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Rational Design of Pigment-Polymer
Antenna Complexes

Edwin C. Johnson?", Demetris Bates?, Tingxiang Yang®, Kasimir Gregory¢, Jodie West?, Deborah B.
Hammond?, James P. Pidgeon?, Jenny Clark?, Nicholas H. Williams,® C. Neil Hunter?, Steven P.
Armes?, Graham Leggett®*

We report the synthesis of biomimetic programmable pigment-polymer antenna complexes (PPACs) by using reductive
amination to bind amine-functional dyes to surface-grafted aldehyde-functional PAGEO5MA chains grown from planar
substrates by atom-transfer radical polymerization. The fraction of dye-conjugated repeat units can approach unity under
optimized conditions. Dye binding kinetics are strongly influenced by steric factors and can be controlled by varying the
polymer grafting density, the dye size and the nucleophilicity of its amine group. Absorption and fluorescence spectra of
PPACs produced by conjugating Nile Red ethylamine (NRet) to PAGEOSMA brushes are sensitive to the dielectric
environment within the layer. At low dye concentrations, the mean fluorescence lifetime zmean Of the chromophore was 1.3
+ 0.1 ns, similar to that obtained for a dilute methanolic solution of NRet (1.17 + 0.01 ns). Zmean decreases with increasing
dye conjugation, due to increased dye-dye interactions. However, Zmean is higher for NRet conjugated to PAGEO5MA than
for NR in a spin-cast film of the dye in poly(methyl methacrylate) at the same concentration, indicating that conjugation to
the polymer scaffold minimizes dye aggregation. PPACs offer a potentially versatile route to the production of programmable

photonic materials, with efficient conjugation chemistry enabling precise control over dye-dye interactions.

Introduction

Absorption of a photon by a molecule leads to the formation of
an electron-hole pair, or exciton. There is growing interest in the
use of molecular materials to develop sustainable approaches
to the design of optoelectronic devices.»2 Molecular photonic
materials can be produced from Earth-abundant elements using
low energy processes, so in principle they offer the potential for
minimal environmental impact.? Organic semiconductors are
now widely used in display technologies.*#> However, their
application in other technologies, for example solar energy
generation, has been impeded by a lack of control over exciton
dynamics, which are dominated by incoherent hopping
processes.3 For organic semiconductors, exciton diffusion
lengths are typically ~10 nm (exceptionally a few tens of nm),
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which places significant constraints on device fabrication. The
development of robust design rules for the construction of
molecular materials that enable efficient, long-range transport
of excitons remains an unsolved grand challenge.®
Photosynthetic pigment-protein light-harvesting complexes
(LHCs) isolated from plants and bacteria achieve high
fluorescence quantum vyields.” 10 They utilize peptide scaffolds
for the precise three-dimensional (3D) organization of pigment
molecules (carotenoids and chlorophylls), achieving high
concentrations for such pigments (~0.3 M in plant-based LHCs)
with minimal quenching of excited states. Thus, they provide an
attractive paradigm for the design of molecular photonic
materials. Recently, we explored a new approach to the design
of programmable photonic materials involving the use of
surface-grafted poly(amino acid methacrylate) chains formed
by surface-initiated atom-transfer radical polymerization (SI-
ATRP) to organize chlorophyll within a 3D structure.l%12
Chlorophyll could be efficiently conjugated to these synthetic
polymer scaffolds to achieve higher pigment concentrations
than those found in LHCs. Moreover, the properties of the
resulting 3D structures could be manipulated by controlling the
brush grafting density. When these pigment-polymer
complexes (PPACs) were prepared using gold nanostructure
arrays, strong plasmon-exciton coupling was observed, with
coupling energies approximately twice as high as those
reported previously for photosynthetic LHCs.13-1> This is
consistent with the relatively high chlorophyll concentrations
within such PPACs.1!
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Scheme 1. Growth of a PGEO5MA homopolymer brush from planar glass or a silicon wafer via SI-ARGET ATRP. Subsequent selective oxidation with sodium periodate
under mild conditions produces the corresponding aldehyde-functional PAGEOSMA brush while conjugation with various amine-functional dyes produces a dye-

PAGEO5MA pigment polymer antenna complex (PPAC).

Although this new approach is very promising, chlorophyll has
rather limited solubility in many common solvents potentially
limiting its compatibility with other materials and processes.
Moreover, a wide range of reactive dyes are required to target
specific regions of the electromagnetic spectrum and hence
provide greater programmability. A versatile yet generic
approach to the design of PPACs based on dye-functionalized
polymer brushes requires efficient conjugation chemistry to
ensure minimization of dye aggregation and hence optimization
of the photonic properties of the film.

There is a substantial body of literature on dye conjugation to
polymer brushes.’®21  However, in most cases dye
functionalization occurs at the end-group or the degree of dye
incorporation is relatively low, with a dye/repeat unit molar
ratio < 0.10.1722 |In contrast, it is essential to achieve high
concentrations of bound dye when designing photonic
materials. For polymer brushes, the two principal synthetic
challenges are (i) the steric constraints that limit penetration of
a swollen brush layer by relatively large dye molecules and (ii)
identification of a suitable solvent that ensures a highly swollen
brush layer while also enabling a high degree of dye conjugation
to be achieved.?>23

Recently we described the synthesis of poly(glycerol
penta(ethylene oxide) methacrylate) (PGEO5MA) brushes by

surface-initiated atom transfer radical polymerization (SI
ATRP).24 Subsequently this cis-diol precursor was converted into
the corresponding hydrophilic aldehyde-functional brush,
herein denoted as PAGEO5MA, 2425 vja selective oxidation of the
pendant groups. Untethered PAGEO5MA
homopolymer, various types of PAGEOS5MA-based diblock
copolymer nanoparticles and PAGEOS5MA brushes have each
been shown to be capable of chemical conjugation with various
reactive amines.?*30 The commercial availability of many
amine-functional dyes and the relative ease by which amine
groups can be introduced to dye molecules make such surface-
grafted PAGEO5MA films attractive candidates for the design of
PPACs with programmable excitonic properties. To achieve this
aim, it is important to understand how the polymer/solvent
interactions, dye conjugation chemistry, dye loading and brush
grafting density influence the spectroscopic properties of the
dye-conjugated brush layer.??

Herein we report the conjugation of various dyes to surface-
grafted PAGEOS5MA layers via reductive amination (Scheme 1).
We examine the effect of polymer grafting density, solvent
quality, and dye size on the composition of the resulting PPAC.
Using Nile Red as a probe, we characterize the photophysical
properties of dye-loaded PAGEOS5MA brushes using
fluorescence lifetime imaging microscopy (FLIM). This

cis-diol

Please do not adjust margins
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technique enables the excited state lifetime for the PPAC to be
compared with that recorded for spin-cast poly(methyl
methacrylate) (PMMA) films containing free (non-conjugated)
dye. Thus we address the following important question: does
dye conjugation to a brush scaffold provide an effective means
of minimizing dye-dye interactions and hence extending the
excited state lifetime?

Results and Discussion

Synthesis of polymer brush scaffolds with varying grafting
densities

We hypothesized that the conjugation of large dye molecules to
surface-grafted polymer scaffolds would be strongly influenced
by steric constraints. Thus, to achieve high dye concentrations
within such layers it is necessary to minimize steric repulsion.
Variation of the polymer grafting density is known to influence
the degree of steric repulsion between neighboring surface-
grafted chains.3! Thus, we examined the polymerization kinetics
and dye-conjugation chemistry for a range of grafting densities.
Previously, we reported that PGEOS5MA brushes bearing
pendent cis-diol groups can be grown from initiator-
functionalized silicon wafers at 22°C using surface-initiated
activators regenerated by electron transfer, atom transfer
radical polymerization (SI-ARGET-ATRP).2* Linear growth
kinetics were achieved over 2 h, indicating excellent control
over the polymerization.32 In the present study, the surface
concentration of ATRP initiator on a planar glass substrate or a
silicon wafer was systematically varied by using an appropriate
non-reactive diluent3334 to control the brush grafting density for
the PGEOSMA (and hence PAGEO5MA) chains. More
specifically, an initial 3-aminopropyl siloxane (APTES) layer was
modified by reaction with various binary mixtures of 2-
bromoisobutyryl bromide (BiBB, initiator) and benzoyl bromide
(BB, diluent) to yield a series of BiBB/BB-APTES functionalized
surfaces (Figure 1A). The initiator surface concentration on
silicon wafers was determined using X-ray photoelectron
spectroscopy (XPS). Figure 1B shows the fractional surface
coverage of Br, 6k, as a function of the BiBB mole fraction, s,
in the BiBB/BB reaction mixture. 6, is calculated by normalizing
the Br3d XPS peak area with respect to the Br3d peak area
determined for an initiator layer prepared using BIBB alone, for
which ysr = 1.0 (Figure 1B). High resolution spectra are shown in
Figure S1. 6k, increases rapidly at first as yar increases, attaining
a value of ~0.7 at yar = 0.2, but then changes more gradually as
8- approaches unity. If the binding constants for the two acyl
halides were the same, the surface composition would simply
reflect the solution composition. Thus the different behavior
observed in Fig 1B is attributed to a difference in the reactivity
of BiBB and BB towards the APTES layer: aliphatic acyl halides
are known to be more reactive than aromatic acyl halides.3®
Thus 6 begins to approach unity at a lower yg, value than that
expected if BiBB and BB had the same reactivity with the surface
amine groups. The relationship between &, and ysr was found
to be logarithmic (see inset to Fig 1B).3¢

This journal is © The Royal Society of Chemistry 20xx

Chemical Science

View Arti nline
A DOI: ég;@@/qg@ozc

sz QIHZ = ° QIH NH
. Br “(j g
AN AN e A A
1
0O O 00 O © NEt; o 0 00/0\0
DCM
Siiglass 20°c Silglass

of 1t

s BT & 1.0 4 o
@
b ; !
0.4 = S 05 » .
J
0.2 - 0.0
+ 1072 107! 100
00 ® XBr(sol) / MOI%
L] 1 ] L} LB Ll 1 ]
0.0 0.2 0.4 0.6 0.8 1.0

Xer(sol) / Mol%

C s .
E I
= Mushroom | Brush |
5" DR .
)]
wn I
f | Reo _
30 ! g
= B 60 min ! - ;‘b
5 k43 | - > [ 2
— 20 » 30 min |
§ ® 15 min : >
Q ' | LY
10 o i @
ey > > o ®
(=) o
0 1 | lI | 1 1
0.0 0.2 0.4 0.6 0.8 1.0
D eBr
50
g 6Br
ol o
& i 1.00 0.78 5
w - @ 0.98 0.56 ettt
)] at” a7 et
0 --A- 0.86 0.38 R, St
< 30+ 0.84 015 .ol
E A'."‘:-"‘ L
S 20 ol
&
E ““'",
S 10+ .
a “\\ 4
[a) p Wt
0 . L] L] L] L] L] L]
0 10 20 30 40 50 60

Polymerisation time / min

Figure 1. Preparation of a series of planar substrates with a variable surface
density of ATRP initiator groups. gA Reaction of surfaces. (B) Fractional surface
coverage of Br, s, as a function of the mole fraction of BiBB in solution, ys, after
reaction of aminosilane-functionalized wafers with a series of reaction solutions
containing various BiBB/BB binary mixtures. & is determined by normalizing the
XPS Br3d peak area by that observed for ysr = 1.0 (i.e. when using only BiBB). (C)
PAGEO5MA dry Ia}’(]er thickness against 45, as a function of polymerization time.
The brush-to-mushroom transition is indicated by a vertical dashed line. (D)
Kinetic data obtained for PAGEO5MA layers grown from silicon wafers at different
surface initiator concentrations 6. The dry layer thickness was determined via
spectroscopic ellipsometry.
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Figure 1C shows the mean thicknesses of dry PGEO5MA layers
grown from silicon wafers for various & values, as determined
by spectroscopic ellipsometry. The brush grafting density at G,
=1.0is assumed to be comparable to that for brushes prepared
using a similar synthesis protocol.3137-3% As @, increases from
0.15 to 0.38, there is minimal change in the thickness of the dry
surface-grafted layer. However, for G values above 0.4, the
layer thickness increases as a linear function of & for longer
polymerization times (> 30 min). For &k < 0.4, it is likely that the
surface-grafted chains form a so-called mushroom layer, in
which each chain has minimal interaction with its neighbors and
the mean layer thickness is simply determined by the radius of
gyration. However, when &, exceeds 0.4, the surface-grafted
chains adopt a brush conformation: increasing steric repulsion
between neighboring chains leads to thicker layers at higher
grafting densities.314%, For shorter polymerization times (e.g.15
min), the thickness of the surface-grafted layer only begins to
increase significantly at higher &, because the shorter chains
are non-interacting at grafting densities that would otherwise
yield brushes.
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The following equation describes such behavior: .., articie Oniine
o = (h p Np)/M,DO!:10.1039/D65C01202G
where cis the grafting density, h is the brush thickness, p is the
bulk density of the brush composition; Na is Avogadro's number
and M, is the polymer molecular weight.
Brush growth kinetics observed for various initiator densities
are shown in Figure 1D. Linear growth kinetics are observed at
the highest 6. values, suggesting limited termination of the
propagating chains under such conditions. For intermediate &,
values (0.78 — 0.84) there is a deviation from linearity at longer
polymerization times (2 h), which suggests an increase in
termination at lower brush grafting densities. In principle, a
reduction in grafting density should result in less chain
termination because the probability of propagating radicals
undergoing biomolecular termination is reduced.**2 However,
it has been reported that, for some polymer brushes grown at
lower grafting densities, the higher chain mobility can increase
the probability of solution-phase termination.*3
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Figure 2. Visible absor;)t(ig? spectra recorded for dye-functionalized PAGEO5MA brushes grown from glass cover slips. Brushes were functionalized in turn with (A) Nile

Red ethylamine (NRet
varying pH.

Synthesis of dye-functionalized surface-grafted PAGEOSMA

The pendent cis-diol groups in surface-grafted PGEOSMA are
efficiently converted into reactive aldehyde groups to yield
PAGEOS5MA via selective oxidation using a dilute aqueous
solution of sodium periodate (NalO4, 3.0 g mL™1) under mild
conditions as previously reported.?*2> The resulting aldehyde-

4| J. Name., 2012, 00, 1-3

6-aminoerythrosine (Ery), (C) 6-aminofluorescein (Fl), and
density and dyes were conjugated to methanol-swollen brushes. Spectra were recor

éD) Nile Blue ethylamine (NBet). All brushes were grown at the maximum graftin
ed for dry brushes following their immersion in a series of aqueous solutions o

functional PAGEO5MA layers were then used as scaffolds to
prepare PPACs. Four amine-functional dyes (NRet, Ery, Fl and
NBet, see Scheme 1) were conjugated to the PAGEO5MA chains
using reductive amination.?* A series of PAGEO5MA brushes
(mean dry brush thickness ~40 nm) were grown from glass
coverslips before beingimmersed in a 5 uM methanolic solution

This journal is © The Royal Society of Chemistry 20xx
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of the dye containing a 1.5 x molar excess of NaBH3CN relative
to the dye. Brushes were allowed to react for 24 h at 50 °C
before being rinsed in turn with copious methanol, ethanol and
THF to remove any non-conjugated dye. In each case, the
resulting dye-functionalized brushes were visibly colored (see
inset photographs in Figure 2). Attempts to prepare the same
dye-functionalized brushes via Schiff base chemistry alone (i.e.
solely via imine bond formation, with no in situ reductive
amination) were unsuccessful: no dye was detected via either
visible absorption spectroscopy or XPS (data not shown). This
observation was attributed to the susceptibility of imines to
hydrolysis, whereas reductive amination vyields a stable,
irreversible linkage enabling efficient conjugation of both
aromatic and aliphatic amines to the PAGEO5MA brushes.**47
Visible absorption spectra were recorded for dry dye-
functionalized, fully dense PAGEOS5MA brushes grown from
glass coverslips. Figure 2 shows representative spectra obtained
for brushes derivatized using Nile Red ethylamine (NRet), 6-
aminoerythrosine (Ery), 6-amino fluorescein (Fl) or Nile Blue
ethylamine (NBet). Each dye-conjugated brush sample was
immersed in aqueous solutions of varying pH, allowed to
equilibrate for 5 min, and then dried under a stream of nitrogen
gas before being transferred to the spectrophotometer.

An absorption maximum is observed at ~528 nm for NRet-
functionalized brushes along with a longer wavelength
shoulder. The position of this absorption maximum does not
change when varying the solution pH. For NRet in methanol
(also shown in Fig 2A) the absorption maximum is observed at
554 nm. The energy difference between the ground and excited
states, So and S; respectively, is reduced when using more polar
solvents. Both states have large dipole moments, which leads to
strong solvatochromism for this particular dye.*®>° Thus the
blue-shifted absorption band observed for the corresponding
NRet-conjugated brushes is attributed to the local environment
of the dye within the swollen brush layer. For the sample shown
in Fig 2A, the dye concentration within the brush layer was
estimated to be as high as 2.3 M using the Beer-Lambert law,
with the path length taken to be the ellipsometric thickness of
the dry brush layer.®® The effect of varying the dye
concentration within the brush layer on the corresponding
visible absorption spectrum recorded for the conjugated dye is
investigated systematically below.

Visible absorption spectra obtained for 6-aminoerythrosin (Ery)
functionalized PAGEOS5MA brushes - for which the dye
concentration within the brush layer was estimated to be 2.3 M
- were similar to those recorded for Ery in methanolic solution
(Figure S2). The aqueous solubility of the non-conjugated Ery
dye is strongly dependent on the solution pH but its absorption
maximum is pH-independent. However, the absorption
spectrum recorded for Ery-functionalized PAGEO5MA brushes
is much less pH-sensitive. This is attributed to the differing
microenvironments for this dye in solution and within the brush
layer. In particular, the effective dye concentration is much
higher in the latter case.

PAGEOS5MA brushes derivatized with FI dye exhibited an
absorption maximum at ~510 nm after exposure to a weakly
alkaline solution (pH 10). This band became progressively

This journal is © The Royal Society of Chemistry 20xx
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weaker on reducing the solution pH but with minimal chapgegiin
its Amax- At pH 6, this band disappeared. TRisid ICEASKTEHY With
the known behavior of fluorescein in solution, which displays
only very weak absorbance under acidic conditions.>? On the
other hand, an absorption is observed at ~440 nm below pH 3
for an aqueous solution of non-conjugated Fl dye. This
difference is attributed to the primary amine substituent in the
non-conjugated dye. Such substituents are known to influence
the pH-responsive behavior of fluorescein derivatives at low
pH.53

The influence of solution pH is more dramatic for the absorption
spectra recorded for NBet (Figure 2D). At pH 10, a strong
absorption band is observed at approximately 510 nm, along
with a weaker band at 660 nm. On reducing the pH, the 510 nm
band becomes progressively weaker and is no longer observed
below pH 6, whereas the 660 nm feature becomes more
intense. At around pH 6, a new shoulder appears at 610 nm.
Both this feature and the 660 nm band become more intense
below pH 6. For an aqueous solution of the free (non-
conjugated) NBet dye at pH 10 (Supporting Information Figure
S2), a strong band is observed at approximately 660 nm along
with a band at around 510 nm. On reducing the solution pH, the
former band becomes stronger while the latter band becomes
weaker until no longer being observed below pH 6. Thus, the
pH-dependent behavior of NBet conjugated to a brush is
broadly comparable to that for the same free dye in solution.
However, one notable difference is that the 510 nm band is
more intense than that at 660 nm for the NBet-conjugated
brush, the latter feature is stronger for NRet in solution. Nile
Red also displays strong solvatochromism®*>> so these differing
relative band intensities at 510 and 660 nm are attributed to
subtle differences in the dye microenvironment.

Influence of Steric Factors on Dye Conjugation to PAGEO5MA
Chains

It is well-established that steric repulsion between neighboring
chains in the brush regime leads to chain stretching.%? In
principle, optimization of dye-brush conjugation chemistry
requires control over such steric interactions, which can be
achieved by systematic variation of the brush grafting density
while selecting dye molecules of differing size.?2 Accordingly,
three dyes of differing size, naphthylamine (Naph), NBet and Ery
(see Scheme 1), were each conjugated in turn to PAGEO5MA
chains grown using various grafting densities spanning the
mushroom and brush regimes. The fraction of dye conjugated
per methacrylic repeat unit was quantified by XPS. This mean
degree of PAGEOS5MA functionalization was calculated from
N/O atomic ratios determined by XPS (see Figure S3) using the
method reported by Brotherton et al.%*

To assess whether functionalization is confined to the near-
surface region or occurs throughout the full brush thickness,
XPS depth profiling measurements were performed for
representative systems (Naph and NBet), as shown in Figure 3.
These data show a consistent signal associated with the dye-
derived nitrogen species throughout the entire thickness of the
dry brush, with no observable decrease in functional group
concentration with increasing analysis depth until the

J. Name., 2013, 00, 1-3 | 5
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polymer/substrate interface is approached (accompanied by
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Figure 3. XPS depth-profile data for an unfunctionalized PAGEO5MA brush (A) and 100 150 200
brushes conjugated to (B) Naph and (C) NBetN. Secondary axis (red) in B and C shows the Molecular volume / A3
calculated degree of functionalization (reactions performed in methanol).
Figure 4. Factors affecting degree of dye conjugation for surface-grafted

Theoretical molecular volumes for Naph (58.1 A3), NBet (163.6
A3) and Ery (216.4 A3) were calculated using density functional
theory (DFT) at the MO06-2X/def2-SVPD level of theory. The
MO06-2X functional is broadly validated for main-group organic
molecules, including m-conjugated and noncovalently
interacting systems typical of organic dyes, and is therefore
appropriate for computing optimized structures and associated
molecular properties.®® At the highest grafting density (6 =
1.0), the degree of functionalization was found to be in the
order Naph > NBet > Ery, which correlates inversely with the
relative sizes of these three dyes (Ery > NBet > Naph). This is
because inter-chain steric repulsion is sufficiently strong for
such PAGEO5MA brushes that complete derivatization cannot
be achieved for larger dyes.

6 | J. Name., 2012, 00, 1-3

PAGEO5MA chains. (A) Variation in degree of functionalization with initiator
fractional coverage, Us.. The brush-to-mushroom transition is indicated by a
dashed vertical line. (B) Variation in the mean degree of dye functionalization with
the swelling ratio of the unmodified brush in four different solvents (s, = 1.0 for
all samples).. Fitted lines were produced using half-sigmoidal fits. (C) Variation in
degree of brush functionalization vs. theoretical dye molecular radius (9g- = 1.0 for
all brushes, which were grown from glass slides). Dashed lines are a guide to the
eye. Degrees of dye conjugation were determined by XPS from N1s and O1s signals
for 8 different dyes (see legend in panel A). Reductive amination was conducted
in methanol at a dye concentration of 5 uM.

However, higher degrees of dye conjugation could be achieved
at lower chain grafting densities for a given dye (Figure 4A).
Within the brush regime (& > 0.4), there is only a modest
increase in the degree of functionalization when reducing the
grafting density. In contrast, the extent of dye functionalization
increases significantly as s, decreases within the mushroom
regime (6kr < 0.4). Extrapolation suggests that, at a theoretical
grafting density of zero, the degree of dye conjugation should

This journal is © The Royal Society of Chemistry 20xx
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be 100%. Indeed, for other reactive amines such derivatization
can be achieved for free PAGEOS5MA chains in aqueous
solution.?®> Clearly, the degree of dye conjugation for reactive
surface-grafted PAGEO5MA chains can be modulated by
adjusting the chain grafting density.22>7

The degree of swelling can be modulated by changing the
solvent. To maximize the degree of dye conjugation, it is also
necessary to select a good solvent for the dye of interest. The
swelling ratio is defined as the solvated brush thickness divided
by the dry brush thickness. Table 1 summarizes the swelling
ratios obtained for fully-dense PAGEO5MA brushes immersed
in four good solvents for the dyes studied herein: water,
methanol, ethanol and THF. For comparison, data are also
shown for a PGEO5MA brush, which is the cis-diol precursor to
the aldehyde-functionalized PAGEO5MA brush (Scheme 1). The
highest swelling ratios for both PGEO5MA and PAGEO5MA are
achieved in water and these values are comparable to swelling
ratios reported for other hydrophilic polymer brushes.>8-61
When immersed in water, the more hydrophilic PGEO5MA
brush exhibits a higher swelling ratio than the corresponding
PAGEOS5MA brush. As the solvent polarity decreases,
concurrent with an increase in the size of the solvent molecules,
both brushes become much less solvated, with minimal swelling
observed for immersion in THF in each case.

Figure 4B shows the mean degree of dye functionalization for
fully-dense brushes (& = 1.0) determined by XPS after reaction
in turn with each of the eight dyes shown in Scheme 1 when
using THF, ethanol, methanol or water. On changing from THF
(poor solvent) to water (good solvent), PAGEO5MA brushes
become increasingly swollen. For each dye, a higher swelling
ratio leads to a higher degree of dye conjugation. This is
physically reasonable: if the brush is immersed in a good

Chemical Science

solvent, then the dye molecules can more readily penetratethe
brush layer and hence react with a H¥ghel© fPaetinCer2ehe
pendent aldehyde groups within it. These observations are
consistent with previous studies of the derivatization of poly(2-
(dimethylamino ethyl)methacrylate) brushes.®? This is because
it is easier for this dye to access the aldehyde functional groups
when the PAGEOS5MA chains adopt a highly stretched
conformation. Moreover, the data in Figure 4A also show that
higher degrees of dye conjugation are achieved at lower chain
grafting densities. Within the mushroom regime the collapsed
PAGEO5MA chains are well-separated from each other so the
steric barrier to dye ingress is minimal. However, the lower
chain grafting density means that the overall local dye
concentration that can be achieved within such relatively
diffuse surface layers is significantly lower than that for a fully
dense brush layer.

Finally, the relationship between dye size and the degree of dye
conjugation was examined (Figure 4C). Figure 4C shows the
relationship between the degree of dye functionalization for
surface-grafted aldehyde-functionalized polymer chains in THF,
ethanol, methanol or water and the theoretical dye volume
(calculated using DFT).5¢ Clearly, using larger dyes (> 80 A3) leads
to lower degrees of dye functionalization. This is attributed to
the greater steric congestion.

In summary, reductive amination is an efficient method for the
attachment of various amine dyes to surface-grafted aldehyde-
functionalized polymer chains. High degrees of dye conjugation
can be achieved, with the mole fraction of dye-conjugated
methacrylic repeat units approaching unity under optimized
conditions. For a given chain grafting density, maximizing the
solvation of the polymer chains by selecting an appropriate
solvent leads to a higher degree of dye functionalization.

Table 1. Summary of PGEOSMA and PAGEOSMA brush swelling ratios when immersed in four solvents (expressed relative to the corresponding dry brush in each case).

Solvent Swelling ratio® Solvent polarity®
PGEO5MA PAGEO5MA kcal mol?
H,O 2.0+0.1 1.6+0.2 63.1
Methanol 1.7+0.2 1.5+0.1 55.5
Ethanol 1.3+0.0 1.3+0.0 51.9
THF 1.0+0.1 1.1+0.0 37.4
a Swelling ratios determined by spectroscopic ellipsometry for PGEOSMA and PAGEO5MA brushes with mean dry thicknesses of 40.1 nm and 36.6 nm, respectively. The
brush swelling ratio is defined as the solvated brush thickness divided by the dry brush thickness.
b Dimroth-Reichardt solvent polarity values are used.®?

Absorption Spectra for Nile Red-Functionalized PAGEO5MA
Brushes

The main aim of this study was to construct PPACs comprising
dye-functionalized surface-grafted polymer scaffolds. To
achieve the desired exciton dynamics, such PPACs must offer a
sufficiently high dye concentration combined with good control

This journal is © The Royal Society of Chemistry 20xx

over the spatial location of dye molecules within the polymer
layer. It is particularly important to minimize dye-dye
interactions, which would otherwise cause exciton quenching.
Hence we investigated the spectroscopic properties of dye-
functionalized brushes in detail, selecting NRet as a model dye.
Nile Red has been widely used in cell biology as a

J. Name., 2013, 00, 1-3 | 7
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solvatochromic membrane-selective stain: 54 Its absorption and
fluorescence emission wavelength each depend on the local dye
environment.*8
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Figure 5. (A) Chemical structure of a P(NRet)AGEO5MA PPAC. (B) Variation in the
mean de§ree of functionalization (black data points) and local dye concentration
within a fully dense PAGEOSMA brush layer (red data points) depending on the
NRet solution concentration. The mean degree of dye conjugation was
determined via XPS (see main text for further details).

NRet was conjugated to PAGEOS5MA brushes by reductive
amination (Figure 5A) using a series of methanolic dye solutions
of varying concentration [N.B. NRet is insoluble in water]. The
mean degree of dye conjugation was determined via XPS as a
function of NRet concentration in solution (Figure 5B, black data
points). These data are consistent with first-order binding
kinetics: a linear relationship is observed when the data are
replotted on a logarithmic axis, see Figure S4. The dye
concentration within each brush was determined from visible
absorption spectra recorded for dry brushes by applying the
Beer-Lambert law, where the dry thickness of the dye-
conjugated brush (~40 nm) is the path length and the molar
extinction coefficient of the conjugated dye was taken to be
that of Nile Red (38 000 M~ cm™1).85

8| J. Name., 2012, 00, 1-3

To determine whether the dye was distributed, unifosmly
throughout the functionalized brushes,10 5aifplesCote
characterized using spectroscopic ellipsometry and the data
were modeled using both uniform and graded optical profiles
in both the dry state and after equilibration in pH 9 (Figure S5).
In all cases, the data were modeled using both uniform and
graded optical profiles. It was found that the uniform layer
model provided the most robust and statistically justified
representation of the SE data across all samples and conditions
investigated.

The visible absorption spectrum recorded for free NRet dye
dissolved in methanol is shown in Figure 6A (black dashed
spectrum). This spectrum has an absorption maximum at 554
nm and is identical to that reported for a commercially
available, non-aminated Nile Red dye dissolved in methanol.%®
Figure 6A also shows the absorption spectrum recorded for a
NRet-functionalized brush prepared by immersing a fully-dense
PAGEO5MA brush into a 5 uM methanolic solution of NRet (red
spectrum). The concentration of conjugated dye molecules
within this brush layer is estimated to be 2.33 M. The absorption
maximum for NRet-functionalized brushes at this concentration
is observed at around 528 nm and there is also a discernible
shoulder at approximately 580-590 nm. Nile Red exhibits strong
solvatochromism because the energy difference between its
ground and excited states is reduced in the presence of more
polar solvents.*® Thus the blue-shifted absorption observed for
the corresponding dye-functionalized brush could reflect a
subtle change in the local environment for this chromophore.
To examine whether excitonic coupling between neighboring
chains in the brush layer might occur, a series of brushes were
grown with various grafting densities. Figure 6B shows
normalized spectra recorded for the same dye-functionalized
brush system prepared with &, ranging from 0.12 to 1.00. The
absolute intensities of the absorption maxima of these films
(Figure 6C) depend on the grafting density, because the total
amount of material within the sampled area also varies with the
grafting density. However, there is no other significant change
in the spectra as the grafting density is varied, indicating that
excitonic coupling between surface-grafted chains is weak.

To further explore whether the difference between the brush
and solution spectra shown in Figure 6A was attributable to the
local dye concentration, measurements were conducted on a
series of fully-dense dye-functionalized brushes prepared using
a wide range of NRet concentrations (Figure 6D). At the lowest
dye concentration of 0.01 M, the absorption spectrum obtained
for the NRet-functionalized brush is essentially identical to that
of the free dye in solution. For higher NRet concentrations
within the brush layer, the absorption maximum becomes
slightly blue-shifted. For dye concentrations of 0.20 to 2.33 M,
the spectra become increasingly asymmetric because this
absorption band is sensitive to the local dye environment and
potentially to aggregation.*®

This journal is © The Royal Society of Chemistry 20xx
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increasing dye concentration. Dashed black line indicates the normalized spectra for NRet molecularly dissolved in methanol.

Figure 7A shows absorption spectra recorded for fully-dense
NRet-functionalized brushes containing the highest observed
NRet concentration (2.33 M), both in the dry state and after
their immersion in five different solvents. The absorption
spectrum recorded for Nile Red dissolved in n-heptane differs
significantly from that in methanol (Figure 7B), which is
consistent with literature reports.*® In contrast, spectra
recorded for NRet-functionalized brushes immersed in n-
heptane (non-swollen collapsed brush)) and in methanol (highly
swollen brush) are almost indistinguishable, suggesting that the
local dye environment is mainly determined by the dielectric
properties of the polymer chains, rather than the choice of
solvent.

Fluorescence Emission Spectra and Excited State Lifetime
Measurements

Fluorescence emission spectra were acquired for NRet-
functionalized brushes containing various dye loadings using a
480 nm excitation source (Figure 8; an extended data set is also
provided in Figure S8 in the Supporting Information). At the
lowest dye loadings of 10 — 210 mM, these spectra show a
strong emission band at 613 nm with a weak shoulder at ~655
nm. Higher dye concentrations produce red-shifted spectra
with this shoulder becoming more prominent. At 0.75 M NRet,
this feature is almost as intense as the main band. Above 0.75
M, the latter feature becomes weaker and, when the NRet
concentration within the brush is approximately 2.33 M, a single
absorption band is again observed, albeit at a significantly
higher wavelength (689 nm).
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Figure 7 (A) Absorption spectra recorded for an NRet-functionalized brush
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immersed in various solvents. Brushes were prepared at the highest achievable
grafting densities and reacted with a 5 UM NRet solution to target the maximum
dye loading. (B) shows the absorption spectra recorded for free (non-conjugated)
NRet dissolved in the same solvents.
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Figure 8. Normalized fluorescence spectra recorded for NRet-functionalized
PAGEOS5MA brushes prepared at various dye loadings. The excitation wavelength
yvan_ 480 nsrg. Spectra for samples prepared with additional dye loadings are shown
in Figure S8.

At the highest NRet concentrations shown in Figure 8, dye-dye
interactions may occur within the brush layer. Thus, one
possible explanation for the change in the emission spectra
recorded for NRet conjugated to PAGEOSMA brushes is
aggregation-induced dual fluorescence owing to the existence
of two emitting states, monomeric NRet (higher energy) and
NRet aggregates (lower energy).5” However, it is also feasible
that these spectral changes simply reflect a change in the

10 | J. Name., 2012, 00, 1-3

dielectric properties of the brush layer athigher ofye
concentrations and/or that self-absorptiof effetts%4pe Presént:
In this context, Gajo et al. reported a detailed analysis of
fluorescence emission spectra for free Nile Red dissolved in a
series of solvents with a range of dielectric constants.*®
Importantly, the spectral changes shown in Figure 8 lie within
the range of variation described in this prior study. Thus it may
not be necessary to invoke dye-dye interactions to explain such
spectroscopic observations.

Nevertheless, for brush layers that contain the highest dye
concentrations, dye aggregation remains a possibility. Hence
we employed fluorescence lifetime imaging microscopy
(FLIM)®8 to test this hypothesis. Dye aggregation often
quenches the excited state leading to a reduction in its lifetime.
The effective cross-sectional area of surface-grafted chains is ~2
nm?3! and, on average, there are estimated to be ~4 repeat units
per nm along a polymer chain (assuming no chain-folding for
the fully-extended brush). Thus, for dye concentrations below
0.21 M within a fully-dense brush layer (which is equivalent to
a degree of brush functionalization of ~10%) and a stochastic
distribution of dye, we estimate that the mean separation
distance between dye molecules along the polymer chain
should be less than mean spacing between surface-grafted
chains. Hence the excited state lifetime should be influenced by
the probability of excitation transfer between dye molecules on
nearest-neighbor chains, which will decrease with dye
concentration until it becomes vanishingly small. However, for
dye concentrations of 0.35 M or above (degree of dye
functionalization = 220%), excitation transfer between
neighboring dye molecules conjugated to the same polymer
chain should become increasingly likely. Thus the excited state
lifetime should be sensitive to the rates of both intra-chain and
inter-chain excitation transfer within this dye concentration
regime.

Excited state lifetimes were determined for a series of such dye-
functionalized brushes by measuring time-resolved
fluorescence using time correlated single photon counting
(TCSPC). Measurements were made at 100 different locations
on each brush sample. The resulting decay curves can be either
analyzed individually or averaged, enabling the spatial
distribution of the NRet dye within the brush layer to be
assessed. The mean fluorescence lifetime Tean, Was calculated
as the amplitude-weighted mean of the lifetimes associated
with a minimum of 100 individual decay curves:

— Z(ai"ri) (1)

Tmean = Y a,
13

where a; and t; are the fitted amplitudes and the corresponding
lifetimes of each exponential component.

Figure 9A shows fluorescence decay data recorded first for NRet
in solution (dotted black line) and then after its conjugation to
fully dense brushes at various dye concentrations. In each case
the decay curve is the mean of 100 measurements. For a brush
layer containing 0.01 M NRet, the fluorescence intensity decays
at a similar rate to that recorded for the free dye in methanolic
solution. In this case, Zmean Was determined to be 1.3 + 0.1 ns.
However, a faster rate of fluorescence decay is obtained for
higher NRet concentrations. Accordingly, Zmean Was determined

This journal is © The Royal Society of Chemistry 20xx
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for a much larger library of brushes over a wide range of NRet

concentrations.

Figure 9. (A) Representative fluorescence decay curves (colored lines) recorded
for NRet-functionalized brushes at different dye concentrations. Measurements
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were recorded at 100 locations across the surface of each sample. A decay curve
is also shown for a 4.6 uM solution of the unconjugated dye in methanol (black
dots). (B) Variation in the mean excited state lifetime of NRet with dye
concentration for both this dye/brush system and for free Nile Red dispersed
within PMMA spin-cast films. Data are averaged over 100 spectra with error bars
shown as the standard deviation.

Figure 9B shows the dependence of 7mean On the NRet
concentration within the brush layer. At the lowest dye
concentrations (< 0.04 M), the mean excited state lifetime
measured at 100 different locations is 1.3 + 0.1 ns. This value is
comparable to that observed for the free dye dissolved in
methanol (see Figure 9A), as well as for Nile Red solubilized
within membranes and vesicles.®® This lifetime is independent
of the dye loading for dye concentrations < 0.04 M, which
suggests that both inter-chain and intra-chain excitation
transfer are effectively controlled by the brush layer.
Progressively shorter lifetimes are observed above this critical
concentration, reaching a minimum value of ~240 ps at an NRet
concentration of 1 M. Between 0.03 and 0.21 M dye, there is a
progressively higher probability of inter-chain dye-dye
excitation transfer, which leads to a concomitant reduction in
the excited state lifetime. Above a dye concentration of 0.21 M
dye, there is also a higher probability of intramolecular
excitation transfer, which leads to a faster rate of excited state
quenching. These observations are consistent with the data in
Figure 8, which show that the absorption spectrum begins to
change significantly at concentrations above 0.21 M, and with
our estimate that above this concentration the mean dye-dye

This journal is © The Royal Society of Chemistry 20xx
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separation along the polymer chain is shorter than,the mean
separation between neighbouring surfac@graft&dbeh¥irs01202G
To understand the significance of the data in Figure 9B, we also
measured the excited state lifetime for free Nile Red dye
dispersed within poly(methyl methacrylate) (PMMA) films
prepared by spin-casting, which is widely employed for
fabricating thin uniform films of molecular dyes within a
transparent polymeric matrix.”? Figure 9B shows such
fluorescence data: the excited state lifetime for free Nile Red
falls rapidly, reaching ~ 200 ps at a dye concentration of 0.03 M.
In striking contrast, the excited state lifetime remains
unchanged at ~1300 ps for the NRet-functionalized brush at the
same dye concentration, and decreases much more slowly as
the dye concentration within the layer increases. The reduction
in the excited state lifetime observed for spun-cast PMMA films
prepared using a dye concentration of up to 0.09 M is attributed
to aggregation of the non-conjugated dye molecules during film
formation. For this dye concentration regime, it is clear that dye
conjugation to brush chains is a very effective mechanism for
minimizing such aggregation. For higher degrees of brush
functionalization, lower excited state lifetimes are observed.
However, the excited state lifetime always exceeds 200 ps (i.e.
the lifetime measured for non-conjugated Nile Red dye within
the spun-cast PMMA films) up to a dye concentration of 0.21 M,
which is seven times higher than the dye concentration of the
free dye within the spun-cast PMMA film.

In summary, dye conjugation to PAGEO5MA brush chains does
not eliminate aggregation across the entire concentration
range. Nevertheless, this strategy provides effective control of
dye aggregation at low dye concentrations and significantly
reduces the degree of dye aggregation up to dye concentrations
of 0.21 M. This is a highly significant improvement in
performance compared to the corresponding dye-loaded spin-
cast PMMA films and has important implications for the
construction of next-generation PPCs.

Pigment-protein photosynthetic light-harvesting complexes
provide an attractive paradigm for the design of molecular
photonic materials: pigment molecules (chlorophylls and
carotenoids) are organized precisely in 3D by peptide scaffolds,
conferring good control over exciton dynamics. For example,
LHCs achieve high concentrations of excitons, without
quenching of excited states. Our aim in this work was to design
synthetic scaffolds capable of offering comparable performance
to that of photosynthetic LHCs. The data presented herein
demonstrate that conjugation of dye molecules to polymer
brushes enables effective control over dye aggregation. This
approach vyields significantly longer excited state lifetimes
compared to those observed for free dye dispersed within spun-
cast films and enables higher useful dye loadings to be achieved.
However, the excited state lifetimes are still reduced within
such PPACs at very high dye concentrations (~0.3 M), which
suggests that dye aggregation is not completely eliminated.
Thus further refinements will be required before such brush
layers can fully replicate the exquisite control over exciton
dynamics observed for LHCs.

J. Name., 2013, 00, 1-3 | 11
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Conclusions

We have developed a biologically-inspired approach for the
design of next-generation photonic materials, in which
programmable pigment-polymer complexes (PPACs)
produced via conjugation of various amine-functionalized dyes
to an aldehyde-functionalized PAGEO5MA brush. Dye
conjugation to a brush scaffold provides an effective means of
minimizing dye-dye interactions and hence extending the
excited state lifetime. The fraction of dye-functionalized repeat
units, Xaye, is controllable and approaches unity under optimum
conditions.

Steric congestion plays an important role in regulating dye
conjugation to the brush chains; control over this parameter
provides a high degree of programmability for the resulting
PPCs. More specifically, a higher degree of dye conjugation is
favored by using a highly swollen brush, reducing the brush
grafting density, and minimizing the size of the dye molecule.
Changes in absorption spectra recorded for brushes before and
after their functionalization with Nile Red ethylamine (NRet) are
attributable to the modified dielectric environment within the
brush layer. Concentration-dependent fluorescence emission
spectra are ascribed to variations in the dielectric properties of
the brush layer owing to high degrees of dye conjugation.
After binding to a PAGEO5MA brush at a dye concentration of
no more than 0.04 M, the excited state lifetime for NRet in such
a PPCis 1.3 £ 0.1 ns, which is comparable to that observed for a
dilute solution of this dye in methanol (1.17 + 0.01 ns).
Importantly, this excited state lifetime is significantly longer
than that observed for spin-cast films containing non-
conjugated Nile Red at the same dye concentration (~ 0.2 ns),
which is attributed to minimal interactions between
neighboring conjugated dye molecules within the brush layer.
In summary, efficient dye conjugation chemistry confers good
control over exciton dynamics in dye-loaded polymer brushes
relative to that achieved for spin-cast films containing the same
non-conjugated dye molecules. Such PPCs offer a new and
potentially versatile route to the production of programmable
photonic materials.
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