomer.
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3.3 Molar absorption coefficient:
the C=0 vibrational stretch transition

Our third example involves the C=0 vibrational stretch
transition in the polymer PVA. We make use of literature
data from Shalbney et al. [50] (who measured the infrared
transmittance associated with a thin (1.7 pm) spun film of
PVA on a Ge substrate) to plot the molar absorption coef-
ficient for this thin film, shown in Figure 4. As noted in
Appendix E, the molar absorption coefficient [51], ¢, is easily
related to the transmittance and is given by,

I,— I 1
€=10g10(01 r)lC’
t m

where again, I, I, and I, are the incident, reflected and
transmitted intensities. As with the Nile Red data in the first
worked example, account has been taken of the reflected
power. By convention, the units for the path length, [, are
cm, whilst the units for the molecular concentration, C,,, are
moles per dm=3, i.e. moles per litre; the units for € are thus
dm?® mol~! cm~

From the experiment of Shalbney et al. [50], we know
the length [ in this case to be | = 1.7 X 10~* cm (the thick-
ness of the PVA film), whilst the concentration of C=0
bonds in PVA can be evaluated using available data [52]
as 13.8moldm™3, see also [27]. Using this information,
we can convert the transmittance data of Shalbney et al.
into a molar absorption coefficient, see Figure 4. We find
€max ~ 426 dm3 mol~! cm~. Since the data are in terms of

(10)

£ P SN Smax ___ o ...
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Figure 4: Experimental data for the molar absorption coefficient

of a thin film of PVA on a Ge substrate. The data are adapted from [50]
and have been corrected for substrate reflections etc. See also [27].
The inset shows the chemical structure of the PVA repeat unit.
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wavenumber (cm™), see Figure 4, the formula we need for
the coupling strength is, see Table 1, top left entry,

gy =22 e 57
N m max“~m

From Figure 4, the width is 6V ~ 21 cm™ so that in this
case, with \/KOst ~ 1.2, we find, gy =70 cm~! so that Q, =
140 cm~?; similar to the experimentally measured value of
Q, =170 cm~t, With " ~ 6V ~ 21 cm™, equation (2) puts
an upper linewidth on the cavity mode of 120 cm~?, com-
fortably greater than a typical mode-width for such a system
(40 cm™1), see for example [53], [54].

an

3.4 Attenuation: R6G dye in ethanol

Our final example is that of a dye in solution, in this case R6G
in ethanol at 6.89 pM. The measured attenuation coefficient
isshown in Figure 5. The data are in terms of eV, see Figure 3,
the formula we need for the coupling strength is in row two,
right hand column of Table 1,

178 1072 /
8y = —————1/ dnaE OF.
V My ost

From Figure 5, the maximum attenuation is 1.6 cm™,
the width is 6E ~ 0.14 eV and the transition frequency is
2.34 €V. Again assuming /My, ~ 12, we find gy ~ 1 x
1073 eV, clearly orders of magnitude below what is required
for strong coupling. However, these data are for a very
dilute solution, much higher concentrations are used in thin
films. As an example, Hakala et al. [55] used a concentration

(12)
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5000 0000000
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Energy (eV)
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Figure 5: Attenuation of R6G in ethanol. The sample is a solution of R6G
in ethanol at 6.89 pM, and the sample was held in a cuvette of 1 cm path
length. The inset shows the chemical structure of R6G.
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of 200 mM. If we assume no photo-physical properties are
altered as the concentration increases, then this gives a
value for the interaction strength of g, = 0.12 eV. With
a transition linewidth of I' ~ 6E ~ 0.14 eV, the strong
coupling condition indicates that provided we can use a
cavity mode with a width K < 0.34 eV it should be possible
to observe strong coupling. The surface plasmon mode used
by Hakala et al. had an estimated width of <0.05 eV, easily
satisfying the required criterion.

4 Conclusions and discussion

We have presented an analysis of the strong coupling
interaction between a confined light field and an ensem-
ble of molecules that links the coupling strength to read-
ily measured parameters. This analysis should enable, for
example, a UV-VIS spectrometer to be sufficient to deter-
mine whether a material might in principle show strong
coupling. This framework should thus enable the devel-
opment and evaluation of new candidate molecular mate-
rials for strong coupling. Before closing, we should note
some restrictions of our approach. First, we have assumed
that the molecules of interest fill the mode volume - as
we noted above, this is often not the case, in which situ-
ation our predictions will overestimate the extent of any
strong coupling. Second, we have assumed that the vacuum
electric field strength is constant across all molecules, for
small (e.g. plasmonic) structures this may not be the case.
Third, we have assumed we can consider a bulk material
response to be appropriate. For situations where only a
few molecules, perhaps only one molecule, are involved,
an alternative approach will be required. Fourth, we have
assumed that the resonance of interest is spectrally well
isolated from other (molecular) resonances. Again, this may
not be the case, especially for example in light-emitting
organic materials. Fifth, we have ignored any complications
due to variations in alignment between the electric field
of the cavity mode and the orientation of the molecular
dipole moments. Despite these approximations, we think
the approach we have presented here provides a useful was
to compare different candidate materials, and to estimate
best-case scenarios re: the extent of strong coupling.
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Appendix A: Strong coupling
criteria

There are various forms for the strong coupling condition.
One well-used condition is [2],

2 2
+
glz\l > J/mol > ycav’

(AD
where y ., and y .., are the dephasing rates of the molecular
transition and cavity field, respectively (see comment in
Appendix C). A more convenient condition from an experi-
mental point of view can be given in terms of the linewidths
rather than the dephasing rates. If we note that the extent of
the anti-crossing is Q = 2gy (this is also known as the Rabi
frequency), and that the molecular and cavity linewidths, I"
and K, respectively, are typically twice the dephasing rates
[2], [27], then we can write the strong coupling condition as
(2],

Qp=2gy>———. (A2)

This condition is used in the present work.

Appendix B: Interaction strength
in terms of dipole moment

We can make use of equation (5) for the interaction strength
in terms of the dipole moment to provide the follow-
ing worked example. We choose as our system the cou-
pling of the C=0 bind vibration in the polymer PVA to a
planar infra-red optical microcavity mode, following the
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pioneering work of Shalabney et al. [50] and Long and Simp-
kins [53]. Elsewhere [27] we use a transfer matrix approach
to model the transmission of the bare PVA film used by
Shalabney et al., [50]. Doing so we are able to determine the
dipole moment to be 0.97 X 10~ cm. For PVA, we have that
N/V =8.33x10* m~3 and &, = 2. For the C=0 resonance
@y =3.26 X 10" rad s~ [27]. Putting these values into (4), we
find g, = 80 cm~3. Note that to find this value, we divided
the right-hand side of (4) by \/§ to take account of the ran-
dom orientation of dipole moments expected in this system,
see section Appendix C. This compares with the measured
value [50] of g ~ 85 cm~3.

Appendix C: Interaction strength
and material response

2

— @ —iwy’ D

E(@) = €poq + a)(z)
where f, is the oscillator strength, £y, is the background
permittivity and, as noted above, y is the dephasing (loss)
rate. The oscillator strength f, is related to the dipole
moment and is given by [56],

— zmewo

fo= 3he
Note that equation (C2) is based on the assumption that
the dipole moments are randomly oriented in space, if they
aligned, i.e. they are all parallel to each other; then the factor
of 3in the denominator should be removed. We can re-write
equation (C2) to find the dipole moment as,

|l (C2)

3hé
= . C3
Iul \/Zmewofp ©)
The parameter w » in (C1) is given by [57],
5 Né?
= 4
“p Veym,’ (€4

where N/V is the density of molecules, e is the electronic
charge and m, is the electron mass. (If the electrons were
free, this w, would be the plasma frequency. In the mate-
rials we consider here, the electrons are not free, but the
nomenclature has stuck, we can simply treat ), as a short
cut for the parameters given in (C4).) Note that w, con-
tains the density of the molecules; it is a material-specific
property. Substituting (C3) and (C4) into (4), we find,

_ V3 [

8N aligned — >
2 Ehost

(C5)
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However, recall that equation (4) is based on the dipole
moments being aligned with the cavity field. If instead the
dipole moments are randomly oriented, then the factor of
\/?; in (C5) needs to be removed, so that,

2
_1 |fh®
gN,random - E 5
Ehost

(C6)

From here on when we write gy, we will imply
&N, random UNIESS indicated otherwise.

In Appendix D, we transform (C6) into a version based
on more easily measurable parameters. First let us note that
the numerator in equation (C1) is often replaced with f;, w%
[58]. In this case, (C6) is replaced with,

_1 oo
v = 2 )
€host

where now f, is given by,

(o9)]

2N

~3 Veghw, (8

fo |ul?,

and where again the molecular dipole moments are
assumed to be randomly oriented.

Appendix D: Derivation of the
interaction strength in terms
of the extinction coefficient

On resonance @ = w, and the coefficients x, a etc. take
their maximum values. We can then write equation (C1), the
permittivity using the Lorentz oscillator, as,

2
f,w
Jp
e(wy) = Epogt +1——2,
Y@,

(DD

and, making use of equation (C6), we can write the permit-

tivity as,

4 ghostgjzv
Yo,

e(wy) = €ppst + 1 (D2)

The extinction coefficient is the imaginary component
of the refractive index, x and, since the permittivity and
refractive index are related by e(w) = (n + ix)%, we can find
an expression for x in terms of £(w) by finding the imagi-
nary part of the square root of equation (D2), i.e.

Kinax = \/ler(a)o)l - Re[gr(a)o)]'

2 (D3)
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where €,(w,) is the real part of e(w,). Using (D2) and (D3),
we can write the extinction coefficient as,

4g:\*
1+ ()

v Wy
We chose to avoid the ultrastrong coupling regime [4],

for which gy > @,/10, so that gy < w, and gy < y. This
allows us to use the binomial theorem to write |e(w,)| =

[l +1/2(4g%/ woy)z] , so that now (D4) can be re-written to
give the extinction coefficient « as,

2 2
Ehost 4gN .
2 \rw,
Rearranging we can write the interaction strength in
terms of the extinction coefficient as,

# \/ Kmax @g 5605

8n =
2 Mpost

\/EKmax =

(D4)

Ehost ~ Ehost:

\/EKmax =

(D5)

(D6)

in which éw ~ 2y [27]. Note that we have assumed an
isotropic distribution of dipole moments with respect to
the (cavity mode) electric field. If the dipole moments are
aligned with the field, then because g,  fp, we will need
to multiply g in equation (D6) by \/§ We show below that
a very similar expression can be derived through a more
formal spectroscopic approach that does not rely on the
assumption that the molecular resonance is well-described
by the Lorentz Oscillator model, there is simply a small
change in the prefactor to equation (D6), it becomes,

8v = 0.8 V Kmax @, 6.
V M ost

It is this version that we use here, and that is repro-
duced in Table 1.

(D7)

Appendix E: Different forms
of the Beer-Lambert law

Frequently, the materials of interest — e.g. dye-doped poly-
mers or solutions — are initially characterised by measuring
a transmission spectrum and from the data so acquired
one of the following parameters determined: the extinc-
tion coefficient, x(w); the attenuation coefficient, a(w); the
molar absorption coefficient, e(w) and the optical density,
OD. These parameters are extracted from experimental
data using various (equivalent) forms of the Beer—Lambert
law [59] typically using a set-up similar to that shown in
Figure 6. Here we look at each version of the Beer—Lambert
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(a)
polymer film
I [y
.4.. ........... . >
\
I r cuvette

Figure 6: Typical Beer-Lambert set-up to measure the extinction of a
solution/solid thin film sample. On the left (a), a thin dye-doped polymer
film is shown, and on the right (b), a cuvette containing a dye solution.
The intensity of light transmitted by a sample of path length (thickness) /
is measured as a function of the frequency/wavelength of the light. Note
that a number of precautions need to be taken to ensure transmittance
data are suitable for this kind of analysis [59]. In the case of thin films

of strongly absorbing molecules, account needs to be taken of the extent
of any reflected power produced by the sample, see main text.

in turn. We begin by looking at the attenuation coefficient,
a(w).

E.1 Attenuation coefficient,

In terms of the attenuation coefficient, «, the Beer—Lambert
law takes the form,

I(z) = 1(0) e, (ED
so that,
a= %loge <II(((t)))> (E2)
so that, combining (E8) and (E2), we have,
a = 2kyk. (E3)

Note that we take for the units of @ cm™2.

E.2 Molar absorption coefficient, €

A common measurement parameter is the molar absorption
coefficient [60], €, and is given by [31], [61],

10\ 1
)lcm. (E4)

€ = logy, (m

In calculating numerical quantities, using the correct
units is vital, and this applies to all of the different quantities
discussed above. We will look at each of them in the notes
below, but a word about the molar absorption coefficient
here will be helpful. The units for the path length, [, are
cm, whilst the units for the molecular concentration, C,,, are
mol dm~3, i.e. moles per litre, whilst the molar absorption
coefficient usually has units of dm3 mol~! cm=.
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E.3 Extinction coefficient, x

With reference to Figure 6, the incident, E(0), and transmit-
ted, E(z), electric fields are related by,
— E(O) e—ikz,

E(2) (E5)

where the wavevector, k, and the complex index of refrac-
tion, (n + ix), of the material being measured are related
through k = ky(n + ix). It is the « term in (n’ + ix) that is
responsible for the attenuation of the light, so we then have,

E(z) = E(0) e %ox, (E6)
so that in terms of intensity,
1(z) = 1(0) e~ %ox?, (E7)
giving,
‘= Z;Mmge(i((‘;)’), (E8)

where t is the sample thickness in metres, and in the inter-
ests of clarity, we have specified the base for the logarithm.
Regarding units, x is dimensionless, so there are no units to
worry about.

E.4 Absorbance, a

The absorbance (also known as optical density, OD) is a
variant of the attenuation coefficient. Then, the absorbance
ais defined as,

a = 0D = log,, <I(0)> (E9)

I(®)

The optical density (absorbance) and the attenuation
coefficient are thus related by,
at

a=0D= log,(10)° (E10)

Regarding units, a is dimensionless, so there are no
units to worry about.

E.5 Interaction strength in terms of optical
parameters

The equations in Table 1 are based on the different variants
of the Beer—Lambert law given above.

To connect these different parameters (e, k @, a) with
the interaction strength, we need to express them in terms
of the oscillator strength. A useful starting point is to relate
the molar absorption coefficient and the oscillator strength.
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Kuhn et al. [62] and Valeur and Berberan-Santos [59] provide
details, and the result is,
/ e(v)dy,

where vis the frequency in Hz. Note that the factor of iy in
the denominator on the Lh.s of this equation is there to take
account of the way the energy density inside the molecular
material is different from that in free space, see equation
(9.29) in [62]. Using standard values for the fundamental
constants, the prefactor in equation (E11) can be evalu-
ated so that and is found to be, f, = 1.47 X 1078 [ e(v) dv.
Because the units for ¢ are dm3 mol~! cm™!, we need to
divide by a factor of 10 to obtain [63],

o =144x107" / e(v)dv.

Mhost

fp _ 4logeocm,

El1
N,é (ELD

Mpost

(E12)

In photochemistry, it is common to use a range of
parameters for the spectral measurement, Hz is just one
choice. Other choices include wavenumber, v, (cm™1), angu-
lar frequency, w, (rad s~!) and energy, (eV). In terms of these
other units, the oscillator strength is,

fp=432X107° npoq / e()dv
=229 X107 ny / e(w) dw

=3.48 X 1075 nyy / e(w) d(eV). (E13)

Equation (E13) can often be approximated as (see [31]
equation (5.40)),
fo 2 432X 107 Ny €max OV
~ 229 X107 ny oy €ax O®

~ 348 X 107° Ny gy €y O€V), (E14)

where 6V, 6 and 6(eV) are the spectral widths (FWHM)
of the extinction feature. Noting that the number density
of molecules (number per cubic metre) N/V = 103C,,N,,,
where N, is Avagadro’s number, then we can use (E14)
and (C4) in (C6), together with known values of physical
constants, to find e? /g,m, = 3.18 X 103, so that,

0.24 /
N \/m €max m
1 05 x 10° /
/_nhost €max m
-3
_270X107
V Mhost

(E15)
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where, for clarity, the maximum (spectral peak) value of the
molar absorption coefficient, €., is found from transmit-
tance data using equation (E4), the concentration C,, is in
moles per litre and the spectral width of the extinction peak,
0V, 6w, 6(eV) are in wavenumbers, metres, radians per sec-
ond and eV (as appropriate), and n,; is the background
refractive index, e.g. of the solvent.

Now that we have what we need for the molar absorp-
tion coefficient, we can use equations (D7), (E3) and (E10) to
find similar expressions in terms of the maximum extinc-
tion coefficient, k.., the maximum absorption coefficient,
@ pax> and the maximum absorbance, a,,,,, which are related
according to,

Fmax — 2Kmax @y —
23 23 x10%c

j— amax IOge(lo) .

23] (E16)

€max Cn =
where the attenuation coefficient, e, is in units of cm~1, and

the path length, [, is also in cm.

Appendix F: Details of the synthesis
and characterisation of Nile Red
analogue, PAGEO5MA brushes and
the Nile Red-PAGEO5MA brush
system

F.1 Materials

Sodium periodate (>99.8 %, NalO,), (3-aminopropyDtrie-
thoxysilane (>99 %, APTES), triethylamine (99 %, NEts),
2-bromoisobutyryl bromide (>99 %, BiBB), copper(II) chlo-
ride (99.999 %, CuCl,), ascorbic acid (>98 %, AscA), sodium
cyanoborohydride (95%, NaBH;CN), dichloromethane
(>99%, DCM), diethyl ether (> = 99.8%), N-(1-
naphthyl)ethylenediamindihydrochloride (>98%) and
ammonia solution (NH,OH, 35%) were purchased
from Sigma-Aldrich, UK and were used without further
purification. 3-Diethylaminophenol (99 %, Acros Organics,
UK), sodium azide (>99 %, Acros Organics, UK), sodium
nitrite (>97 %, Alfa Aesar, UK), dibromoethane (98 %,
Alfa Aesar, UK), hydrochloric acid (HCl, 35 wt%, Scientific
Laboratory Supplies, UK), potassium carbonate (100 %,
K,CO;, VWR, UK), petroleum ether (40-60, 95% VWR),
magnesium sulphate (dried, Fisher Scientific, UK), sodium
hydroxide (>97 %, NaOH, Fisher Scientificc UK) and
sodium chloride (>=99.5%, NaCl, Fisher Scientific,
UK) were also used as purchased. GEOSMA monomer
was kindly donated by GEO Speciality Chemicals, UK
and was used without further purification. All other
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solvents were purchased from Fisher Scientific, UK and
were used as received unless otherwise stated herein.
N,N,N’,N”/ N”"-Pentamethyldiethylenetriamine (>99 %,
PMDETA) was also purchased from Fisher Scientific, UK.
Deionised water (pH 6.8) was obtained using an Elga
Elgastat Oprion 3A water purification system. Native
oxide-coated silicon wafers were purchased from Pi-KEM,
UK. Column chromatography was performed using silica gel
(40-60 pm, VWR, UK) as the stationary phase, monitored
by thin layer chromatography (TLC) using Merck silica gel
60 F254 plates and visualised under UV light if required.
NMR spectra were recorded on a Bruker Avance III HD
and chemical shifts referenced to residual solvent. Mass
spectra were recorded by the University of Sheffield Mass
Spectrometry facility on an Agilent 6530 Accurate Mass
LC-MS QToF mass spectrometer (LCMS, high resolution)
or a Waters LCT Classic (direct infusion, low resolution).
3-Diethylamino-2-nitrosophenol hydrochloride [64] and
2-Hydroxy Nile Red [65] were synthesised according to
published procedures. Microscope coverslip glass slides
(22 mm, 50 mm, 1.5 mm thickness) were obtained from
Menzel-Glaser, Germany. Ethyl acetate (EtOAc, 99 %) and
dichloromethane (DCM,99 %) were purchased from Fisher
Science and used as provided.

F.2 Preparation of 2-(2-aminoethoxy) Nile
Red

(Figure 7)
F.2.1 Preparation of 2-(2-bromoethoxy) Nile Red

Our synthesis route is a version of a previously reported
protocol [64]. 2-Hydroxy Nile Red (0.407g, 1.22 mmol),
potassium carbonate (1.686 g, 12.20 mmol) and anhydrous
DMF (10 mL) were combined under N,. 1,2-Dibromoethane
(3.2 mL, 37.13 mmol) was added to the stirred mixture and
the reaction was heated to 65 °C. The reaction was tracked
by TLC (1:1 EtOAc/pet ether) and cooled to 20 °C after 1h
10 min. DCM (50 mL) and deionised water (50 mL) were
added, the layers separated and the organic layer washed
with DI water (2 X 30 mL), the aqueous washings back-
extracted with DCM (3 X 30 mL) and the combined organic
layers washed with brine (80 mL), dried over MgSO, and
concentrated in vacuo. The crude solid was subjected to
flash chromatography (1:1 EtOAc/pet ether, rising to 2:1
once fast moving impurities had eluted) yielding 2-(2-
bromoethoxy) Nile Red as a purple solid (0.292 g, 0.66 mmol,
54 %): 'H NMR (400 MHz, CDCl,) 6 8.27 (d, J = 8.7 Hz, 1H),
8.10 (d, J = 2.6 Hz, 1H), 7.64 (d, J = 9.1Hz, 1H), 7.23 (dd, J
= 8.7, 2.6 Hz, 1H), 6.70 (dd, J = 9.1, 2.8 Hz, 1H), 6.50 (d, J
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2-(2-Aminoethoxy)Nile Red

Figure 7: Synthesis of 2-(2-aminoethoxy) Nile Red.

= 2.7Hz, 1H), 6.34 (s, 1H), 4.54 (t, ] = 6.2 Hz, 2H), 3.76 (t,
] = 6.2Hz, 2H), 3.50 (q, ] = 7.1 Hz, 4H), 1.29 (t, ] = 7.1 Hz,
6H); BC{'H} NMR (100 MHz, CDCl,) § 183.09, 160.67, 152.09,
150.82, 146.87, 139.67, 134.08, 131.10, 127.91, 126.17, 124.71,
118.32, 109.61, 106.65, 105.28, 96.28, 77.37, 77.26, 77.05, 76.73,
68.06, 45.11, 28.97, 12.65; HRMS (ESI): m/z 441.0818 [M + H]*,
calculated for C,,H,,N,0,Brt 441.0808.

F.2.2 Preparation of 2-(2-azidoethoxy) Nile Red

Our synthesisroute is a version of a previously reported pro-
tocol [65]. 2-(2-Bromoethoxy) Nile Red (0.290 g, 0.657 mmol)
and NaN; (0.064 g, 0.984 mmol) were dissolved in anhy-
drous DMF (10 mL). The mixture was stirred at 80 °C under
N, for 20h and cooled to RT. EtOAc (50 mL) was added
and the solution washed with 3M NaOH (3 X 50 mL) and
brine (50 mL). The organics were dried over MgSO, and
concentrated in vacuo, yielding 2-(2-azidoethoxy) Nile Red
as a purple solid (0.261 g, 0.647 mmol, 98 %). This was used
without further purification: "H NMR (400 MHz, CDCl,) § =
8.24 (d, ] = 8.7Hz, 1H), 8.05 (d, ] = 2.7Hz, 1H), 7.58 (d, | =
9.0 Hz, 1H), 7.20 (dd, J = 8.7, 2.6 Hz, 1H), 6.66 (dd, ] = 9.1,
2.7Hz, 1H), 6.45 (d, ] = 2.7 Hz, 1H), 6.30 (s, 1H), 4.38 (t, ] =
4.9 Hz, 2H), 3.71 (t, J = 5.0 Hz, 2H), 3.48 (q, ] = 7.1 Hz, 4H),
1.28 (t, ] = 7.1 Hz, 6H) ppm; *C!H NMR (100 MHz, CDCl;) 6
= 183.11, 160.80, 152.09, 150.82, 146.87, 139.69, 134.08, 131.09,
127.89,126.16,124.71,118.38,109.60, 106.44, 105.29, 96.28, 67.24,
50.18, 45.10, 12.64 ppm; HRMS (ESI): m/z 404.1722 [M + H]*,
caled for Cy,Hy,N;05 404.1717.

OH
N -
—— QU
/)\1 o o

2-Hydroxy Nile Red
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F.2.3 Preparation of 2-(2-aminoethoxy) Nile Red

Our synthesisroute is a version of a previously reported pro-
tocol [43]. 2-(2-Azidoethoxy) Nile Red (0.030 g, 0.074 mmol)
and PPh; (0.029 g, 0.111 mmol) were dissolved in anhy-
drous THF (1 mL) and stirred under N, for 1h. DI water
(5 drops) was added, the mixture stirred for 18 h and the
solventremoved in vacuo. The crude material was subjected
to flash chromatography (DCM/methanol (5 %)/NH,O0H(1 %)
rising to 10 % methanol once fast moving impurities had
eluted) yielding 2-(2-aminoethoxy) Nile Red as a purple solid
(0.022 g, 0.058 mmol, 78 %): 'H NMR (400 MHz, CDCl,)  8.20
(d, ] = 8.7Hz, 1H), 8.03 (d, ] = 2.6 Hz, 1H), 7.55 (d, ] = 9.1 Hz,
1H), 7.16 (dd, ] = 8.7, 2.6 Hz, 1H), 6.62 (dd, ] = 9.1, 2.7 Hz, 1H),
6.41(d,J = 2.7 Hz, 1H), 6.27 (s, 1H), 4.20 (t, ] = 5.2 Hz, 2H), 3.45
(q, ] = 7.1Hz, 4H), 3.18 (t, ] = 5.2 Hz, 2H), 1.26 (t, ] = 7.1 Hz,
7H), MS (ESI): m/z 378.2 [M + H]*, calculated for Cy,Hy,N;05
378.2.

F.3 Surface functionalisation of glass cover
slips and silicon wafers with ARGET ATRP
initiator

Functionalisation of planar silicon wafers and glass cover

slips with ARGET ATRP initiator moieties was carried out

following an experimental protocol reported by Brotherton
et al. [41]. Silicon (100) wafers were cut into small pieces

(1 x 1 cm?) before being UV-ozone cleaned for 30 min using

a Bioforce Nanosciences ProCleaner. The wafers were then

placed in an open Petri dish along with a 3 mL glass vial



DE GRUYTER

containing 100 pL APTES. The Petri dish was then placed
in a desiccator, which was subsequently sealed and placed
under vacuum. Vapour deposition was allowed to proceed
for 30 min before the surfaces were removed and placed in
a 110 °C oven for 30 min. The wafers were then functional-
ized by immersion in DCM followed by sequential addition
of NEt; (final concentration = 0.2 mM) and BiBB (final con-
centration = 0.2 mM), allowing the amidation reaction to
proceed for 1h at 22 °C. Finally, the initiator-functionalised
silicon wafers were rinsed extensively with ethanol and DI
water, before drying under a stream of compressed air.

F.4 Grafting of PGEOSMA brushes
via surface-initiated ARGET ATRP
from initiator functionalised surfaces

Following surface functionalisation with initiator moieties,
surface initiated-activators regenerated via electron trans-
fer, and atom transfer radical polymerisation (SI-ARGET
ATRP) was employed to grow PGEOSMA homopolymer
brushes from each surface. We have recently reported a
detailed description of the protocol synthesis [41]. Briefly,
a GEO5MA:CuCl,:PMDETA:ascorbic acid molar ratio of
1000:1:5:5 was used. Deionised water was the solvent with
a final monomer concentration of 45 % v/v. Polymerisations
were allowed to proceed for 1h at 22 °C in all cases. Each
PGEO5MA-functionalized wafer or cover slip was subse-
quently rinsed thoroughly with ethanol and DI water and
then dried using a stream of N, gas.

F.5 Selective oxidation of cis-diol-functional
PGEO5MA brushes for the synthesis of
aldehyde-functional PAGEO5SMA brushes

Following our previously reported experimental protocol
for selective oxidation of surface-grafted polymer brushes
[41], PGEO5MA-functionalized planar silicon wafers were
immersed in a 3.0 mg mL~! aqueous solution of NalO, for
30 min at 22 °C, targeting a degree of oxidation of 100 % in
all cases. Each aldehyde functional ‘PAGEO5MA’ functional-
ized silicon wafer was subsequently rinsed thoroughly with
DI water and then dried using a stream of compressed air.

F.6 Preparation of Nile Red-PAGEO5MA
brushes from aldehyde-functional
PAGEO5MA brushes via reductive
amination

Oxidised PAGEO5MA brushes were functionalized with
2-(2-aminoethoxy) Nile Red via reductive amination. A
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1.0 gdm™3 solution of this amine dye was prepared in
methanol before addition of a 1.5 X molar excess of
NaBH;CN. Brushes were immersed in this solution and
allowed to react for 24 h at 50 °C. The resulting Nile Red-
PAGEO5MA brushes were rinsed extensively with methanol,
ethanol and deionised water and then dried under a stream
of compressed air.

F.7 Characterisation of dry polymer brushes
F.7.1 Ellipsometry

Ellipsometry measurements of dry polymer brushes grown
from planar silicon wafers were performed using a J. A.
Woollam M-2000 V ellipsometer at a fixed angle of inci-
dence of 75° normal to the sample surface in air at 20 °C.
A two-layer model consisting of a native oxide layer and
Cauchy layer was used to model the data. Data analysis and
modelling were performed using Woollam CompleteEase
software. Cauchy constants of A, = 1.459, B, = 0.006 and C,,
= 0 were used. The ellipsometer set-up allowed a relatively
large sampling area of approximately 0.5 cm X 1 cm, which
corresponds to around 50 % of the total area of each brush
sample. Brushes grown from glass were assumed to be of
equal thickness to that grown from silicon wafers present
in the same reaction vial.

F.7.2 X-ray photoelectron spectroscopy (XPS)

XPS analysis of dry polymer brushes grafted from planar
silicon wafers was performed using a Kratos Axis Supra
spectrometer. Step sizes of 0.50 and 0.10 eV were used to
record survey and high-resolution C1s, O1s and N1s spectra,
respectively. In each case, spectra were recorded from at
least two separate areas for each surface-grafted brush. The
XPS data were analysed using Casa XPS software. All binding
energies were calibrated with respect to the Cl1s saturated
hydrocarbon peak at 285.0 eV. The degree of functionalisa-
tion of the brush was determined by comparing the nitro-
gen/oxygen atomic ratios using the high resolution spectra
and was found to be = 82 + 5 %.

F.7.3 UV-visible absorption

Measurements were performed on Cary50 spectrophotome-
ter (Agilent Technologies, USA) with a baseline transmis-
sion through a cuvette prior to measurements. Nile Red
functionalised PAGEO5MA brushes on glass coverslips were
positioned in a plastic cuvette and absorbance at normal
incidence measured over a 300—-800 nm wavelength range.
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A background subtraction of a glass coverslips (measured
separately) was performed post measurement. For the R6G
solutions, transmittance was measured over a 200-800 nm
wavelength range in a quartz cuvette. The concentrations of
the dyes were selected to ensure suitable transmittance was

measured.
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