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Abstract

This thesis explores the optical and microstructural properties of

�uorescent and lasing polymer microspheres, as well as methods for

their fabrication and size control. I investigate the �uorescent and

lasing behaviour of polymer-coated glass microspheres by a combin-

ation of evanescent coupling, and �uorescence and lasing measure-

ments. Coated glass microspheres lack perfect spherical symmetry

and have a dense forest of resonances such that lasing preferentially

occurs where these modes are most densely spaced within the gain

band of the lasing medium. Next, I discuss the bene�ts of conjug-

ated polymers (CPs) over dye-doped polymers before demonstrating a

fabrication method which produces large CP microspheres (up to 50

times larger than those produced by other methods) and which are 20

times brighter than conventional dye-doped microspheres. Finally I

develop a simple micro�uidics fabrication method which enables good

size control, from which arrays of monodisperse microspheres were syn-

thesised from three di�erent CPs (red, green and blue emitters, i.e.,

across the visible spectrum). The molecular weight of the CP as well

as the choice of solvent and surfactant are shown to be important

parameters in obtaining large (>5 µm) and relatively well formed mi-

crospheres. Conjugated polymer microspheres will be shown to have

several advantages over conventional dye-doped particles for applica-

tions requiring a high emission intensity.
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1 Introduction

This thesis explores the optical and microstructural properties of �uorescent

and lasing microspheres. The work is developed chronologically from my

initial studies of the lasing modes in layered dye-doped polymer coatings on

silica microspheres and ending with my latest investigations of size controlled

and self-assembled conjugated polymer (CP) microspheres and microlasers.

I begin, therefore, with a short review on the whispering gallery modes of

microspheres, including the basic resonance parameters and loss mechanisms.

I then move to a brief review of conjugated polymers and their associated light

emission mechanisms. Laser dyes and their typical quenching and bleaching

mechanisms are also discussed in the context of the experiments on dye-doped

lasing microspheres.

After this basic introduction, the thesis will describe the experimental

work in more detail than is provided in the associated publications, in order

to better serve as a jumping o� point for future work. Then I move into

the three �paper chapters� that are the main publications that came from

my research. Two of these are published and one is in preparation, with

expected completion of the experimental work as soon as possible after the

COVID-19 pandemic. Finally, I make some general conclusions about the

main contributions of this work and suggest possible future directions.

1.1 Optical resonances: the whispering gallery modes

1.1.1 Formation of WGMs

Electromagnetic waves can form resonant modes in a cavity with circular

symmetry. These modes are known as whispering gallery modes (WGMs),

named after the acoustic resonances reported in St Paul's cathedral and

explained by Lord Rayleigh in 1910 [1]. As the wavelength of light is ap-

proximately 106 times smaller than that of sound, the cavities in which

WGMs can be readily observed are roughly 106 times smaller than the
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original whispering gallery. Examples of such cavities include microd-

isks [2, 3], microtoroids [4, 5], microcylinders [6, 7], microrings [8, 9] and

microspheres [10, 11, 12]. Under certain conditions, light circulates within

the resonator and forms a closed path. For optical path lengths along the

circumference equal to an integer number of wavelengths, an optical standing

wave can form [13]. In the simplest geometric approximation, the resonant

wavelengths are given by [14, 15]:

Mλ = 2πaN (1)

whereM is an integer, λ is the wavelength of a resonant mode, a is the radius

of the cavity, and N is the refractive index of the cavity.

The conditions that must be met for the development of WGMs in-

clude [16]:

1. The refractive index (N) of the dielectric must be greater than that of

the surroundings, in order to have total internal re�ection (TIR).

2. Light must be incident at a shallow angle with respect to the surface

normal to permit total internal re�ection.

1.1.2 Mode numbers

In a microsphere, modes are characterised by 3 mode numbers: a radial

mode number, n = 1, 2, 3 . . ., a polar mode number, l = 0, 1, 2..., and an

azimuthal mode number, m = −l → +l. The number of maxima in the

electric �eld distribution in the polar direction is given by Np = l −m + 1,

and in the azimuthal direction by Naz = 2m. Modes with mode numbers m

and −m are counterpropagating modes, which give rise to an optical standing

wave [17, 18]. In a perfectly spherical microsphere, modes of di�erent |m|
are degenerate [19].

For each value of m there are many possible modes, each with di�erent

values of n. The �equatorial modes� are given by m = l and n = 1. For these
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modes, Np = 1 and the modes are tightly bound to the equator of the micro-

sphere and have the smallest mode volumes [4]. In addition to their mode

numbers, the resonances are also characterised by the polarization, which can

be either transverse electric (TE), where the electric �eld is perpendicular

to the plane of propagation, or transverse magnetic (TM), where the electric

�eld is radial to the equator.

1.1.3 FSR, mode volume and Q-factor

FSR The free spectral range (FSR) of a microresonator is the separation

in frequency between adjacent modes. In microspheres the frequency separa-

tion, ∆νFSR, of modes with the same polarization and radial mode number,

n, but di�ering by one mode number, l, is given by [16]:

∆νFSR =
c

2πaN
(2)

where c is the speed of light in vacuum, a is the microsphere radius, and N

is the refractive index of the microsphere. When converted into wavelength,

the FSR is not constant (as a function of the wavelength) and the wavelength

separation ∆λFSR is given by [20]:

∆λFSR =
λ2

2πaN
(3)

where λ is the wavelength of the mode, a is the resonator radius, and N is

the refractive index of the microsphere.

Mode Volume The mode volume of a microresonator can be thought of

as the spatial con�nement of the resonant electromagnetic �eld. The mode
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volume is often de�ned as [17, 21, 22, 23]:

V =
stored energy inmode

maximumenergy density ofmode
=

´
V
ε(r)

∣∣∣−→E (r)
∣∣∣2 d3r

max

(
ε(r)

∣∣∣−→E (r)
∣∣∣2) (4)

ε(r) =


N2 for r<a

N2
external otherwise

(5)

where ε(r) is the dielectric constant of the material, Nexternal is the refractive

index of the surrounding medium, and
−→
E (r) is the electromagnetic �eld. It

is usually desirable to have small mode volumes, particularly for applications

such as lasing which require large photon densities [17, 21].

While commonly used, there are limitations to this equation. One is that

the integral (and therefore the mode volume) diverges when evanescent �elds

are taken into account, unless an arbitrary cut-o� for the evanescent �eld is

introduced [22, 24]. Another is that for structures with complex permittiv-

ities, this equation can yield negative energy densities which are obviously

unphysical [24, 25]. When this equation is applied to high-Q cavities, good

agreement is found with the mode volumes that are estimated from experi-

mental observations [26, 24]; however, it is not generally applicable to low-Q

cavities or plasmonic systems.

Q-factor One important property of a microcavity is its quality factor (Q-

factor). The Q-factor of a cavity is a measure of how well it stores energy [17],

with larger Q-factors meaning that the cavity stores light for a longer time,

i.e., it is less lossy. For most applications, higher Q-factors are desirable.

Lasing, for example, requires that the optical gain within the resonant cavity

is greater than the losses, so a higher Q-factor (which implies lower losses)

is desirable in lasing cavities [14]. In addition, the lasing threshold decreases
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linearly with Q [27], and thus a high Q implies lasing with a lower power

input.

The Q-factor is de�ned as the ratio of the time-averaged energy stored in

the cavity to the energy loss per oscillation of the electromagnetic �eld [28]:

Q = ω0
stored energy
power loss

(6)

One can also write Equation 6 as [29]:

Q =
U(t)

−(dU(t)
dt

)/ω0

(7)

where U(t) is the total energy of the con�ned light �eld, ω0 is the angular

frequency of the resonant mode, and −(dU(t)
dt

)/ω0 represents the energy lost

in each oscillation of the electromagnetic �eld. Rearranged, this gives the

following di�erential equation:

dU(t)

dt
= (
−ω0

Q
)U(t) (8)

After assuming a trial solution of the form U(t) = Ae−t/τ and imposing the

condition that U(t) = U0 when t = 0, we �nd that A = U0 and τ = Q
ω0
. The

solution to equation 8 is therefore:

U(t) = U0e
(−ω0t/Q) (9)

From this we see that the energy stored in a cavity decays exponentially

over time with a time constant τ = Q
ω0
. As Q increases, the time constant

increases and the stored energy decays more slowly.

To determine the resonant lineshape, we �rst note that U(t) ∝ E(t)2,

where E(t) is the electromagnetic �eld, so E(t) = E0e
−ω0t/2Qe−i|ω|t. We use

the Fourier transform between the time and frequency domains, according to

E(t) = 1
2π

´ +∞
−∞ E(ω)e−iωt dω, and solve to �nd that the resonant lineshape
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E(ω) is Lorentzian: [28, 29]:

|E(ω)|2 ∝ 1

(ω − ω0)2 + (ω0/2Q)2
(10)

with a linewidth given by ∆ω = ω0

Q
. Thus, Q = ω0

∆ω
= ν0

∆ν
= λ0

∆λ
, where ν is

the frequency and λ is the wavelength, any of which can be directly measured

experimentally from the cavity spectrum.

At this point, we should consider the factors which determine the Q-factor

of a cavity. To do this, we must consider the sources of loss in microcavities,

which include radiation losses, scattering losses, and absorption losses. Each

of these contributes to the overall Q-factor and thus we can de�ne Q in terms

of these separate losses [30]:

1

Q
=

1

Qradiation

+
1

Qscattering

+
1

Qabsorption

(11)

Radiation loss is due to the curvature of the resonator surface. The

evanescent �eld of a WGM extends outside the microsphere, and the further

away the light is from the centre of the microsphere, the longer the distance

it must travel in one trip around the microsphere. The result is that light

further away from the center of the microsphere lags behind and is lost [31].

It has been observed that Qradiation increases exponentially with increasing

diameter (D) [10, 23, 32, 33]. As the diameter increases, radiation losses

become less important [34] and for large microresonators de�ned as D
λ
≥

15 [10], Qradiation becomes so large that the losses due to radiation can be

neglected [10]. Typical values for microspheres used in this work are D ∼
10− 50 μm and λ ∼ 550 nm, giving D/λ ∼ 20− 90, within the regime where

radiation losses are negligible [10].

Attenuation of light in the microresonator is another important source

of loss. Qabsorption depends on the absorption coe�cient, α, and refractive

6



index, N , of the material [10]:

Qabsorption =
2πN

αλ
(12)

Polymer refractive indices are typically between N=1.4 and 1.6 [35] for light

in the visible wavelength range. Optically transparent polymers such as

poly(methylmethacrylate) (PMMA) and polystyrene (PS) have absorption

coe�cients of around 2x10-4 cm-1 at 488 nm and 5x10-4 cm-1 at 647 nm [36],

giving Qabsorption ∼ 108 over this wavelength range, which is considered to be

reasonably high [21, 37].

However, the inclusion of laser dyes into these polymers can drastically

increase the absorption coe�cient. Takeda et al measured the absorption

coe�cient of PS doped with Nile Red at a concentration of ∼5x10-3 mol/L;
at 588 nm, they found that the absorption coe�cient was around 100 cm-1,

giving Qabsorption ∼ 103 [38]. Similar results were found for conjugated (non-

transparent) polymers. For example, the absorption coe�cient of poly(2,5-

dioctyloxy-p-phenylenevinylene) (DOO-PPV) was measured to be 30 cm-1 at

630 nm, giving Qabsoption of 103 [39, 40]. The use of a �uorescent, absorb-

ing material clearly limits the maximum achievable Q-factor in �uorescent

polymer microspheres.

Scattering is another source of loss. It is mainly due to surface roughness

which causes light to scatter out of the resonator; smoother microcavity

surfaces (less scattering) result in higher Q-factors. The scattering-related Q

factor can be described as [10]:

Qscattering =
λ2D

2π2σ2B
(13)

where λ is the wavelength of the mode, D is the diameter of the reson-

ator, σ is the root-mean-squared (rms) size of the surface features and B is

the correlation length of the surface features (an indication of their average

separation [41]). The values of σ and B are often di�cult to measure ex-
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perimentally but one can estimate the upper limit of Qscattering by looking

at silica microspheres, which represent some of the smoothest (solid) micro-

spheres. For silica microspheres, values as low as σ = 2 nm and B = 5

nm are possible [42]. Taking λ = 550 nm, D = 50 μm (representative val-

ues for the wavelength of light and diameter of microspheres used in this

work) Qscattering ∼ 108 would be obtained.

Microcavities made from polymers often have rougher surfaces than those

which can be achieved in silica microspheres, and the maximum obtain-

able Q-factors in polymer microcavities are correspondingly lower. In one

experiment using microrings made from poly(1-vinyl-2-pyrrolidone) (PVP),

Qscattering was found to be 2.5x103 [43]. In another work using 10 µm PS mi-

crospheres, Qscattering was calculated to be around 104 [38]. The case is better

for polymer-coated silica microspheres, which can have higher Q-factors than

all-polymer microspheres due to the smoothness obtainable in silica micro-

spheres. As long as the polymer concentration is chosen so that inhomogen-

eities in the polymer coating are avoided, the �nal coated structure can have

a smoothness similar to the silica microsphere beneath. In one experiment

where a silica microsphere was coated with a thin layer of DOO-PPV, the

Q-factor of the microsphere decreased only slightly from Quncoated=1.3x107

to Qcoated=1.2x107 [44]; in another, the Q-factor before coating was around

107 and decreased to 106 after a polymer coating was added [45].

In cases where the surface of the polymer is rough after fabrication, post-

fabrication annealing techniques can be used to decrease the surface rough-

ness and increase Qscattering [46]. One technique is solvent-vapour annealing,

which involves exposing polymer �lms to vapours of a solvent. The solvent is

absorbed by the polymer, lowering the polymer's glass transition temperature

(Tg) below room temperature and allowing the polymer chains to reorganise

and adopt a lower-energy con�guration [47]. This can result in a smoother

surface and a higher value of Qscattering. Another technique is thermal re-

�ow, where a solid polymer is heated to ∼20�C below its Tg, decreasing its
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viscosity so that surface tension causes the surface to become smoother [48].

This has been shown to increase the Q-factor of polystyrene microrings by

an order of magnitude, from Q=5x103 to Q=2x104 [49].

In conclusion, for �uorescent polymer microspheres in the size regime

of D/λ ≥ 15 (as is the case for the microspheres fabricated in this work),

radiation losses can be neglected [10] and the Q-factor is largely determined

by absorption and scattering. For all-polymer microspheres, Qabsorption and

Qscattering are estimated to be on the order of 103 to 104, whereas for polymer-

coated microspheres a higher value of Qscattering is possible.

1.2 Spherical Microcavities

1.2.1 Coupling light in and out of microcavities

In order to observe the optical resonances in microcavities, one must �rst

couple light into the cavity. The easiest but least e�cient coupling method is

free space coupling. Here, light (e.g., a laser beam) is incident from free space

onto the resonator, possibly after being loosely focused by one or more lenses.

While experimentally simple, this method is ine�cient because it relies on

the radiative coupling of free space light with a microsphere WGM [50].

The coupling e�ciency (η) can be estimated using generalised Lorentz-Mie

scattering theory [50] and is given by η < (λ/a)2 [17, 34]. For a sphere of

radius 50 μm and a pump wavelength of 500 nm, this would give η < 0.01%.

Evanescent coupling o�ers much better coupling e�ciency but is more

experimentally complicated. A coupler such as a prism or tapered �bre is

brought close (within a few hundred nm [51, 52, 53]) to the microcavity

so that the evanescent �eld of the pump light in the coupler overlaps with

the evanescent �eld of a WGM in the microresonator [17, 54]. Coupling

e�ciencies of up to 80% can be achieved with prisms [54] and more than

99% with tapered �bres [55, 56], although in this overcoupled regime the

Q-factor is reduced due to the losses from the microsphere back into the
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coupler [57]. In addition, tapered �bres are mechanically fragile and are prone

to degradation from surface contaminants such as dust and water vapour.

Fluorescent coupling is another coupling method which is experimentally

simple. The microsphere is doped with a �uorescent material which is then

excited through free space by a pump beam. The �uorescent material emits

at a broad range of wavelengths; those wavelengths which coincide with a

WGM appear as sharp peaks in the �uorescence spectrum. Due to the broad

emission spectra, multiple WGMs can be simultaneously excited with this

method. The mode visibility (mode visibility = Imax−Imin
Imax+Imin

, where I is the

intensity) is a measure of how visible the modes are, with visibilities near

one indicating that the background �uorescence is minimal, and lower visib-

ilities indicating that the background �uorescence is higher. Mode visibility

depends on Q-factor, where for lower Q-factors a fraction of the �uorescence

can scatter out of the cavity before interacting signi�cantly with the mode,

leading to a higher background "uncoupled" �uorescence. In addition, if low-

Q modes are su�ciently close together then the modes can overlap to some

degree which also leads to a non-zero background and a lower mode visibility.

1.2.2 Applications of �uorescent microspheres

Fluorescent microspheres have potential applications in sensing, including

refractive index sensing [11, 58, 59], biosensing [60, 61], force sensing [62],

temperature sensing [63], and humidity sensing [64]. Sensing is possible be-

cause WGMs propagating around the microsphere have an evanescent �eld

which extends outside of the sphere by approximately 100 nm [11] and thus

the resonances are sensitive to any external changes in refractive index. A

change in refractive index - which can be due to a change in external medium

or due to molecules binding to the surface of the microsphere - causes the

e�ective optical path length to change and the mode positions to shift corres-

pondingly. This shift in wavelength can be used as the detection mechanism.
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Microspheres are also used for bioimaging [65], where the �uorescent mi-

crospheres are taken up by a cell, and as visible carriers for drug deliv-

ery [65, 66], where the microsphere contains a drug which is released over

time. In both of these latter applications, size control of the microsphere is

important. Some macrophage cells can internalize particles up to 10 μm in

diameter [67], while other types of cell - such as human cervical carcinoma

epithelial cells which are commonly used in cancer research - can only in-

ternalize particles less than 3 μm in diameter [68]. For drug delivery, where

the microsphere is not taken up by the cell, larger microspheres of 10-50

μm can be used [65]. Other applications for microspheres include �ow cyto-

metry [69] biomedical diagnostics [70], tracking contamination and leaks in

drilling operations [71], cell tagging and tracking [67], and for studies of �uid

�ow [72].

1.3 Polymers

1.3.1 Basic Description

Polymers are long chain-like molecules made up of a repeat unit (monomer)

which links to other monomer units [73]. Many synthetic polymers (includ-

ing polycarbonates, polymethacrylates, polystyrene and conjugated polymers

with alkyl side chains [74, 75]), are soluble in common organic solvents and

are thus solution-processable. Solution-processable polymers are compatible

with simple, inexpensive deposition techniques such as spin-coating, drop-

casting and ink-jet printing. Other polymers, such as polyethylene, are in-

soluble in organic solvents [76] and need to be heated, melted and moulded

into the desired shape; these polymers are used in applications where chem-

ical resistance is required. Naturally occurring polymers such as collagen,

silk and keratin tend to be insoluble in water and organic solvents [77].
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1.3.2 Molecular weight and dispersity

The molecular weight (MW) is one important property used to characterise

polymers. Broadly speaking, a polymer with a higher molecular weight has

longer (heavier) chains. There are two de�nitions of molecular weight. The

�weight average molecular weight�, MW , is de�ned as [78]:

MW =
N∑
i=1

wiMWi (14)

where wi is the weight fraction of polymer chains with a molecular weight

of MWi. Longer (heavier) chains contribute more to the MW than shorter

chains do.

The �number average molecular weight�, MN , is de�ned as [78]:

MN =
N∑
i=1

xiMWi (15)

where xi is the mole fraction of polymer chains with a molecular weight of

MWi. Here, each chain contributes equally toMN regardless of chain length.

In all cases, MN < MW because higher MW chains contribute more to MW

than to MN .

The dispersity, D, of a polymer is given by D = MW/MN . In the best-

controlled synthetically-produced polymers used for calibration standards

(e.g., calibration of gel permeation chromatography systems), D = 1.02 to

1.10 [78]. Polymers not intended to be used as calibration standards have

higher dispersities, D ≥ 1.5.

The MW of a polymer is related to its physical properties. A higher MW

leads to a higher tensile strength, increased resistance to deformation un-

der impact [79], improved chemical resistance, and a higher glass transition

temperature [80]. However, polymers with a higher MW tend to be less sol-

uble [78, 81]. For applications requiring solution processing, a balance must
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be struck; the MW must be high enough that the polymer is mechanically

stable [82] (has a high enough Tg to remain rigid at room temperature), but

low enough that it can be readily dissolved in the required solvent.

1.3.3 Properties of polymers

Polymers such as polystyrene (PS), polypropylene (PP), high- and low-

density polyethylene (HDPE and LDPE), and poly(methylmethacrylate)

(PMMA) have densities between 0.9 and 1.3 gcm-3 [83, 84]. The Young's

modulus - which measures sti�ness - of polymers is typically on the order of

0.1 - 3 GPa [84], which is two orders of magnitude lower than those of glass

and metals [85]. The low density and relative �exibility of polymer �lms

has led to their uses in smart textiles [86], wearable biosensors [86, 87, 88],

�exible solar cells [89], �exible LEDs for displays [90], �exible �eld-e�ect-

transistor memory devices [91], and large-area �exible thermal and pressure

sensors that act as �electronic skins� [92, 93, 94].

The refractive indices of polymers can range from at least as low as

1.29 for Te�on AF 1600 (a �uorinated polymer) [95], up to 1.7 for con-

ventional optically transparent polymers such as PMMA and PS, and up

to 2.2 for some conjugated polymers (CPs) [96]. The refractive index can

be modi�ed by altering the side groups and substituents [97]. The refract-

ive index of a polymer depends on the molecular polarisability of its repeat

units, with a higher molecular polarisability causing a higher refractive in-

dex [96, 98]. For example, PMMA has a refractive index of around 1.5 but

poly(benzylmethacrylate) (PBzMA) - which is PMMA where one CH3 group

is replaced with a benzene ring (see Figure 1.1) - has a signi�cantly higher

refractive index of 1.63 [83, 84] due to the increased polarisability of the

benzene group [98]. Other optical properties can be modi�ed in the same

way; for example, absorbance at telecommunications wavelengths can be re-

duced by replacing C-H groups in polymers with C-F groups, which absorb

much less strongly at these wavelengths [99, 100, 101]. The ability to tailor

13



(a) (b)

Figure 1.1: Molecular structure diagrams for (a) PMMA and (b) PBzMA.
In PBzMA, one CH3 group is replaced with a benzene ring.

the optical properties of polymers means that they are used in applications

where precise control over refractive index and absorption is required, such

as waveguides and evanescent waveguide sensors, lenses, and antire�ective

coatings [98, 102, 103, 104].

1.4 Conjugated polymers

Conjugated polymers (CPs) are a class of synthetic polymers with optical

and electronic properties similar to that of semiconductors, making them

inherently �uorescent. Because there is no need for dye-doping, the process of

�nding a common solvent is avoided. Additionally, CPs are much less a�ected

by concentration quenching than dye-doped polymers are, as long side-chains

can be added to the polymer to reduce quenching (this will be explained in

more detail in Section 1.6.1). Thus, CPs present several potential advantages

over conventional dye-doped polymers for the fabrication of �uorescent or

potentially lasing microspheres.

1.4.1 Structure

The backbone of a conjugated polymer is comprised of alternating single-

double bonds, as seen in Figures 1.2 and 1.3. The resulting electron con-
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�guration consists of sp2 hybridised carbon atoms, which leads to 3 σv-

bonding electrons (in the 2s, 2px and 2py orbitals) and one pz orbital per

carbon atom, perpendicular to the plane of the molecule, as shown in Figure

1.2 [73, 105, 106, 107, 108]. To see how this gives rise to semiconductor-like

properties, we �rst consider the simplest case of a single molecule. Across a

double bond, the two degenerate pz states overlap and interact, splitting into

a bonding π-orbital and anti-bonding π*-orbital [107]. The π-orbital is the

highest occupied molecular orbital (HOMO) and the π*-orbital is the lowest

unoccupied molecular orbital (LUMO).

In a conjugated polymer, there are many repeat units and the π-orbitals

overlap along the backbone of the polymer, leading to electron delocalisation.

The interactions between all of these degenerate pi-bonds further split the

π- and π* levels into many closely-spaced energy levels, which we consider as

energy bands [107]. Conjugated polymers have a π-band which is fully occu-

pied (i.e., a valence band), which is separated by an energy gap from a higher

energy π*-band, which is normally empty (i.e., a conduction band) [108].
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separated by an bandgap, Eg, which is proportional to the BLA of the CP.

This is equivalent to the electronic structure of a semiconductor and is the

source of the semiconducting properties of CPs, including their �uorescence.

1.4.2 Optical properties and applications

Many conjugated polymers have bandgaps of around 1 or 2 eV [107]. As

discussed in the previous section, the bandgap depends primarily on the

degree of BLA in the polymer. However, there are other contributions to the

bandgap such as conjugation length, the presence of aromatic rings, and the

addition of electron donating or withdrawing side groups.

Conjugation length is the number of carbon atoms, Nc, over which the

electrons are delocalised, and it is approximately related to the bandgap

by Eg ∝ 1
Nc

[113]. (Note that if CP chains were �perfect�, i.e., had no

twists or kinks, then the conjugation length would depend on chain length,

or molecular weight. However, defects in the chains result in a conjugation

length that is often less than the polymer chain length [106, 114].) A longer

conjugation leads to a lower Eg [107, 115].

Aromatic rings tend to con�ne electrons to the ring, leading to

less electron delocalisation along the CP chain and therefore a larger

bandgap [111, 116]. The structures of poly(para-phenylene) (PPP) and

poly(para-phenylenevinylene) (PPV), derivatives of which are used extens-

ively in the work of this thesis, are shown in Figure 1.3; PPP has more

aromatic rings along its chain than PPV and has a larger bandgap [111].

Side groups or chains can also be used to modify the bandgap; electron-

donating groups donate electron density to the CP backbone, which raises

the HOMO, and electron-withdrawing groups remove electron density from

the CP backbone, lowering the LUMO [75, 112]. As the bandgap is the

energy di�erence between the HOMO and LUMO, both of these e�ects reduce

Eg. Conjugation length, aromatic rings and side groups therefore all present

simple methods of tuning the bandgap of conjugated polymers.
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Many of the optical properties of conjugated polymers are advantageous

for fabrication of organic light-emitting diodes (OLEDs), solid state plastic

lasers, and photovoltaic cells [117]. In CPs, self-absorption is limited be-

cause the Stokes shift is often large enough to ensure that the emission and

absorption do not greatly overlap [73, 117]. CPs tend to have high absorp-

tion coe�cients, α ≈ 105, which means even a thin CP �lm can absorb a

large fraction of the photons from an incident light source [118], allowing the

possibility of compact optically pumped lasers and thin solar cells [73, 119].

In addition, �uorescence quantum e�ciencies (where quantum e�ciency =
number of emitted photons

number of absorbed photons
) are often between 10% and 50% depending on the poly-

mer [120, 121].

1.5 Laser dyes and dye-doped polymers

Unlike the case for CPs, common (unconjugated) polymers are not inher-

ently �uorescent. To make a �uorescent polymer solution or �lm from these

materials, a �uorescent dye must be incorporated into the polymer, a pro-

cess known as �dye-doping�. One method of dye-doping is to �rst fabricate

the polymer microstructures as desired, then use an entrapment method to

introduce the dye into the polymer [122]. In the entrapment method, the mi-

crostructures are dispersed in an aqueous solution and a hydrophobic laser

dye is dissolved in a solvent that is immiscible with water. The microstructure

and dye solutions are mixed together until the dye solvent has evaporated.

The hydrophobicity of the dye means that it has limited solubility in water;

as the solvent evaporates, the dye di�uses into the polymer. The amount of

laser dye in the polymer can be controlled by the initial concentration of dye

in solution.

Another method of dye doping is to dissolve both the polymer and laser

dye in a solvent that is common to both. While this method does require

that the polymer and laser dye share a common solvent, it has the advant-

age that the laser dye is embedded in the polymer matrix throughout the
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entire material rather than being limited to the surface as in the entrapment

method. The range of available laser dyes is huge [123, 124] and it is usually

easy to �nd a dye at the desired wavelength which is soluble in the required

solvent.

1.5.1 Structure and optical properties of laser dyes

Laser dyes are small organic molecules which have been used in dye lasers for

decades owing to their high quantum e�ciency and range of available emis-

sion wavelengths [125]. Examples of laser dye families are the rhodamines,

�uorosceins, coumarins, and the 4,4-di�uoro-4-bora-3a,4a-diaza-s-indacene

family of dyes (known by the trademark name BODIPYs) [126]. Their struc-

tures are shown as examples in Figure 1.4. We can see that laser dyes have

the same alternating single-double bond structure as conjugated polymers,

which is the origin of their band gap structure and �uorescence [126, 127].

(a) (b)

(c) (d)

Figure 1.4: Structures of common families of laser dyes. (a) Rhodamine. (b)
Fluoroscein. (c) Coumarin. (d) BODIPY.

Laser dyes have high quantum e�ciencies ranging between 0.5 and

0.95 [128, 129, 130], and exhibit strong absorption due to their large trans-

ition moment between the ground state S0 and the �rst excited state S1.

This combination of high quantum e�ciency and strong absorption means
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that laser dyes can have high emission intensity. In addition, lasing is easily

achieved in laser dye solutions as the energy levels of laser dyes allow them

to behave as 4-level systems [126].

1.6 Fluorescence quenching and bleaching mechanisms

Laser dyes and conjugated polymers are susceptible to a number of processes

which reduce their �uorescence quantum e�ciency. These processes can be

broadly divided into two categories: bleaching processes, which are irrevers-

ible, and quenching processes, which are reversible. The mechanisms for

these processes will be explained in the following subsections, with a focus

on the processes which are of particular importance in organic �uorophores.

1.6.1 Concentration quenching

For high concentrations of a laser dye, the �uorescence quantum e�ciency

decreases compared to the case for lower concentrations [131, 132, 133, 134].

This process is known as concentration quenching, or self-quenching. Concen-

tration quenching is problematic because it limits the maximum �uorescence

intensity of a solution or �lm. Initially, increasing the dye concentration

results in a brighter solution or �lm due to the increased number of �uoro-

phores, but above a certain concentration the intensity then decreases due

to concentration quenching.

In both solutions and �lms, the formation of dimers is responsible for

concentration quenching [135, 136, 137]. A dimer is an aggregate of two

molecules and has a ground state and an excited state; when an excited

�uorophore is aggregated with a ground state �uorophore, this excited dimer

is referred to as an excimer [135]. Excimers often do not emit at the same

wavelength as the original isolated �uorophores and they have lower quantum

e�ciencies [138]. Formation of excimers thus results in an undesirable de-

crease in intensity at the original �uorophore wavelength and a decrease in
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quantum e�ciency. The higher the concentration of the �uorophore, the

higher the possibility of aggregation and formation of dimers.

In dye-doped polymer �lms, concentration quenching is typically observed

at around 2-5 wt% (for the common laser dye DCM doped into PMMA), al-

though molecules with bulky side groups can be doped into polymers at

concentrations as high as 10 wt% before concentration quenching is ob-

served [131, 139]. In solutions, concentration quenching becomes apparent

at concentrations around 2 mM [140]. It is therefore di�cult to make a

�uorescent, lasing solid �lm that has a high concentration of laser dye, as

concentration quenching renders such �lms only weakly �uorescent.

One major advantage of conjugated polymers over dye-doped polymers

is that CPs are not subject to the same degree of concentration quenching

as dyes [141, 142]. While some quenching can still occur if CP molecules

aggregate [142], CPs can be made with long side chains that increase in-

terchain spacing [143], decreasing aggregation and limiting energy transfer

between chains. This allows �lms and solid microcavities of pure CPs to

be made, which have higher chromophore densities than those made of dye-

doped polymers. The increased chromophore density is of particular use

when making lasing devices, as it implies that the lasing threshold in CP

devices can potentially be lower than in dye-doped polymer �lms [73, 141].

1.6.2 Triplets

Fluorescence occurs when an electron decays from the �rst excited spin sing-

let state S1 to the ground singlet state S0, emitting a photon of energy hν =

S1− S0 (see Figure 1.5). Quenching occurs when instead of decaying from S1
to S0, the electron instead undergoes radiationless intersystem crossing (ISC)

from S1 to a triplet state of lower energy T1 (see Figure 1.5). While ISC is

forbidden due to spin-selection rules [115], the transition is weakly allowed

if spin-orbit coupling (SOC) mixes the singlet and triplet states [144, 145].

The strength of the SOC determines how likely the transition between sing-
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let and triplet states is, with stronger SOC leading to a higher probability

of ISC and thus more quenching. SOC strength increases with atomic num-

ber [145], so the presence of heavier atoms in a �uorescent molecule results

in more triplet-related �uorescence quenching.

The presence of molecular oxygen in solutions of �uorescent molecules is

also well known to generate triplet states [146, 147]. Oxygen is almost always

present in solutions and �lms unless special care is taken to remove it, and its

small size allows it to easily di�use through the solution or �lm and interact

with the �uorescent molecules [148]. When molecular oxygen (which is a

triplet in its ground state and a singlet in its excited state) collides with an

excited �uorescent molecule, charge transfer can occur. This charge transfer

excites oxygen to its singlet state and as a result, the �uorescent molecule is

quenched to its triplet state [146, 147]:

S1 + 3O2 → T1 + 1O∗2 (16)

where 3O2 represents the ground (triplet) state of oxygen and 1O∗2 represents

the excited (singlet) state of oxygen.

Regardless of the mechanism by which triplet states are generated, the

low probability of the transition between triplet and singlet states implies

that triplet states are long lived [149]; an electron in the T1 state takes a

long time to decay back to S0 by emission of a photon because this trans-

ition is forbidden by spin-coupling rules and is only weakly allowed by SOC.

This long-lifetime emission is known as phosphorescence. As the T1 state

tends to be at a lower energy than the S1 state, phosphorescence usually

occurs at longer wavelengths than �uorescence. Because phosphorescence

competes with �uorescence, the formation of triplets decreases the quantum

e�ciency [144] (although in some systems, thermal energy can cause the elec-

tron to be excited from the T1 state back to the S1 state, resulting in delayed

�uorescence rather than phosphorescence [150]).
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The accumulation of electrons in triplet states halts lasing action and

should be avoided in organic gain media. This can be seen from the Jablon-

ski diagrams shown in Figure 1.5. Organic molecules are e�ectively 4 level

systems owing to the vibrational modes which are present in molecules (see

Figure 1.5 a). Optical pumping excites an electron from S0 to a vibrational

mode of S1. Internal conversion (IC) rapidly occurs and the electron relaxes

to the lowest level of S1 in less than a picosecond [126]. Emission then occurs

from S1 to a vibrational mode of S0, followed by rapid IC to the ground state

of S0. The rapid IC allows a population inversion to be established at the

lowest level of S1, necessary for lasing. However, under continuous pumping,

electrons accumulate in T1 states (there is only a small probability of ISC but

because the state is long-lived, electrons stay there for a long time). With

more electrons in triplet states, population inversion cannot be achieved and

lasing stops [126]. To avoid the build up of triplet states, organic dyes are

pumped by pulsed lasers rather than continuous wave lasers. Between pulses,

enough time elapses for electrons to decay back to S0, so the molecule can

again �uoresce or lase.
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results in double bonds being cleaved, rendering the �uorescent molecule

non-�uorescent [152]. An oxidised structure is illustrated in Figure 1.6.

Eliminating oxygen from the �uorescent solution or �lm is therefore im-

portant to prevent permanent degradation of the dye or conjugated polymer

molecules. One method of doing so is to put the �uorescent or lasing device

in an atmosphere of an inert gas such as nitrogen. Another method is to

choose a polymer matrix that is impermeable to oxygen, so that only surface

dye molecules are exposed to oxygen and the rest are protected. Finally, a

protective layer can be added on top of the �uorescent layer to prevent oxy-

gen from interacting with the �uorescent dye molecules, as we do in Chapter

3.

(a) (b)

Figure 1.6: (a) Unoxidised PPV, with a conjugated backbone. (b) Oxidised
PPV. The conjugation along the backbone is broken.

1.7 Lasing in polymer microspheres

While �uorescent microspheres have been extensively used for sensing ap-

plications, background �uorescence can overwhelm the signal, particularly

in biomedical applications where many other �uorescent molecules are

present [153, 154]. This problem can be overcome by operating the mi-

crosphere above its lasing threshold, where the signal-to-noise ratio (SNR) is

increased and the emission is easier to detect above the background [67, 153].

Operating in the lasing regime o�ers other advantages which improve

sensor performance. One is that the lasing threshold is sensitive to small

changes in the environment (such as refractive index changes as a result
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(a) (b)

Figure 1.7: (a) A mode with a low Q shifts by ∆λ; the intensity change at
a �xed wavelength is small. (b) A mode with a higher Q shifts by the same
∆λ; the intensity change at a �xed wavelength is much bigger.

of biological processes, or molecules adhering to the surface of the reson-

ator) [153, 155, 156]. Another is that the high Q-factors of lasing modes

enables the use of the �intensity variation� sensing scheme. The intensity

variation scheme consists of monitoring the intensity at the full-width at

half-maximum (FWHM) of a WGM; changes in the external environment

cause only a small red- or blue-shift of the resonant mode, but owing to the

steep slope of a high-Q mode, the intensity change is much larger than the

wavelength shift [157], as shown in Figure 1.7. Finally, the high SNR of lasing

WGMs also makes them useful for bioimaging and cell tracking [67], where

again �uorescence-based methods have the downside of being overwhelmed

by background �uorescence.

For lasing, a high Q-factor is bene�cial, which necessitates a smooth sur-

face and a large refractive index contrast between the polymer microsphere

and the surrounding medium [158]. The size of the polymer microsphere is

also important because at small diameters, radiative losses become signi�c-

ant and reduce the Q-factor enough to prevent lasing. In air, a diameter

of at least 5 μm was shown to be required for lasing in dye-doped PS mi-

crospheres [38], and in water the diameter should be at least 10 μm for PS

microspheres [122].
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Lasing dye-doped polymer microspheres have interesting biomedical ap-

plications. For example, microspheres of approximately 10 μm diameter can

be readily taken up by living cells to become intracellular lasers and their

high Q-factor means that they can lase at pump powers low enough to avoid

damage to the cells [154]. As previously discussed, the exact spectrum (mode

position and intensity of each mode) of a microsphere depends on the mi-

crosphere diameter as well as the environment [124, 155]. These properties

have been used to distinguish individual cells from one another by their ��n-

gerprint� spectra, allowing them to be tracked as they move [124, 155].

Lasing in CP microspheres has only recently been realised, as the crys-

tallinity of CPs generally leads to microspheres with rough surfaces [159] and

correspondingly low Q-factors. In 2017, lasing microspheres were successfully

fabricated from several di�erent CPs [160], although the largest was only 5

μm in diameter. (The fact that CP microspheres of diameters smaller than 5

μm can lase can probably be attributed to the slightly higher refractive index

of the CPs used in that work [161] as compared to PS [122].) Also in 2017,

slightly larger CP microsphere were produced (4 - 11 μm diameter) and used

to sense acetone vapour [162]. Both of these examples demonstrated relat-

ively small microspheres, as the rigid CP backbones tend to prevent their

formation into large, smooth spherical structures [163].

To conclude, this introduction summarised some of the important con-

cepts directly applicable to the rest of this thesis. After an initial description

of the whispering gallery modes in spherical resonators, I moved to a brief

overview of polymers, conjugated polymers, and organic dyes. The lumin-

escence and quenching mechanisms were outlined in order to illustrate some

of the challenges in the fabrication of lasing microspheres made from these

materials.
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2 Experimental Methods

2.1 Making microspheres

Over the course of this work, microspheres were fabricated in three di�erent

ways, which are detailed below.

2.1.1 Glass microspheres

Glass microspheres can be made by melting and then tapering one end of an

optical �bre to form a microsphere attached to a �bre by a glass stem. Such

microspheres are easily manipulated and can be dip-coated with �uorescent

solutions. The procedure used to make glass microspheres is described as

follows:

1. A ∼10 cm section of standard SMF-28 optical �bre was cut and the

jacket and cladding were stripped from it, leaving behind a bare silica

�bre with a diameter of 125 μm. The bare �bre was rinsed with meth-

anol to remove any dust and debris.

2. The top ∼1 cm of the bare �bre was taped to a holder so that the rest

of the �bre hung down vertically (see Figure 2.1a). A small washer

weighing 0.35 g was attached to the bottom of the �bre with 1 cm of

sticky tape.

3. This holder was attached to a 3D positioning stage to allow �ne control

of the �bre's position. The �bre was held vertically such that the mid-

point of the �bre was at the focal point of a CO2 laser (λ=10.6 μm,

maximum power 10 W), as seen in Figure 2.1b.

4. A �ashlight was positioned 40 cm in front of the �bre and turned on,

and a webcam was positioned behind a 10 X objective lens which was 1

cm behind the �bre, so that a magni�ed image of the �bre was displayed

on a computer screen. This set-up is shown in Figure 2.2.
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5. The duty cycle of the CO2 laser was turned up to 20-30% of maximum,

corresponding to a power su�cient to soften the �bre. As the �bre

softened, the weight at the end of the �bre caused the softened section

to stretch and thin to a diameter of about 10-20 μm. The 3D positioning

stage was used to move the �bre upwards and fabricate a ∼2 cm long

section of thinned �bre, as shown in Figure 2.1c.

6. The duty cycle of the CO2 laser was turned up to about 60-70% of

maximum. At this power, the glass �bre melted and the bottom section

fell o� due to the attached weight (see Figure 2.1d).

7. The melted glass at the bottom of the tapered section formed a sphere

by surface tension, as shown in Figure 2.1e. The �bre was then moved

slowly down and the microsphere grew in size as more of the tapered

section was melted.

8. The laser was turned o� when the microsphere was attached to the

�bre by a thin neck, as shown in Figure 2.1f.

The end result was a microsphere of diameter 50-60 μm which was attached

to a glass �bre via a narrow neck as shown in Figure 2.3. The neck needed

to be thick enough to support the microsphere without being too fragile, but

thin enough to optically isolate the microsphere from the �bre. The size of

the microsphere formed by this method could be controlled by making the

tapered section longer or shorter in step 5 - a longer section contains more

glass and leads to a bigger sphere.

30





∼
μ



2.1.2 Polymer coatings on glass microspheres

After fabricating the glass microspheres, they were then coated with a dye-

doped polymer. The dye used was rhodamine 610 (R610), which was chosen

due to its high quantum e�ciency (QE) [128] and its solubility in both meth-

anol and water. For the polymer matrix we chose poly(hexamethylene bigu-

anide) (PHMB) which is also soluble in water.

The PHMB was supplied as a 20% weight/volume solution in water. To

concentrate the solution to 40% wt/vol, a small vial of 20% PHMB was left

exposed to air for ∼24 hours until half the volume of water had evapor-

ated. The higher concentration was required to produce a uniform coating

on the microsphere. R610 was then dissolved in the 40% PHMB solution at

a concentration of 10 mM.

The bare glass microspheres were �rst rinsed in methanol to remove any

dust and were then dipped into the solution of 10 mM R610 dissolved in 40%

PHMB in water. After being retracted from the solution, the microspheres

were held vertically in air for 15 minutes to allow the water to evaporate,

leaving behind a solid �lm of PHMB with R610 dispersed in it.

Rhodamine dyes are subject to photobleaching by oxidation [164] so a

protective layer of poly(methylmethacrylate) (PMMA) was added by dipping

the R610/PHMB-coated microsphere into a 5% by weight solution of PMMA

in 1,4-dioxane. The initial R610/PHMB layer was una�ected by this second

dip-coating as PHMB and R610 are insoluble in 1,4-dioxane. The same

drying procedure was followed and the end result was a glass microsphere

coated in an inner layer of R610/PHMB and a protective top layer of PMMA.

2.1.3 Conjugated polymer microspheres - emulsi�cation method

Conjugated polymer microspheres were fabricated with an oil-in-water emul-

si�cation method. Oil-in-water emulsi�cation refers to mixing a small

amount of hydrophobic solution into an aqueous solution and stirring. Upon
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stirring, the hydrophobic solution forms spherical droplets within the aqueous

solution, which is referred to as the continuous phase [65].

A surfactant was added to the aqueous solution to stabilise the liquid

droplets, i.e., prevent them from coalescing. Surfactants are amphiphilic

molecules which collect at the droplet interface, with the hydrophobic part

of the molecule in contact with the oily droplet, and the hydrophilic part in

the aqueous solution [165]. Surfactants can be ionic, in which case charge

repulsion keeps the liquid droplets apart [166], or steric, in which case steric

hindrance prevents coalescence [167]. The higher the surfactant concentra-

tion, the more complete the protective layer is around the oily droplet and the

less chance there is of droplets coalescing. In our work, we used poly(vinyl

acetate) (PVA) - chemical formula [-CH2CHOH-]n - which is a steric stabil-

iser. The structure of the polymer droplets with PVA surrounding them is

illustrated in Figure 2.4.

Figure 2.4: Diagram of PVA forming a layer around a droplet of polymer
dissolved in chloroform, all in water.

To form solid microspheres from liquid droplets in the emulsion, the

liquid droplets must be a solution of solute dissolved in solvent, and solvent

evaporation must take place. In my work, the solvent was chloroform and I

used three di�erent conjugated polymers which were fabricated at the Tech-

nical University of Munich using methods described in the following papers

and supporting information. The three conjugated polymers were: red:

poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene-vinylene], MEH-PPV);
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green: suggested IUPAC name poly-((1E,1'E-(2,5-bis(2-ethylhexyloxy)-1,4-

phenylene)bis(ethene-2,1-diyl))bis(2,5-dimethoxybenzene)-4,4'-diyl), EH-

P(PVPVP); and blue: poly[2-methoxy-5-(2-ethylhexyloxy)-p-phenylene],

MEH-PPP.

The �rst step in solvent evaporation is di�usion of the solvent from the

liquid droplets into the aqueous phase. The solvent then di�uses through

the aqueous phase to evaporate at the water-air interface at the top of the

beaker. As the solvent di�uses out of the liquid spheres, the concentration of

the remaining solution increases and the spheres become more viscous. The

more solvent evaporates, the smaller and more viscous the droplets become,

until all the solvent has di�used out and only solid microspheres remain,

dispersed in aqueous solution [168].

The solvent evaporation step is often slow as the hydrophobic solvent is

not soluble in water, and thus the rate of di�usion into the aqueous phase is

low. This rate can be increased by the addition of another liquid, in which the

solvent is more soluble, into the aqueous phase. The rate of di�usion of the

solvent into the aqueous phase will then increase and sphere solidi�cation will

be faster. As this work uses chloroform as the solvent, which is immiscible

with water [169], 1-propanol was added to the aqueous phase. Chloroform is

miscible with 1-propanol [169] so the addition of 1-propanol should decrease

the sphere solidi�cation time.

The procedure used to make solid conjugated polymer microspheres using

the oil-in-water emulsi�cation method was then as follows:

1. PVA, MW 13,000-23,000, 98% hydrolysed, was dissolved in deionised

(DI) water at a concentration of 5% by weight. 10 mL of PVA/water

solution was added to a small vial and stirred at 400 rpm. This stirring

speed was used throughout the rest of the procedure.

2. 0.5 mL of 1-propanol was added to the PVA solution and stirred for 1

minute to ensure complete mixing.
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3. The CP was dissolved in chloroform at a concentration of 20 mg/mL

and was loaded into a 3 mL Becton Dickinson syringe with a 30 gauge

needle. The syringe was then attached to a syringe pump to ensure

that the CP solution could be delivered into the PVA solution at a

controlled rate.

4. 15 cm of 30 gauge PTFE tubing was attached to the needle. The open

end of the tubing was inserted into the PVA/water/propanol solution,

about 1 cm above the stirrer bar. The syringe pump was set to pump

the CP solution into the aqueous solution at a rate of 0.5 mL/min, for

a total time of 1 minute.

5. The resulting dispersion of CP droplets in aqueous solution was stirred

for 30 minutes, after which time all the chloroform had evaporated.

6. The stirrer bar was removed. The dispersion was left for about 1 hour

so that the solid CP spheres settled at the bottom of the vial. To rinse

the PVA o� the spheres, the PVA/water solution was pipetted out and

replaced with DI water. To ensure that all PVA was removed, this

rinsing procedure was repeated 3 times, resulting in a dispersion of CP

spheres in DI water.

2.1.4 Conjugated polymer microspheres - micro�uidics method

To achieve size control of the CP microspheres, a simple micro�uidics method

was developed. In micro�uidics, two immiscible solutions are carried in two

separate microchannels which meet at a junction. At the junction, droplets

of one of the solutions (the �dispersed phase�) form inside a continuous �ow of

the other solution (the �continuous phase�), and the two phases �ow together

as shown in Figure 2.5. The size of the droplets formed depends on the �ow

rates of both phases and the size of microchannels used.

The microchannels were made of two capillaries which met at a T-junction

(see Figure 2.6). One capillary was circular in cross-section with an inner
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(a) (b)

Figure 2.6: (a) Photograph of a square capillary after the hole was drilled
into the centre of one face. (b) Photograph of a circular capillary inserted
into a square capillary, before glue was applied.

was also vertical, and its output pointing downwards, enabling collection of

the droplets into a �at-bottomed glass beaker below.

The continuous phase was a solution of 5% by weight of PVA in water,

with 1-propanol added at 5% by volume. The dispersed phase was a solution

of conjugated polymer - either MEH-PPV, EH-P(PVPVP), or MEH-PPP,

depending on the desired microspheres - in chloroform. These solutions were

each loaded into a syringe, which was attached to the Te�on tubing and

controlled by the syringe pump. In addition, 60 mL of the PVA-propanol-

water mixture was put into the glass beaker. The beaker was placed below

the output of the micro�uidics system and raised using a lab jack until the

output tip of the square capillary was about 2 mm below the surface of the

PVA-propanol-water mixture (see Figure 2.5).

The PVA-propanol-water mixture in the syringe was pumped through the

tubing �rst, until it was �owing out of the output capillary into the beaker.

Then the CP solution was pumped through the tubing. The order of these
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two steps is important; I observed that when the CP solution was instead

pumped before the PVA-water-propanol mixture, the CP solution did not

break up into uniform sized droplets. Rather, it formed ∼1 cm long extended

droplets inside the square capillary and made large spheres of varying sizes

when in the beaker. Additionally, the CP solution stuck to the walls of the

glass capillary if the PVA-propanol-water solution was not already �owing.

After 15 minutes of �owing the two solutions, the syringe pump con-

trolling the CP solution was stopped �rst, then the syringe pump controlling

the PVA-propanol-water solution was stopped. The beaker was carefully

transferred to a �at surface and left for 48 hours to let the microspheres

solidify. The solid microspheres were then removed with a glass pipette and

placed in a vial. Some PVA-propanol-water solution was necessarily trans-

ferred as well. After the microspheres had settled at the bottom of the vial,

this PVA solution was withdrawn with a pipette and replaced with DI wa-

ter. This rinsing process was repeated 3 times to ensure that the PVA was

completely removed and could not stick to the surface of the microspheres.

2.2 Fluorescence spectroscopy

Various lasers and LEDs were used for �uorescence measurements, depending

on the polymer or laser dye to be excited. The lasers and their speci�cations

are listed below; the appropriate laser was chosen for each experiment based

on the �uorophore absorption spectrum.

� Nitrogen laser, pulsed, 337 nm, average power ∼1 mW, 3 - 20 Hz vari-

able repetition rate, ∼1 ns pulse duration

� Alphalas laser, pulsed, 405 nm, average power ∼0.5 mW, 20 MHz max-

imum repetition rate, ∼40 ps pulse duration

� Pulsed dye laser, 500 nm, average (maximum) power ∼1 mW, 3 - 20

Hz repetition rate, ∼1 ns pulse duration
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� Continuous-wave diode laser, 532 nm, power 5 mW

� LED, 365 nm, variable power

� LED, 405 nm, variable power

2.2.1 Spectral Imaging

For �uorescence measurements of single microspheres, light from a laser or

LED was loosely focused onto the microsphere and the �uorescence was col-

lected through a 20X objective lens with a numerical aperture of 0.40. A

Santa Barbara Instruments Group SGS imaging spectrograph was used to

collect spatial and spectral images. In this system, a slit mirror is used to

perform simultaneous imaging and spectroscopy, such that the light from

a single pixel in the image could be sent for spectral analysis. For analys-

ing WGM spectra, light scattered from the equator of the microsphere was

chosen for analysis since the WGM mode �eld is strongest at these locations.

Wavelength calibration of the collected images was performed by taking

a spectral image of a neon calibration lamp and interpolating a pixel-to-

wavelength calibration based on the known wavelengths of the calibration

lamp (see Figure 2.7). No intensity calibration was performed when studying

WGMs because they are narrow spectral features.
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(a) (b)

Figure 2.7: (a) Spectral image of lines from a neon calibration lamp, labelled
with their pixel values and known wavelength in nm. (b) The calibration
curve (line) obtained from the calibration spectral image.

2.2.2 Solution-based �uorescence and absorption measurements

To measure solution �uorescence, the solutions were put into a 3 mL fused-

quartz cuvette which was held in a 3D printed cuvette holder. A laser was

shone through free space onto one face of the cuvette. Fluorescence was

then collected by an optical �bre which was connected to an Ocean Optics

spectrometer. An appropriate long pass �lter was used to block the laser

light and allow only the emitted �uorescence into the spectrometer. Ocean

Optics spectrometers are wavelength calibrated at the time of manufacture

so only an intensity calibration is necessary. This is done by �rstly tak-

ing a dark spectrum, then taking a known reference spectrum, and storing

both in the Spectra Suite software used for these measurements. The soft-

ware automatically subtracts the dark spectrum and applies the appropri-

ate intensity correction to spectra that are taken following this calibration.

In the case of a blackbody reference, the intensity correction is given by

Iλ = Pλ(λ, T )
IS,λ−ID,λ
IR,λ−ID,λ

, where Iλ is the intensity at wavelength λ, the sub-

scripts S, R and D refer to sample, reference and dark respectively, and the

intensity of the blackbody reference spectrum at temperature T is given by

the Planck radiation law Pλ(λ, T ) = 2hc2

λ5
1

ehc/(λkbT )−1
.
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Absorption measurements of dyes and polymers were taken using the

same 3 mL fused-quartz cuvette �lled with solution. Firstly, a blank spectrum

was taken: a deuterium-tungsten lamp was shone through an optical �bre

onto a cuvette containing only the solvent, and the spectrum of the lamp

after it had passed through the solvent was recorded. Next, the cuvette was

�lled with the dye or polymer dissolved in the same solvent. The lamp was

again shone through the optical �bre onto the cuvette, and the spectrum

after it had passed through the dye or polymer solution was recorded. Any

intensity di�erences between the blank spectrum (solvent only) and sample

spectrum (solvent with dissolved dye or polymer) are due to absorption of

the dye or polymer. The absorbance of the dye or polymer at a wavelength λ

is given by A(λ) = log10

(
IB,λ−ID,λ
IS,λ−ID,λ

)
, where Iλ is the intensity at wavelength

λ and the subscripts B, D and S refer to blank, dark and sample respectively.

2.2.3 Fluorescence Lifetimes

Fluorescence lifetimes were collected using an Alphalas pico-power pulsed

laser at a wavelength of 405 nm. The pulse lengths are nominally 40 ps. The

luminescence was collected with an optical �bre, passed through a longpass

�lter, and then entered a Becker-Hickl HPM-150 PMT (response time ∼ 150

ps). 5-metre �bres were used to minimise re�ection-related interferences in

the decay traces. The repetition rate was typically 1 MHz but slightly higher

rates were sometimes used in order to decrease the data collection time. Care

was taken to use low signal intensities in order to avoid �pile-up� and other

sources of distortion in the decay traces.
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3 Whispering Gallery Mode structure in

polymer-coated lasing microspheres

A slightly di�erent version of this chapter was published in Journal of the

Optical Society of America B, 2017, 34, 2140 by K. Gardner, Y. Zhi, L.

Tan, S. Lane, Y.-F. Xiao, and A. Meldrum. In the version presented in this

thesis, all instances of �Fig.� have been changed to �Figure� for consistency

with the rest of the thesis, and the references have been renumbered also for

consistency.

Abstract

Whispering gallery modes (WGMs) are frequently observed in the emission

spectrum of a �uorophore coupled to a dielectric microsphere. If the �uoro-

phore is excited strongly enough the WGMs can become lasing modes, pro-

ducing a much higher signal-to-noise ratio and higher Q-factors. These fa-

vourable properties have led to recent demonstrations of biochemical sensing

with lasing WGMs; however, as we show here, the underlying cavity structure

that leads to lasing can be highly complicated and the lasing spectrum can

result from a large number of closely spaced or overlapping modes. In silica

spheres coated with a dye-doped polymer bilayer, hints of underlying com-

plexity are already indicated by the skewed shape of the �uorescence WGMs.

Under lasing conditions, a more complicated structure was observed with Q-

factors over 10 times higher than observed in �uorescence, while transmission

measurements showed a dense forest of resonances due to m-order degener-

acy breaking from a lack of perfect spherical symmetry. Lasing preferentially

occurs at wavelengths where these modes tended to be most densely spaced.

The tapered part of the �bre to which the microsphere is attached can also

have a strong e�ect on the lasing spectrum, leading to signi�cant di�erences

between the �uorescence and lasing resonances.
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3.1 Introduction

The whispering gallery modes (WGMs) of single dielectric microspheres

have been investigated in recent years for chemical and biosensing applic-

ations [58, 60, 61, 170, 171], and they also demonstrate sensitive force [62],

temperature [63], and humidity [64] sensing capability. The best biochemical

sensitivities, down to the level of single molecules [172] or nanoparticles [173],

have been reported by evanescently coupling light from a tunable laser into

a microsphere via a tapered �bre or prism and measuring the transmission

spectrum. However, evanescent coupling usually requires a rather high level

of experimental precision and is nontrivial to fabricate and package.

Fluorescent microspheres do not require an evanescent coupling appar-

atus. If pumped above their lasing threshold, they can provide high Q-factors

and an excellent signal-to-noise ratio [174]. Lasing microspheres are often

made from freestanding polymer spheres [38], but these are di�cult to ma-

nipulate individually (methods include attaching a freestanding microsphere

into the holes of a microstructured optical �bre [175] or the use of optical

tweezers to position a sphere for analysis [176]). One of the more common

methods is to melt the tip of an optical �bre to form a glass microsphere that

can be manipulated and positioned close to the necessary sensor elements.

In the case of �uorescent glass microspheres, previous results have some-

times shown rather uniform �uorescence WGMs [177], whereas other results

have reported a much more complicated emission spectrum [178]. Similarly

complicated patterns have been reported from lasing WGMs as well [38].

While many di�erent types of �uorescent and lasing microspheres have been

produced (e.g., see [17, 124]), there are few previous studies that have ex-

amined the mode structure by a combination of evanescent coupling, �uores-

cence, and lasing investigations over a wide spectral bandwidth corresponding

to several times the free spectral range.

By forming a lasing microsphere on the end of a tapered �bre that can

be easily manipulated, we compare all three types of WGM spectra from a
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single glass microsphere coated with a lasing gain medium. Indeed, a key

question has to do with the fundamental cavity mode structure that leads

to WGM lasing in solid microspheres that lack perfect spherical symmetry,

which may often be the case for spheres fabricated by �bre taper melting

and re-solidi�cation. The results may thus be of signi�cance for the origin of

lasing in microspheres generally, since the lasing behaviour can be expected

to depend quite sensitively on the fundamental mode structure.

3.2 Experiment

Samples were fabricated by stripping the jacket from conventional SMF-28

optical �bre, cleaning it with acetone and methanol, and then melting the

end of the �bre using a CO2 laser. This method produced spheres of the

order of 60 μm in diameter that remained attached to the tapered �bre

through a connecting neck. The spheres were then dipped vertically into

a solution consisting of 10 mM rhodamine 610 dissolved in 40% by weight

of polyhexamethylene biguanide (PHMB) in water. The microspheres were

then retracted from the solution and held for about 15 min in the same

position to allow the solvent to evaporate. The spheres were subsequently

dipped into a solution of 5% by weight polymethyl methacrylate (PMMA)

in dissolved in 1,4-dioxane, followed by the same drying procedure. The

PMMA layer was intended to protect the active dye-doped PHMB layer

against oxidation/aging and also to reduce the photobleaching of the dye

during lasing experiments. The two polymers and their solutions are insoluble

and can thus lead to the formation of a stable bilayer.

Fluorescence WGMs were excited using a 5 mW continuous wave 532 nm

diode laser loosely focused onto the microsphere. The microsphere lasing

was excited by using a dye laser operated at a wavelength of 550 nm. This

laser has an ∼800 ps pulse duration and a 20 Hz repetition rate, yielding an

average (maximum) power of ∼1 mW (50 μJ/pulse) that could be focused

to an area about 10 times larger than the microsphere cross section. Lower
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powers were obtained by �rst passing the beam through an adjustable neutral

density �lter. The emission was collected through a 20x objective with a

numerical aperture of 0.40 and sent to a Santa Barbara Instruments Group

imaging spectrometer for analysis. A diagram of the experimental setup is

shown in Figure 3.1; essentially the image lands on the slit such that only

the part of the image that intersects the slit is analysed (using the imaging

spectrograph).

Finally, bare cavity measurements were taken in a di�erent setup, in

which a �bre tapered to ∼1 μm in diameter was brought in contact with

the microsphere. A Newfocus TLB-6700 laser (150 kHz bandwidth) was

used to scan between 635 and 639 nm, which is a range of wavelengths over

which the polymer-embedded R610 dye was able to lase. In this way, the

cavity resonances could be directly compared to the spectra observed in the

�uorescence and lasing modes.

Figure 3.1: Schematic of the optical setup used to collect and analyse the
microsphere �uorescence (using a CW laser) or lasing (using a pulsed laser).
The image lands on the slit and the part that goes through it enters the
spectrometer.

3.3 Simulation

The experimental results were compared to theory by employing a uni�ed

multilayer transfer matrix model developed in detail in [179], from which the
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emitted power spectrum can be calculated. This model establishes the struc-

tural resonances via matching boundary conditions for a multilayered sphere

and calculates the wavelength dependence of the radiated power assuming

a randomly oriented dipole layer, as in the current experiments. We use

four layers: silica, PHMB, PMMA, and air, with refractive indices of 1.45,

1.56 [180], 1.49, and 1.00, respectively.

As will be discussed further below, the tapered region of the �bre from

which the spheres were fabricated was found to play a signi�cant role in

the lasing spectra. This situation was modelled using a 3D �nite-element

time-domain simulation that was e�ectively a miniature version of the ac-

tual sample shape. The grid spacing was 30 nm and perfectly matched layers

were employed to eliminate re�ections at the simulation boundaries. A dipole

emitter was placed either partway inside the taper region or on the sphere

equator, and the detector was placed on the microsphere equator. The calcu-

lations were run for up to 20 ps simulation time, depending on the resolution

required. To complete the simulation in a reasonable period, the dimensions

of the simulated sample were shrunk by a factor of 10 while retaining the

original shape and wavelengths; this miniaturisation shortened the compu-

tation time to ∼8 h on a 16 core 2.8 GHz desktop PC. The smaller size also

leads to a wider free spectral range (FSR) and lower-Q modes, but it was

believed to adequately illustrate the general e�ects of the taper and neck

on the optical resonances. It provided good qualitative agreement with the

experiment, but cannot be thought of as an exact replication of the experi-

ment due to the necessity to shrink the scale, as required to achieve feasible

computation time.

3.4 Results and Discussion

The bilayer-coated microspheres appeared fairly smooth and uniform (Fig-

ure 3.2); however, some texturing was observed on the surface. These features

had a scale of ∼5 nm and were not present on a plain uncoated sphere. The
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polymer layers appeared thickest and least uniform in the region of the taper

leading to the neck, probably due to the vertical dipping and drying tech-

nique during which there is viscous �ow due to gravity. This would cause an

excess of material to become trapped as it �ows toward the �pinched� region

at the taper-sphere contact leading to a buildup of polymer in these regions.

Figure 3.2: Schematic (left) and secondary electron SEM image (right) of
the multilayered microsphere.

Under CW excitation, the spheres showed an orange luminescence featur-

ing a set of broad peaks with Q-factors of ∼500 (Figure 3.3, upper curve).

The free spectral range of these WGMs was ∼1.4 nm, in agreement with

the above-mentioned model calculations for a sphere of this size and with

the ray approximation given by ∆λ = λ2/(2πaN)=1.34 nm for a uniform

refractive index of 1.45 (where a is the sphere radius and N is its index of

refraction). Under pulsed excitation, however, a set of much narrower modes

occurred throughout the spectrum. These modes appeared above a threshold

of typically 20 μJ/pulse (Figure 3.3, inset). They were more intense than the

�uorescence WGMs that occurred under CW pumping for an equivalent av-

erage pump power. We interpret these as lasing modes (lower spectrum in

Figure 3.3). Rather than a 1:1 correspondence between �uorescence and las-

ing WGMs, a group of at least several lasing lines appeared to be present
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within each �uorescence WGM and the greater spectral density of lasing lines

extended in some places outside the main �uorescence peak.

Figure 3.3: TE-polarised �uorescence (red) and lasing (blue) spectra from a
bilayer coated microsphere. The data has been scaled for clarity. Normalised
to equivalent average pump powers the WGM spectrum was typically much
weaker than the lasing one. The lasing threshold behaviour is shown in
the inset. The excitation intensities (Iex) were obtained using a variable
neutral density �lter (the transmission percentages are on the x-axis), with
the highest value corresponding to ∼50 μJ/pulse.

The transmission spectrum from a double-coated sphere (Figure 3.4)

shows a dense forest of modes with Q-factors of ∼105 (Figure 3.4). These

modes merge into broader dips in regions indicated by the shaded vertical

lines. An uncoated microsphere measured under the same conditions gave

Q-factors up to 107, indicating that Q is limited by the sphere structure (e.g.,

roughness-induced scattering from the polymer �lms) and not to the pres-

ence of the taper. These modes are far too spectrally dense to be di�erent

radial (n) or angular (l) mode orders. Instead, we believe the density of

modes is due primarily to degeneracy breaking of the m-orders (i.e., modes

with a polar component) due to slight ellipticity of the sphere [19]. Even a
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small ellipticity can drastically increase the number of polar resonances that

appear in a microsphere transmission spectrum [181].

Figure 3.4: Transmission spectra taken for three di�erent taper polarisations,
showing di�erences in individual modes but the same overall pattern of larger
combined �depressions� at ∼635.1, 636.6, and 638.1 nm. The shaded blue
lines highlight regions where the modes converged into the larger �dips� in
each spectrum. The data are o�set for clarity.
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In order to investigate the e�ect of the transmission polarisation, a �bre

polariser was used to vary the polarisation in the taper. Some individual

modes did change intensity as a result, but the overall features of the spec-

trum remained similar for every measurement (Figure 3.4). The same type

of behaviour was observed for �ve di�erent spheres that were tested�in all

cases there was a forest of modes merging into broader dips that correspon-

ded reasonably well with the �uorescence WGMs, as discussed below, with

local di�erences but showing large scale similarities for various transmission

polarisations.

We next focus on an analysis of the emission resonances within the range

of 635�639 nm (Figure 3.5), corresponding to the scan range over which the

bare cavity modes could be measured. To avoid additional spectral complica-

tion we focus on the TE polarisation (electric �eld perpendicular to the WGM

propagation plane) since these modes produced more intense emission, and

compare the result to the calculated mode spectrum for a 33.5 μm diameter

sphere with a polymer bilayer, corresponding to the observed microsphere

size. Since there was no practicable way to determine the polymer bilayer

thickness for the model calculations, we used an estimate of 100 nm per layer

based on the thickness observed for the same polymer-solvent solutions dried

inside capillaries with a channel radius similar to that of the microsphere,

since these could be cleaved and cross sectioned for scanning electron micro-

scopy (SEM) (while approximate, this method should at least give an order of

magnitude estimate). The dominant calculated resonances are the �rst-order

radial modes (n = 1) with an FSR of ∼1.4 nm [Figure 3.5(a)].

The emissions (�uorescence and lasing) and the cold-cavity spectra are

compared in Figure 3.5(b). The �uorescence peaks were skewed toward longer

wavelengths, with apparent Q-factors of ∼500 (as discussed in more detail

later). In contrast, lasing within each (apparently) individual �uorescence

WGM was split into several lasing modes with Q-factors near 6000, possibly

limited by the spectrometer resolution. The lasing modes occurred at various
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locations within the broader �uorescence WGMs. The cold-cavity spectrum

is strikingly di�erent again, showing a vast number of closely spaced modes

with Q-factors of the order of 105. Although the sphere and �bre taper were

in contact and hence overcoupled, the Q-factor did not appear to be limited

by taper-induced losses since a plain sphere demonstrated Q-factors up to

107 by this method. The deepest transmission dips occurred in groups near

where one observes the main �uorescence WGMs. It is clear that not every

one of this huge number of modes is lasing (otherwise there would be lasing

modes literally all over the spectrum), and that the lasing appears to occur

predominately where the overlapping mode �troughs� are deepest.
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Figure 3.5: (a) Simulated mode structure for an ∼67 μm diameter micro-
sphere with a polymer bilayer coating. (b) TE-polarised �uorescence and
lasing WGMs (upper and lower red lines, o�set for clarity), and a cold-cavity
transmission spectrum (green) showing also a moving average (blue). (c)
Zoom-in between 636.6 and 636.8 nm, showing the transmission spectrum
(blue; moving average) and corresponding lasing mode (red). (d, e) Trans-
mitted and lasing images of the same microsphere. The scale bar is 50 μm.

The spectral density of resonances implies that the spectra are not simply

the result of numerous overlapping radial mode orders [181]. Indeed, the

simulation shows that only the �rst three radial orders are likely to appear
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for an emissive layer on spheres of this size; the higher-order mode �elds

overlap only weakly with the dipole layer. Instead, the dense mode structure

is likely due to symmetry breaking resulting from a slight eccentricity causing

extensive m-order degeneracy lifting. For small distortion the eccentricity is

given by e ≈ l ·∆ν/ν=0.003 for a typical mode spacing of ∼4 pm as observed

in the transmission spectra. While such a small eccentricity is impossible to

observe in the images (it yields radii di�erences close to one pixel) the e�ect

is enhanced by the relatively low cold-cavity Q-factors of ∼105, which causes

extensive mode overlap.

Over the course of the experiments, some samples were aged in air for a

period of several weeks to a few months. For these samples the �uorescence

WGMs were weaker and a higher excitation power was required to observe

lasing. However, the lasing and �uorescence spectra were quite di�erent from

one another in all of the aged samples (Figure 3.6). In each case, the spectrum

was taken with the entrance slit near the equator of the microsphere (see Fig-

ure 3.1; the image of the microsphere is projected onto the entrance slit and

aligned with it by moving the microscope stage). Whereas the �uorescence

spectra were mainly the same as in fresh samples, albeit weaker, there were

signi�cantly more lasing WGMs. The lasing modes were still fairly evenly

spaced, but the apparent FSR was much smaller than the original one.
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Figure 3.6: TE-polarised �uorescence and lasing spectra taken from the
equator of the microsphere whose lasing image is shown in the inset. The
lasing modes are more numerous and closely spaced than the �uorescence
peaks.

The origin of this e�ect appears to be related to the origin of the las-

ing itself. In fresh samples, lasing mainly originated within the microsphere,

which appeared very bright [Figure 3.5(e)]; whereas in the aged samples un-

der pulsed excitation the emission came dominantly from the taper region

where the polymer �lms were thickest (Figure 3.6, inset). The dye molecules

embedded within thicker polymer �lms along the taper are better protec-

ted from oxidation; thus, only this region may be able to exceed the lasing

threshold after the sample has been exposed to air for a prolonged period.

The geometry of the samples can be approximated as a cone merged into

a sphere, as represented in Figure 3.2(a). Whereas in fresh samples lasing

comes mainly from the spherical part leading to standard spherical WGMs,

in aged samples, although the measurement is still near the equator of the

sphere, the lasing originates on the cone. Previous investigations of conical

�uorescence [182] or lasing modes [183] or �optical vortices� [184, 185] are

relatively few. Here the situation is further complicated because the shape

consists of a conical region leading to an injector (the neck) and then a

spherical end region.
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Several di�erent e�ects can play a role in the emission spectrum. First,

one can expect �replicas� or oscillations of each original mode to form a con-

tinuum of overlapping modes at shorter wavelengths in conical or tapered

structures, depending on the cone angle [186]. Second, the conical modes

have a nonzero axial component implying that these modes contain a mix-

ture of TE (axial) and TM (radial) polarisations. Third, the injection of

radiation into the interior region of the spherical part could preferentially

excite WGMs of higher radial (or polar) orders in the microsphere, leading

to the development of resonances that did not appear when the radiation

was emitted at the outer edges.

In order to test these possibilities, a set of three-dimensional �nite dif-

ference time domain (FDTD) simulations were carried out on a cone-sphere

shape identical to that illustrated in Figure 3.2(a) closely matching the real

sample. A dipole emitter producing a 20 fs sinusoidal pulse centred at 770 nm

was placed in the cone region (this is not equivalent to lasing but rather mim-

ics broadband �uorescence). The results showed that the combined structure

does indeed have a much more complicated mode structure, with a higher

density of main resonances (Figure 3.7), not too di�erent from the experi-

mental observations.
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Figure 3.7: FDTD resonance power image and spectrum for a TM polarised
(radial E-�eld) cone emitter with the detector at the sphere's equator. In
(a) the intensity of a TE mode (axial E-�eld) with n = 1 and l = 26 is
shown in a plane that bisects the structure. The two strong antinodes at
the tip of the sphere were frequently observed in samples showing this type
of lasing spectrum. The inset depicts the same resonance in a cross section
through the equator of the sphere. The TE-polarised spectrum is shown
in (b); although the resonances are TE-polarised, smaller peaks are also
observed at the expected TM resonant wavelengths.

Two main e�ects were observed in the simulations. First, consistent with

the experimental observations, the mode spectrum observed at the sphere

equator was denser for an emitter placed in the taper, as compared to the

standard WGM structure obtained for the same emitter on the sphere's

equator. For a TM-polarised emitter, there was a TE-polarised emission com-

ponent at the sphere equator (and vice versa), with resonances at wavelengths

corresponding to both polarisations [Figure 3.7(b)]. This results in a greater

number of observable emission modes. Second, the polar resonances (i.e.,

modes with m 6= l) were much more e�ectively excited via the cone injection

[Figure 3.7(a) shows one example]. Since the transmission data indicate a

signi�cant amount of degeneracy-breaking for modes of the same n and l but

di�erent m, the resulting emission spectra feature polar modes that are more

e�ciently excited via the taper.
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The lasing of silica microspheres pumped through the taper (cone) ap-

pears to be controlled by the underlying cavity mode structure to produce

unusually complicated lasing spectra. The lasing cone modes have to be

coupled into the sphere, and only those that overlap with a sphere resonance

should appear strongly in the equatorial emission spectrum. Since, as shown

earlier, the sphere resonances consist of a set of overlapping modes forming

broad dips in the transmission spectrum, it seems likely that at least some of

the densely spaced cone modes will overlap with these sphere resonances. The

idea was further tested by measuring the polarisation of the lasing modes,

since according to the simulation the cone modes should contain both TE

and TM components. In fact, there was a distinct lack of spectral features

unique to any one lasing polarisation. Although somewhat weaker, all the

lasing features in the TM spectra overlapped with those in the TE spectra,

suggesting that, like in the simulation, the lasing resonances coupled into the

sphere from the cone region contain components of both polarisations.

3.5 Interpretation and analysis

We have so far observed that the �uorescence, lasing, and transmission spec-

tra in single microspheres are quite di�erent. We believe these di�erences

are enhanced due to a lack of perfect spherical symmetry and the interfering

e�ects of the tapered part of the �bre attached to the microsphere. Here,

we address some of the physical mechanisms that can be responsible for

such signi�cant spectral di�erences associated with �uorescence, lasing, and

transmission WGM measurements.

The width of the �uorescence WGMs, as compared to the much narrower

transmission modes, could be related to two e�ects: (i) the spectrometer

resolution, and (ii) the emitter spectral bandwidth. In the �rst case, all the

observed transmission modes would be emitting but are narrower than the

linewidth resolution of the spectrometer, causing the sharp WGMs to appear

�smeared� into a single broad peak. The spectrometer response function
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was therefore obtained by measuring a HeCd gas laser line (Δν ∼3 GHz).

By �tting a Gaussian peak to the measured laser line, the half-width was

found to be 63 pm (46 GHz), leading to a maximum resolvable Q-factor of

∼104, which is lower than the measured transmission Q of ∼105 but much
higher than the observed �uorescence Q of ∼500, suggesting that these low

observed Q-factors are not limited by the spectrometer response. To con�rm

this, we also performed a convolution of the transmission spectrum with

the spectrometer response function to simulate the �uorescence spectrum;

while clearly �smoothed,� there are still obvious resonances with Q close to

the predicted value of 104 (Figure 3.8), i.e., much higher than the observed

�uorescence peaks.

Figure 3.8: Simulated �uorescence spectrum (blue line) obtained by con-
volving the spectral system response (inset) with the transmission data shown
in Figure 3.5. The experimental data (red line) is shown for comparison.

Thus we now examine the second option. The �uorescence spectrum is

fundamentally related to the overlap of the cold cavity density of states and

the spectral bandwidth of the emitters. Generally, the cavity decay rate is

calculated via Fermi's golden rule, with the assumption of a narrow emitter
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linewidth. However, the luminescence Q-factor can be approximated with

a more general form given by Qlum = λcav/(∆λcav + ∆λem), where ∆λcav is

the cavity linewidth and ∆λem is the emitter's homogeneous linewidth [187].

Thus, although often assumed to be negligible in comparison to the cav-

ity linewidth, the emitter linewidth can a�ect the measured �uorescence Q-

factors. Rhodamine dyes are reported to have homogeneous linewidths of

∼100 cm=1 (12 meV) at room temperature [188], which is in fact quite wide

compared to the bare cavity linewidths measured here and would yield Q

of ∼100 according to the formula given above. Although this is even lower

than the experimentally measured values, our estimate of 500 is in fact only

an upper limit due to mode overlap (in other words, we measure the appar-

ent half-width of signi�cantly overlapping peaks). Thus, based on previous

measurements of the homogeneous linewidths, the wide �uorescence peaks

are caused mainly by the overlap of inherently low-Q modes, in which the

�uorescence Q-factor appears limited by the emitter linewidth.

The lasing spectrum, on the other hand, is a complicated function of

the spectral gain bandwidth (due to inhomogeneous broadening), saturation,

mode competition, and the Q-factor of the available cavity modes. The

observed lasing linewidths are quite possibly limited by the spectrometer

response function, given an observed Q of ∼6000 and a calculated upper

resolution limit of ∼10,000 with various uncertainties in the measurements.

Given this limitation, it is not straightforward to show which speci�c cavity

modes are responsible for the lasing, but we do observe that the lasing seems

to predominate where the modes are most closely spaced, forming somewhat

broader dips in the overall transmission spectrum. The preponderance of

overlapping modes in these regions suggests that mode coupling may reduce

the lasing threshold. There has been relatively little investigation of the

e�ect of spectral and spatial mode overlap on lasing thresholds in WGM

resonators, although it was shown theoretically that the formation of a lasing
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�supermode� due to extensive mode overlap can lower the threshold [189],

consistent with the observations reported here.

Finally, the observed lasing or �uorescence mode structure can depend to

some degree on the measurement method [190, 191]; for example, the pre-

ferred polarisation has been shown to depend on the taper-sphere separation

distance. Also, a taper preferentially excites modes in the equatorial plane,

whereas in the emission situation all polar modes are excited at once [191].

Similar e�ects may exist here, since the transmission measurements were

taken via an overcoupled �bre taper whereas the �uorescence and lasing

spectra did not use any near-�eld coupling device.

However, it appears unlikely that the di�erences between the transmis-

sion and emission spectra could be due to the presence of the taper in the one

case only. According to the above cited investigations, the mode structure

should be simpler in the transmission measurement since fewer polar modes

(i.e., those with m 6= l) are likely to be excited. In contrast, we observed

a far more complicated spectrum for that case, due to the higher spectral

resolution and the e�ect of the emitter linewidth on the emission spectra,

as discussed previously. Furthermore, the emission spectra were analysed

from the equatorial part of the microsphere speci�cally, similar to the trans-

mission measurements. Although an even greater number of nondegenerate

polar modes could contribute to the broad �uorescence WGMs than might

technically appear in the transmission spectra, this e�ect does not a�ect the

main conclusions concerning the signi�cant di�erences in the three types of

WGM spectra.

3.6 Conclusion

The �uorescence, lasing, and cold-cavity mode structures of a layered micro-

sphere are quite di�erent from one another. In �uorescence, one observes

a fairly normal, periodic, WGM mode structure, although fairly weak, with

low Q-factors and with a long-wavelength skewing that hints at a more com-
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plicated underlying structure. In the lasing spectrum, modes that appeared

as single WGMs in �uorescence appeared instead as clusters of several las-

ing resonances with Q-factors that were higher by an order of magnitude,

possibly limited by the spectrometer resolution. The bare cavity structure

measured by coupling light into the microsphere from a �bre taper was vastly

more complicated, consisting of dense clusters of resonances with Q-factors of

∼105. The �uorescence WGMs occurred where the cold-cavity mode struc-

ture was overall the densest and deepest, with the narrowest, deepest clusters

often corresponding to a lasing mode. Thus, lasing preferentially occurs at

wavelengths in which there are an abundance of closely spaced or overlapping

cavity modes.

In microlasers with perfect spherical symmetry, these e�ects should not be

observed and the lasing should consist of a simple structure that corresponds

closely to the �uorescence resonances, both of which would represent the

fundamental cavity mode structure. However, slight eccentricity caused by

the fabrication process coupled with unavoidable irregularities in the coating

result in a highly complicated cavity spectrum consisting of an abundance

of densely spaced modes. When the emitter is located on the taper leading

to the sphere, the observed mode structure near the sphere equator shows

a completely di�erent periodicity mainly related to the higher-order polar

modes of both polarisations, which are much more e�ectively excited by

light propagating down the taper and coupling into the sphere through the

neck region. All of these e�ects combine to produce a far more complicated

lasing spectrum than would be expected on the basis of a simple spherical

symmetry.
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4 Ultrabright Fluorescent and Lasing Micro-

spheres from a Conjugated Polymer

A slightly di�erent version of this chapter was published in Advanced Func-

tional Materials, 2018, 28, 1802759 by K. Gardner, M. Aghajamali, S. Vagin,

J. Pille, W. Morrish, J. G. C. Veinot, B. Rieger, and A. Meldrum. In the

version presented in this thesis, the references have been renumbered for con-

sistency with the rest of the thesis.

Abstract

Fluorescent microspheres are used for biomarkers, assay substrates, chem-

ical diagnostics, �ow cytometry, and biological imaging. These applications

demand the highest �uorescence intensity achievable; however, concentra-

tion quenching limits the amount of dye that can be practically incorporated

in conventional �uorescent microspheres. Conjugated polymers (CPs) can

be less susceptible to concentration quenching, suggesting that they can be

excellent candidates for a new class of light-emitting microspheres. Due

to their long-chain-conjugated backbone, however, CPs can be resistant to

forming smoothly curved or spherical structures. Here, strongly �uorescent

CP microspheres as large as 100 μm in diameter are synthesised. Whis-

pering gallery modes (WGMs) appear in the �uorescence spectra, and the

microspheres show clear evidence of lasing above a threshold pump intensity.

These conjugated polymer beads are up to 50 times larger than CP micro-

spheres obtained by other methods, and they exceed the emission intensity of

conventional �uorescent microspheres by more than an order of magnitude.

4.1 Introduction

Conjugated polymers (CPs) represent an especially attractive platform for

�uorescent or even lasing devices [73, 118]. They feature semiconductor-like
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optical and electronic properties due to the π�π* energy gap that arises from

the alternating single and double bonds in the carbon chain backbone. Al-

though nonradiative decay pathways associated with interchain interactions

are known to occur [192], these e�ects can be minimised in coiled chains

to the point where CPs may be less susceptible to concentration quench-

ing e�ects than organic chromophores [140]. They can have reasonably high

photoluminescence quantum e�ciencies [193, 194] and an appreciable Stokes

shift, which limits reabsorption losses [117]. CPs are being widely explored

for applications in organic light-emitting diodes (OLEDs) [195, 196], �exible

electronics [86, 88], and plastic lasers [126]. CP microspheres would present a

new class of luminescent or lasing polymer microspheres with potentially su-

perior light-emission properties. Creating smooth spherical structures from

conjugated polymers can be di�cult, however, because the formation of grain

boundaries through local ordering or crystallisation can often lead to �brous

or rough surfaces [159]. For this reason, there are no examples of large

(i.e., >5 μm) CP microspheres. Only extremely small structures have been

formed in a few cases of speci�cally designed CPs so far [160, 163], which

signi�cantly limits their potential applications. A viable route toward the

fabrication of CP microspheres that can compete with those formed from

conventional dye-doped polymers has not yet been achieved.

The polyphenylene-vinylene polymers (PPVs), including bis-alkoxy-

substituted derivatives such as poly (2-methoxy-5-(2-ethylhexyloxy)-1,4-

phenylene vinylene (MEH-PPV), can feature good mechanical stability [197]

and can form reasonably smooth �at �lms when deposited by solution-based

processes [198, 199]. In particular, the bis-alkoxy-substituted PPVs can be

rendered soluble in a wide variety of organic solvents by an appropriate choice

of the side groups. These polymers are well-suited for optical applications

in solid state and in solution, and have the bene�t of easy synthesis (e.g.,

via the Gilch route [200]). They can be pumped both electrically and op-

tically [201] and have been shown to lase in Fabry�Pérot cavities [202] and
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distributed feedback lasers [203, 204]. They are one of the few classes of

CPs able to produce ≈2 μm spherical structures [205] and can form smooth

coatings on optical �bres [206]. Therefore, the PPVs appear to o�er a viable

route toward the formation of ultrabright CP microspheres with a signi�cant

potential for applications.

4.2 Results and discussion

MEH-PPV polymers of di�erent molecular weights were prepared, as de-

scribed in the Experimental Section. They yielded NMR spectra fully con-

sistent with the MEH-PPV molecular structure (Figure 4.6, Supporting In-

formation). The polymer appeared orange when dissolved in chloroform or

reddish-orange when cast into a solid �lm. The �uorescence lifetime was

≈230 ps for MEH-PPV in solid and in the solution (Figure 4.1, inset), the

latter of which also had an absolute quantum e�ciency of 30%. In chloroform

solution, the absorption peaked at 490 nm and the main �uorescence max-

imum was at 600 nm, with shoulders at 630 and 670 nm. The absorption

and �uorescence spectra from the solid and dissolved MEH-PPV samples

were similar, although the solid �lms yielded slightly redshifted �uorescence

spectrum and a somewhat wider overall absorbance (Figure 4.1). This triple-

peaked spectrum is attributed to vibronic states whose energy separation is

consistent with the C=C stretching mode, while the observed �uorescence

redshift upon solidi�cation is due to polarisation interactions in adjacent

chains [207]. At least some of the extended red tail is probably due to in-

terchain interactions that are thought to form excimer or �exciplex� states,

which are more prevalent in the solid form [207].

65



Figure 4.1: Normalised absorbance and �uorescence spectra for solid MEH-
PPV �lms (red) and for MEH-PPV dissolved in toluene (blue). The inset
shows the �uorescence decays using the same colour scheme. The very slight
�bump� at ≈2 ns is probably a weak afterpulse from the PMT.

After the basic structural and luminescence properties of the MEH-PPV

were determined, a modi�ed nonsolvent emulsion method was used to pro-

duce large, smooth MEH-PPV microspheres suitable for lasing (see the Ex-

perimental Section). Forming high-quality MEH-PPV microspheres presents

a �ne balance between the molecular weight (MN), solvent type, polymer

concentration, emulsi�er concentration, and polymer solubility. If MN is too

high, the polymer solubility in common organic solvents including chloroform

is low, resulting in small, poorly formed microspheres. By using a relatively

low molecular weight PPV (MN ≈ 30 kg mol=1, dispersity ≈ 4.7) obtained

through a repeated cracking procedure (Figure 4.7, Supporting Information),

and a high concentration of polyvinyl alcohol with propanol as a secondary

surfactant in the aqueous phase, we generated smooth PPV microspheres

from 5 to more than 100 μm in diameter. The surface roughness was much

smaller than the wavelength of light (Figure 4.8, Supporting Information),

except when there was signi�cant subsurface structure, as discussed further

below.

As synthesised, the microspheres ranged in diameter from 5 to 30 μm

but microspheres as large as 100 μm (Figure 4.2a) could be produced by
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changing the synthesis procedures slightly (speci�cally, without the addition

of the secondary surfactant or by slowing the stirring speed). After �ltering

through a mesh net, the distribution narrowed such that most particles were

in the range from 10 to 20 μm (Figure 4.2d,f), representing the largest CP

microspheres reported so far. The tendency of some smaller microspheres

to stick to the larger ones widened the size distribution beyond what would

be expected from the �lter sizes used after synthesis, although we found

that this problem can be lessened by the addition of a salt such as sodium

dodecylsulfate.

Di�erent applications impose di�erent requirements on the microsphere

structure. For optical applications, and especially for lasing, the microspheres

must be smooth and defect-free in the near-surface region. For drug delivery,

hollow or porous microspheres are more desirable. Many of the as-synthesised

MEH-PPV microspheres were smooth but a fraction appeared to feature

small craters or depressions, suggesting the possibility of subsurface struc-

ture. Combined helium ion microscopy and focused ion beam cutting was

therefore used to slice open the MEH-PPV microspheres and examine their

interior structure. Depending on the preparation parameters, one can syn-

thesise solid CP microspheres with fairly little internal structure (Figure 4.2b)

or highly porous microspheres riddled with a network of voids (Figure 4.2c).

One of the key parameters for reducing void production was the use of the

secondary surfactant. The secondary surfactant (propanol) also prevented

the formation of the largest microspheres, possibly by restricting the mer-

ger of liquid droplets during stirring. Control over the porosity could allow

CP microspheres to be tailored for either optical or biomedical applications

that could capitalise on the structural, chemical, or luminescent properties

of conjugated polymers.
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Figure 4.2: a) Helium ion microscopy image of a single gold-coated MEH-
PPV microsphere over 100 μm in diameter. b) Scanning helium microscope
of a single sphere which has been sliced open by a focused ion beam. Three
small voids are visible in the interior. c) A single large MEH-PPV micro-
sphere containing a network of interpenetrating pores. d) Fluorescence image
showing a small group of MEH-PPV microspheres. The violet background
is from the excitation LED. e) Fluorescence image of two MEH-PPV micro-
spheres of nearly the same size, resting in adjacent grid holes. Some smaller
microspheres escaped the �ltering procedure by sticking to the larger ones. f)
Size distribution histogram for the sample shown in (d). The mean diameter
is 14.3 μm. g) Fluorescence image showing a group of lasing MEH-PPV mi-
crospheres. The spectrometer entrance slit is visible running through the
centre of the image.

The MEH-PPV microspheres emit an orange-red �uorescence under

continuous-wave (CW) excitation with a laser or LED. Fluorescence spectra

taken from individual low-porosity microspheres showed a set of whispering

gallery modes (WGMs) with Q-factors of 200�300 (Figure 4.3a). The free
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spectral range (FSR) from a 6.6 μm diameter microsphere was 11.1 nm, in

reasonable agreement with the prediction of 11.0 nm given by the ray optics

approximation, where ∆λ = λ2

2πaN
, with N = 1.8 [208], λ = 640 nm, and a =

3.3 μm, con�rming that these are WGMs. The WGM spectra are reminiscent

of those from silica microspheres with dye-doped polymer coatings [209], sug-

gesting that the underlying mode structure may consist of a complicated set

of non-degenerate modes that arise from imperfect sphericity. The appear-

ance of WGMs in the �uorescence spectra is important because it enables

applications in a variety of sensing technologies, including biosensing [60, 61],

chemical sensing [12], or the sensing of physical properties like pressure [62]

and temperature [210].

Under 500 nm pulsed excitation, the emission behaviour changed drastic-

ally. Above a threshold excitation irradiance, a sharp line narrowing (Fig-

ure 4.3a) was observed, with individual modes yielding Q-factors up to 5000.

The appearance of narrow, high-Q modes above a threshold is widely un-

derstood to indicate the onset of lasing [211, 212]. Lasing was observed in a

number of spheres with diameters from 6 to 32 μm (Figure 4.3d). The lasing

modes reversibly blueshifted with increasing pump power (Figure 4.3c). Most

polymers have negative thermo-optic coe�cients [213, 214]; assuming this is

the case for MEH-PPV as well, then the lasing mode blueshift is due to a

slight temperature increase upon higher-power excitation. By estimating the

beam diameter from microscope images, measuring the average power, and

using the nominal pump pulse length of 1 ns, we estimate a typical threshold

pulse irradiance of 5.0 Ö 106 Wcm=2. The lasing WGMs were found to be

transverse magnetic (TM) polarised; indeed, only the TM modes (i.e., elec-

tric �eld either radial or tangential to the equator) can propagate into the

microscope objective, due to the geometry of the setup (see the Experimental

Section).
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Figure 4.3: a) TM-polarised �uorescence spectrum (blue dashed line) from a
single 6.6 μm diameter microsphere, showing a complicated whispering gal-
lery mode structure. When pumped above a threshold of ≈800 μJ cm=2,
the WGMs narrowed drastically, suggesting the onset of lasing. b) Polar-
isation e�ects in the lasing WGMs. Only the tangential and radial electric
�elds can propagate to the microscope objective, which is consistent with
the change only in intensity but not in lasing wavelength as the polariser is
rotated through 90°. The threshold behaviour of the lasing is shown in the
inset. c) Evolution of the emission spectrum as a function of pump power.
d) Lasing spectra for microspheres of di�ering diameters.

The �uorescence intensities of conventional dye-doped polystyrene micro-

spheres were compared with that of the CP microbeads synthesised in this

work. For this purpose, a set of nominally 7.5 μm diameter �Suncoast Yellow�

�uorescent microspheres were purchased from a commercial supplier [215].

These microspheres have emission and absorption spectra similar to those

of MEH-PPV and therefore allow for a reasonably direct comparison. The

70



�uorescence of the similarly sized MEH-PPV microspheres was ≈20 times

more intense than the commercial microspheres, using either a 532 nm CW

laser or a 405 nm LED as the excitation source (Figure 4.4). Under pulsed

excitation conditions, the MEH-PPV beads lased, whereas no sign of lasing

was evident from any of the dye-doped microspheres. Thus, CP microspheres

show outstanding �uorescence properties that exceed the capability of stand-

ard �uorescent microbeads.

Figure 4.4: a,b) Grayscale images of a pair of Suncoast Yellow (SC) and
slightly smaller MEH-PPV (ME) microspheres, respectively. Both the images
were taken using a 405 nm LED operated under identical conditions. The
image intensities have been scaled di�erently; otherwise the SC spheres are
nearly impossible to see. c) Raw (unscaled) intensity pro�les taken across the
sphere pairs. The ME spheres, although smaller, have an integrated intensity
23 times greater than that of the SC microspheres.

There are currently some limiting factors as well. First, dry MEH-PPV

microspheres show evidence of photobleaching and colour change under CW

excitation in air and a gradual bleaching over several minutes under lasing

conditions. This e�ect was slower in water or methanol and negligible when

the spheres were encapsulated in resin, suggesting that this issue is likely

due to photo-oxidation, which can be minimised by methods such as surface

coating. Second, prolonged storage in air or water gradually degraded the

ability of the microspheres to lase. Samples kept in water at room temper-

ature for several weeks still appeared bright in �uorescence but the lasing

threshold increased and ultimately exceeded the damage threshold, at which
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point lasing could no longer be induced. Finally, void formation needs to be

kept to a minimum in order to preserve su�ciently high-quality WGMs for

lasing to occur.

4.3 Conclusion

In summary, large, smooth MEH-PPVmicrospheres up to 100 μm in diameter

were synthesised by a modi�ed nonsolvent emulsi�cation method. This is

nearly two orders of magnitude larger than the only previously known spher-

ical CP structures, bringing conjugated polymer microspheres into the size

regime of conventional �uorescent beads. The microspheres can be made

minimally to highly porous, depending on the processing parameters and

microsphere size. The �uorescence intensity was ≈20 times higher than that

of comparably sized dye-doped polystyrene microspheres, and the MEH-PPV

microspheres showed clear indications of lasing above a threshold at which

conventional beads indicated no sign of lasing. This presents another ad-

vantage over conventional polymer beads, since microsphere lasers are desir-

able for a variety of sensing applications [122, 124] and possibly for micro-

lasers [216, 217]. These results indicate a route toward the development of a

new class of ultrahigh-brightness microspheres for diagnostics, imaging, and

drug delivery. The methods could be expanded to include other CPs in order

to obtain a wider range of emission colours. For these reasons, we believe that

conjugated polymer microspheres could in future replace conventional dye-

doped microspheres in many optical, biochemical, and sensing applications

in which ultrahigh-intensity �uorescence or even lasing is desirable.

4.4 Experimental section

All the solvents and starting materials for synthesis were purchased from com-

mercial sources. Tetrahydrofuran (THF) for MEH-PPV synthesis was puri-

�ed using M Braun solvent puri�cation system. The synthesis of monomer
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precursor and its polymerisation were performed according to a slightly mod-

i�ed version of the recipe reported recently [218]. For polymerisation, method

B in ref. [218] was chosen, where the monomer precursor was slowly ad-

ded into solution of potassium tert-butoxide in THF without any additional

chain transfer reagent. Under completely oxygen-free conditions, orange gels

were formed which were then transferred into methanol. The precipitate was

�ltered o� and washed by resuspension in methanol several times until the

neutral reaction of pH indicator. The air-dried product was poorly soluble

in THF, toluene, or chloroform at room temperature.

The polymer was subjected to cracking in toluene as follows: 0.5 g of

MEH-PPV was re�uxed in 300 mL toluene in an air-open apparatus under

protection from light and the aliquots were taken every 24 h for gel per-

meation chromatography (GPC) analysis of the molecular weight (Figure 4.6,

Supporting Information). GPC analysis relative to polystyrene standards

was performed on Varian GPC-50 plus chromatograph using PLgel-Mixed-B

columns and chloroform as eluent. When the desired molecular weight was

achieved, the solution was concentrated on a rotary evaporator, poured into

10 volumes of methanol with vigorous stirring, and isolated by �ltration or

centrifugation. Finally, 1H NMR spectra were recorded on Bruker AV III

300 MHz or Bruker AV III HD 500 MHz in deuterated chloroform and the

signals were referenced to the residual solvent peak (Figure 4.7, Supporting

Information).

Microspheres were fabricated using an oil-in-water (O/W) emulsi�cation

method. Poly(vinyl alcohol) (PVA: Mw ≈ 13 000�23 000, 98% hydrolysed,

Sigma-Aldrich) was used as an emulsi�er. A solution of PVA in deionised

(DI) water (50 g L=1, 10 mL) was prepared and added to a 20 mL glass

vial. While being stirred with a magnetic stir bar at 400 rpm, 0.5 mL of

1-propanol (99.5%, high performance liquid chromatography Grade, Sigma-

Aldrich) was added to the PVA solution. The MEH-PPV was dissolved in

chloroform (99.8%, Sigma-Aldrich) at a concentration of 20 mg mL=1 and
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then drawn into a 1 mL syringe. An≈10 cm length of polytetra�uoroethylene

tubing with an inner diameter 1.1 mm was attached to the needle and then

�lled almost to the end with the MEH-PPV solution. The tubing was then

submerged in the PVA solution and secured so that the open end was ≈0.5
cm above the stirrer bar and close to, but not touching, the side of the vial.

The syringe was connected to a syringe pump and 0.5 mL of MEH-PPV

solution was dispensed at a rate of 0.5 mL min=1. The tubing was then

removed from the solution.

The solution was left to stir for 2 h so that all the chloroform evapor-

ated, eventually leaving solid polymer spheres in an aqueous solution. The

PVA was then removed by centrifuging the sphere�PVA solution so that the

spheres settled to the bottom of the test tube and the solution on top could

be removed and replaced with deionised water. This process was repeated 3

times to be sure that most of the PVA was rinsed o� the spheres. For optical

experiments, a 20 μL droplet of spheres dispersed in water was dropped onto

a quartz slide. The slide was left in air until the water evaporated and only

the polymer spheres remained on the slide. The remaining microspheres were

stored in the dark in a sealed vial. Size selection was done by �ltration in

methanol through a set of square-array �lters.

The surface of the microspheres was imaged using a helium ion micro-

scope, within which a Ga focused ion beam (FIB) (30 kV) was used to

�slice� individual microspheres in order to expose an interior cross-section

for imaging. Samples were coated in ≈100 nm thick gold before imaging and

exposure to the FIB.

Absorption spectroscopy was performed by measuring the transmittance

using an Ocean Optics USB 2000 spectrophotometer. Quantum e�ciency

measurements were made on a home-made integrating sphere setup, using a

405 nm light-emitting diode as the excitation source. Fluorescence imaging

and spectroscopy of individual microspheres used a 5 mW continuous-wave

532 nm diode laser loosely focused into the microsphere. Time-resolved ex-
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periments used a 405 nm pulsed picosecond laser (Alphalas Gmbh) and a

Becker & Hickl photomultiplier tube (PMT) with a response time of ≈100
ps. For lasing experiments, the excitation was switched to a pulsed dye laser

operated at a wavelength of 500 nm, corresponding to the MEH-PPV absorp-

tion maximum. This laser has a nominally ≈1 ns pulse duration and a 20

Hz repetition rate, with an average (maximum) power of ≈1 mW (50 μJ per

pulse). It was focused to an area of about 3 Ö 10=4 cm2. The pulse energy

was adjusted using a pair of crossed Glan�Thompson polarisers, where one

polariser could be rotated relative to the other. The sphere emission was

collected through a 20Ö objective with a numerical aperture of 0.40 and sent

to a Santa Barbara Instruments Group imaging spectrometer for analysis. A

diagram of the experimental setup is shown in Figure 4.5.

Figure 4.5: Diagram of the optical set up used to excite �uorescence and
collect spectra from the microsphere.
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4.5 Supplementary information

Figure 4.6: Sample 1H NMR spectra of the MEH-PPV with Mn ca. 11
kg/mol. The signals of the aldehyde groups are clearly seen in the region 9.5
� 11 ppm. Assuming they are end-groups of the polymer chains, an aver-
age polymerisation degree of 24 can be calculated, which leads to Mn = ca.
6 kg/mol. The overestimation of molecular weight by GPC measurements
is due to the referencing to polystyrene (PS). Whereas PS tends to form a
macro-conformation close to a random coil in chloroform solution, MEH-PPV
macro-conformation is closer to linear, more like a rigid rod. Thus MEH-PPV
macromolecules have lower molecular weight than PS with the same mean
hydrodynamic radius. The peak at 5.3 ppm is not common for MEH-PPV
and is not observed in the as-synthesised product. It is characteristic of a
vic-diol functionality which comes from an unaccomplished cracking reaction
(an oxidised but not yet cleaved double bond). This reduces the e�ective
conjugation in the macromolecules and explains a shift of the polymer col-
our from red to orange-red compared to the samples with higher molecular
weight.
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Figure 4.7: Molecular weight distribution measured by gel permeation chro-
matography (see experimental section) in the as prepared MEH-PPV poly-
mer, and after 24 or 72 hours cracking in toluene. The MEH-PPV as-
synthesised has Mn ca. 110 kg/mol and Mw ca. 1000 kg/mol, after 24
hours cracking it yields Mn ca. 30 kg/mol and Mw ca. 140 kg/mol, and after
72 hours cracking: Mn ca. 11 kg/mol and Mw ca. 31 kg/mol. Note that
the number-averaged (Mn) and weight-averaged (Mw) molecular weights are
distinctly di�erent from the peak values.
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Figure 4.8: High magni�cation view of an uncoated MEH-PPV microsphere.
The �eld of view is 10 μm x 10 μm. Some cratering is apparent on the
surface, likely due to the subsurface void structure as reported in the main
MS. However, with this exception, the surface of the microsphere is much
smoother than the wavelength of light and very few irregularities can be
observed. Some material, possibly PVA, can be seen to form an attachment
to a neighbouring microsphere.
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5 Monodisperse arrays of large, high-

brightness conjugated polymer microspheres

K. Gardner, L. Zhang, S. Vagin, W. Morrish, P. Tsai, A. Meldrum

This chapter is a preliminary draft of a paper we plan to complete and

submit once the COVID-19 pandemic has subsided and we are permitted

back in the lab.

5.1 Introduction

Conjugated polymers (CPs) are characterised by a long-chain molecular back-

bone consisting of alternating single and double carbon bonds. The over-

lapping p-orbitals result in the formation of the bonding and antibonding

orbitals with a characteristic energy gap between them � in other words,

CPs are the organic equivalent of a conventional semiconductor [219]. Vari-

ous sidegroups can be attached to the main CP chain in order to establish

speci�c functionalities or to sterically minimise intra-chain electronic interac-

tions, which otherwise can have signi�cant and often deleterious e�ects on the

electronic or �uorescence properties [207]. CPs are under widespread devel-

opment for numerous applications, including organic light emitting displays

(OLEDs) [220], photovoltaics [221], and sensors [222].

Fluorescent microspheres have extensive applications in biomedicine, in-

cluding �ow cytometry [69], biomedical diagnostics [70], imaging [223], and as

visible carriers for drug delivery [66]. They are also used as signallers for con-

tamination and leaks in drilling and other instrumentation [71]. The market

associated with these applications for �uorescent microspheres is projected

to see signi�cant growth in the next decade [224], with many well-known

chemical companies involved in development and sales.

Commercial microspheres are based on a conventional polymer, such as

polystyrene or polyethylene, doped with a �uorescent dye. The doping pro-

cedure typically involves an entrapment method [225], in which a hydrophobic
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dye is placed in a good-solvent bad-solvent mixture along with the pre-made

polymer microspheres. The dye di�uses into the microsphere surface as the

good solvent evaporates. While this method is widely used and produces

high-quality �uorescent microspheres [211], the achievable �uorescence e�-

ciency is limited by concentration quenching, which restricts the entrapped

dye concentrations to around 1% in commercial microspheres [226]. In con-

trast, CP microspheres would have some major advantages, including the key

fact that the entire structure is made from an inherently �uorescent polymer

without the need for entrapment.

Due to their long-chain conjugated backbone, CPs do not easily form

smooth surfaces by conventional microsphere synthesis methods and the res-

ulting structure can depend extensively on the selection of the solvent [207].

Methods used to form CP microspheres include in-situ droplet polymeriz-

ation [227, 228, 229, 230, 231], vapour di�usion [160, 232], and emulsion

mixture techniques [160, 233]. The latter two methods employ the formation

of good-solvent droplets hosted in a bad-solvent �continuous phase�. The CPs

are dissolved in organic solvents (which are hydrophobic) that form droplets

of good solvent in an aqueous (hydrophilic) continuous phase. A surfact-

ant is used to prevent the droplets from merging. Narrow size dispersions

require control over the droplet size, which can be achieved by micro�uidic

methods [234, 235] or specialised step-growth dispersion polymerization pro-

cesses [228]. While these methods have been successful, the resulting micro-

particles tend to be small (< 5 μm in diameter) which limits the potential

applications. There have been few investigations of the single-particle or

coupled-particle �uorescence behaviour, and few comparisons with conven-

tional dye-doped particles.

Large CP microspheres have not previously been reported, except in one

recent study by our group (here, we de�ne �large� as 10 μm - 200 μm in

diameter) [233]. Fluorescent microspheres of this size are important for the

development of whispering gallery resonances (e.g., for sensing and lasing ap-
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plications in which a high quality factor is required) [32], drug delivery [236],

and generally in situations demanding a stronger overall �uorescence intens-

ity. In this work, we demonstrate a simple and accessible micro�uidic method

to achieve large and highly monodisperse red-, green-, and blue-emitting CP

microspheres. The materials start from highly-ordered arrays of monod-

isperse droplets, which themselves show coupled particle interactions and

evidence of lasing. We then follow the evolution of these droplets as the

solvent evaporates to leave size-controlled and monodisperse solid CP micro-

spheres up to 100 μm in diameter.

5.2 Results and Discussion

The three conjugated polymers (red: poly[2-methoxy-5-(2-ethylhexyloxy)-

1,4-phenylene-vinylene], MEH-PPV); green: suggested IUPAC name

poly-((1E,1'E-(2,5-bis(2-ethylhexyloxy)-1,4-phenylene)bis(ethene-2,1-

diyl))bis(2,5-dimethoxybenzene)-4,4`-diyl), EH-P(PVPVP); blue: poly[2-

methoxy-5-(2-ethylhexyloxy)-p-phenylene], MEH-PPP) were synthesised

at the Technical University of Munich, Germany, as described in the

Experimental section at the end of this chapter. Their chemical structures

are illustrated in Figure 5.1. The molecular weights were measured by gel

permeation chromatography; for this work we used MN = 45, MW = 200

for MEH-PPV, MN = 7 kg/mol, MW = 15 kg/mol for EH-P(PVPVP), MN

= 30 kg/mol, MW = 150 kg/mol for MEH-PPP. For the green polymer

(EH-P(PVPVP)), the values used represent the highest molecular weights

that could successfully be synthesised.
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(a) (b) (c)

Figure 5.1: Stick diagrams of the three synthesised polymers. (a) MEH-PPV
(Red). (b) EH-P(PVPVP) (Green). (c) MEH-PPP (Blue).

Each of the three polymers was strongly �uorescent in chloroform solu-

tion. The quantum e�ciency was found to be 18%, 41%, and 56% for the

red, green, and blue polymer, respectively. Fluorescence measurements of

the red and green polymer solutions used 405 nm excitation, which is near

the maximum of the absorption band of the green polymer and close to the

edge of the red polymer absorption band; measurements of the blue polymer

used 352 nm and 363 nm excitation lines, which are near the maximum ab-

sorption band of the blue polymer (Figure 5.2). The �uorescence spectrum

of MEH-PPP is the narrowest of the three, and peaks at 405 nm with a slight

shoulder at 455 nm. The �uorescence spectrum of EH-P(PVPVP) is wider

than that of MEH-PPV and peaks at 505 nm with a shoulder at 540 nm.

The �uorescence spectrum of MEH-PPV is the widest, peaking at 595 nm

with shoulders at 640 nm and 710 nm and a red �tail� extending close to 900

nm.
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Figure 5.2: Absorption and �uorescence spectra for the three polymers in
�lms. Dashed lines represent absorbance, solid lines represent �uorescence.

Polymer microparticles of each colour were synthesised using a micro-

�uidics method to obtain a uniform droplet size. The setup consisted of a

�uidic T-junction in which the polymer solution (20 mg/mL polymer in chlo-

roform) was carried in one channel and a water-PVA-propanol solution was

carried in the other channel. At the junction where the two channels met,

droplets of the polymer solution formed. These droplets were carried in the

water-PVA-propanol mixture, and �nally ejected at a rate of ∼15 Hz into

a �at-bottomed beaker containing the same water-PVA-propanol mixture.

Owing to the higher density of chloroform compared to water, the droplets

sank to the bottom where they spontaneously assembled into a hexagonal

close-packed array (Figure 5.3). The droplets were allowed to sit for 48 hours

until the chloroform had completely evaporated and solid microspheres were

formed.

Each liquid droplet had a diameter of ∼300 μm and an almost negligible

size dispersion (the droplets were all the same size to within ∼10 pixels in the
images; Figure 5.3). The MEH-PPV droplets emitted a bright orange �uor-

escence and their spectrum was consistent with that of the original solution,

peaking at ∼600 nm and showing the typical triple-peaked spectrum of dis-

solved MEH-PPV (Figure 5.2). These peaks are often attributed to vibronic

levels and interchain interactions that cause the extended red emission [207].
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Figure 5.3: Fluorescence images of patterned droplets. (a) MEH-PPP (b)
EH-P(PVPVP) (c) MEH-PPV.

The red polymer droplets showed signatures of lasing upon excitation with

a 532 nm pulsed laser (Figure 5.4). While we cannot exclude the possibility

that the green and blue droplets may also lase, only the red particles can be

pumped directly into their absorption band at this excitation wavelength. At

low excitation powers only a broad �uorescence typical of MEH-PPV could

be observed. However, above a threshold pump power of ∼400 W/cm2, a

set of narrow resonances appeared in the long-wavelength part of the back-

ground �uorescence spectrum (Figure 5.4). We interpret the simultaneous

appearance of these long-wavelength modes and the bright red equatorial

band (Figure 5.4a) above a threshold pump power as a probable signature of

lasing.

The free spectral range associated with the whispering gallery modes can

be estimated from ∆λFSR = λ2/(πDN) where λ is the central wavelength

(610 nm), D is the droplet diameter (310 μm), and N is the refractive index

(N = 1.45 for chloroform) yielding ∆λFSR = 0.26 nm which is just larger than

the nominal resolution of the spectrometer (0.22 nm). Thus, these modes

overlap considerably, which can lead the the large apparent background in

the spectrum. The resonance Q-factors were measured to be ∼4000, which is
consistent with Q-factors reported in other liquid lasing microcavities [237,

158]. Because of the close-packed array structure, these modes were often

observed to couple into adjacent spheres up to 2 spheres distant (Figure 5.4b).
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(a) (b)

(c)

Figure 5.4: (a) Droplet lasing image. The yellow-green area is where the
laser is incident on the spheres. (b) Image of multiple droplets. The position
of the laser beam is indicated by the dashed yellow circle. Red equatorial
bands can be seen even on microspheres that are not being directly pumped
by the laser. (c) Droplet �uorescence and lasing spectra.

Liquid droplets of red polymer with mean diameter 161 μm and standard

deviation 6 μm were allowed to slowly evaporate over a period of ∼48 hours.
(The nominal �ow rates of the two solutions were 0.15 mL/min for the PVA

solution and 0.05 mL/min for the MEH-PPV solution. However, a partial

blockage was discovered afterwards which had been impeding the MEH-PPV
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solution �ow so these microspheres were slightly smaller than expected.)

During this process, the chloroform gradually di�used through the water,

shrinking the remaining droplet size and concentrating the polymer until it

solidi�ed. The PVA/water solution level remained roughly constant over

this 48 hour period. This procedure resulted in a hexagonal array of highly

monodisperse �uorescent MEH-PPV microspheres, where a solid microsphere

remained near the centre of every original droplet (Figure 5.5). In Figure 5.5,

we see that most of the solid microspheres are slightly below and to the right

of the centre of the liquid droplet, implying that there was a small amount of

drift over the 48 hour drying time. As all the spheres have moved in the same

direction, this is possibly due to a very slight horizontal tilt of the beaker

over the 48-hour drying period.

After drying, the mean microsphere diameter was 48 μm with a standard

deviation of 2 μm, which is the narrowest size distribution observed so far

for �uorescent CP microspheres larger than 5 μm in diameter. By comparing

the volume of the original droplet with that of the solid polymer microsphere

and using the known density of MEH-PPV (0.99 g/cm3) and initial concen-

tration (20 mg/mL), the spheres must be 28.6% hollow. In other words, the

remaining solid MEH-PPV spheres are larger than if they were made of solid

polymer, considering the known starting concentration.
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(a) (b)

(c)

Figure 5.5: (a) Liquid droplets of the red polymer in a close-packed array.
(b) Solid microspheres in a hexagonal pattern. (c) An overlay of images (a)
and (b), showing that the solid microspheres form just below and to the right
of the centre of the liquid droplets.

Control over the microsphere diameter could be achieved in two ways: 1)

By changing the �ow rate of the polymer, while keeping the other parameters

the same and 2) By changing the polymer concentration in the dispersed

phase. The �rst method resulted in a linear increase of droplet diameter with

�ow rate, as shown in Figure 5.6. By increasing the �ow rate of the MEH-

PPV solution from 0.01 mL/min to 0.05 mL/min, while keeping the PVA �ow

rate constant at 0.15 mL/min, the droplet diameter increased monotonically
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from D = 247 ± 6 µm to D = 313 ± 9 µm. All three samples had dispersities

D ≈ 0.001. Dispersity is de�ned as D = (σ/µ)2, where σ is the standard

deviation of the particle diameter and µ is the mean diameter. Values of

D < 0.1 are considered to be monodisperse [238, 239].

The resulting solid microspheres also had a larger diameter as �ow rate

increased, although the dependence of diameter on �ow rate was not linear

as expected (see Figure 5.6), indicating that some microspheres were prob-

ably more hollow after drying than others. The mean diameters ranged from

D = 84 ± 4 µm to D = 118 ± 5 µm and the solid microspheres had lar-

ger dispersities than those of the liquid microspheres, with D ≈ 0.02 for

the solid microsphere samples. The increased dispersities and non-linear de-

pendence of diameter on �ow rate are both likely due to the fact that, in

all three samples, the microspheres moved while drying. Some microspheres

collected in bigger clusters while others were more dispersed, and the `lone'

microspheres solidi�ed more quickly and appeared more rough in optical mi-

croscope images than the `clustered' microspheres, which dried more slowly

and were smoother. Movement during the drying process clearly results in

di�erent sizes and surface roughness in the �nal solid microspheres, even

when they formed from the same monodisperse liquid droplets.

The second method is yet to be tested. It will result in liquid droplets

of the same size but with di�erent MEH-PPV concentrations; we expect

that droplets with a lower concentration of MEH-PPV will yield smaller

microspheres while maintaining a similar degree of monodispersity. However,

there are limits to this. The maximum solubility of MEH-PPV in chloroform

is∼20 mg/mL, which will limit the upper microsphere size, and we know from

earlier preliminary experiments that at low concentrations (∼5 mg/mL), the
droplets do not dry into microspheres but rather �collapse� into non-spherical

particles.
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(a) (b)

(c)

Figure 5.6: (a) Droplet diameter dependence on polymer �ow rate. The dia-
meter of the liquid droplets increases linearly with the MEH-PPV �ow rate.
(b) Solid microsphere diameter dependence on polymer �ow rate. Although
there are only three points, the diameter does not appear to increase linearly
with �ow rate. (c) Fluorescence images showing the 3 samples of di�erently
sized PPV solid particles referred to in (b).

For the green and blue polymers, initial experiments showed that the

micro�uidics method also resulted in monodisperse microspheres. For both

the green and blue microdroplets, the PVA �ow rate was 0.15 mL/min. The

�ow rate of the green polymer was 0.05 mL/min and the �ow rate of the

blue polymer was 0.01 mL/min. This lower �ow rate was used for the blue

polymer because larger MEH-PPP microdroplets tended to dry into non-
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spherical structures, but smaller microdroplets tended to form microspheres.

The green microspheres had a mean diameter of 101 μm with a standard

deviation of 4 μm and a dispersity D ≈ 0.002. The blue microspheres had a

mean diameter of 67 μm with a standard deviation of 3 μm and a dispersity

of D ≈ 0.001.

Figure 5.7: Fluorescence image showing green and blue monodisperse micro-
spheres.

The formation of the particles depends strongly on the choice of the dis-

persed phase and the continuous phase, and their relative solubilities in one

another [240]. If the polymer solvent has a relatively high solubility in the

continuous phase then the kinetics of the droplet formation proceed more

quickly and the resulting microstructure tends toward nonspherical aggreg-

ates. If the continuous phase is reasonably soluble in the polymer solvent,

then one ends up with precipitation in a 3-phase non-equilibrium droplet,

leading to rough, cratered, or nonspherical particles [240]. In this work,

chloroform (the polymer solvent) is slightly soluble (0.8%) in water (the con-

tinuous phase), which favours spherical particle formation. Water is soluble
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only at low concentrations (0.05%) in chloroform, which should also favour

spherical particles with relatively few voids.

Nevertheless, signi�cant structural features were observed in all the

particles. The qualitative �order of sphericality� (where we de�ne higher

sphericality to mean smoother surfaces and fewer obviously non-spherical

particles present in a sample) was MEH-PPV > EH-P(PVPVP) > MEH-

PPP. This order might depend on both molecular weight and polymer struc-

ture. The slightly higher molecular weight of the MEH-PPV used compared

to that of the MEH-PPP meant that, at the concentrations used (20 mg/mL),

the MEH-PPV solution was more viscous than the MEH-PPP solution and

was possibly then more resistant to deformation and the formation of sur-

face structures while drying. The EH-P(PVPVP) had the lowest molecular

weight and was the least viscous of all three solutions, but it is possible that

its bulkier structure helped to maintain a spherical shape while drying, so

these particles had a higher sphericality than the MEH-PPV particles.

5.3 List of Experiments to be completed

As this work was cut short by the requirement to cease all non-essential re-

search, a few experiments remain to complete this work for publication. They

are listed below with estimates of the time required to complete. Allowing

for various problems and potential mishaps, less than one month of work

would be required, including completing the �nal manuscript revisions.

� Helium ion microscope imaging of samples of monodisperse red, green

and blue microspheres.

� Fabrication and optical microscope imaging of red, green and blue mi-

crospheres fabricated by the emulsi�cation method.

� Repeat fabrication and optical microscope imaging of red, green and

blue microspheres formed by the micro�uidics method, with careful
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control over the drying conditions - in particular the density of micro-

spheres in the beaker (which seemed to impact the rate of chloroform

di�usion) and also with care taken to keep the beaker level during dry-

ing.

� Fabrication and optical microscope imaging of alternating-coloured ar-

rays. These arrays will be made by using a double T-junction set up,

which has already been assembled.

5.4 Experimental Section

Materials synthesis:

All polymers were prepared by Dr. Sergey Vagin at the Technical University

of Munich. MEH-PPV of the desired molecular weight was prepared as

described in our previous publication [233]. Comparison of UV-Vis spectra

of prepared samples with previous batches con�rmed their identity. MEH-

PPV with an absorption maximum at ca. 490 nm in a chloroform solution

was utilised for fabrication of spheres. The molecular weights were measured

with gel permeation chromatography (GPC) in THF relative to polystyrene

and they ranged within MN ≈ 30-50 kg/mol and MW ≈ 140-220 kg/mol.

MEH-PPP was prepared in accordance with the common Grignard meta-

thesis (GRIM) polymerisation route starting from a monomer precursor 1,4-

dibromo-2-(2-ethylhexyloxy)-5-methoxybenzene (see Scheme 1), which was

available through a literature procedure [241]. The degassed monomer pre-

cursor 1 (2.2 g, 5.4 mmol) was dissolved in 5 mL of dry degassed THF and

5.4 mL of 1M Turbo-Grignard reagent iPrMgClLiCl in THF was added. The

light brown solution was left for 20 h with stirring at room temperature. 2.3

mg (0.05%) of a catalyst [NiBr2(PPh3)(IiPr)] (2) (prepared according to the

literature procedure [242]) in 0.2 mL THF was added; the solution colour

changed to a more intense brown-yellowish. After several hours, a clear solu-

tion became turbid and obviously more viscous. After �ve days the reaction
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mixture turned to a turbid highly viscous mass, which was then transferred

into acidi�ed methanol (ca. 100 mL with 10 droplets of concentrated HCl)

and stirred vigorously for few minutes. The precipitate was allowed to settle

down followed by decantation and addition of a fresh portion of methanol.

The suspension was stirred for a few hours, decanted and treated with a

fresh portion of methanol. The mixture was stirred overnight, decanted and

washed with several 50 mL portions of acetone in a similar way to remove any

low molecular weight byproducts. After drying, the yield was approximately

0.9 g (67%) with slight batch-to-batch variations. The molecular weights of

the obtained MEH-PPP measured with GPC in THF relative to polystyrene

were typically in the range MN ≈ 26-30 kg/mol, MW≈ 56-150 kg/mol for

various batches of monomer precursor 1, Turbo-Grignard reagent, as well as

reaction solvent.

EH-P(PVPVP) was prepared following the GRIM polymerization

procedure (Scheme 3). First, the monomer precursor (compound 5)

was prepared by the Horner-Wadsworth-Emmons reaction of tetraethyl

((2,5-bis((2-ethylhexyl)oxy)-1,4-phenylene)bis(methylene))bis(phosphonate)

(3) with commercially available 4-bromo-2,5-dimethoxy-benzaldehyde (4)

(see Scheme 2). Compound 3 was prepared according to the literature

procedure [243]. For the synthesis of 5, 3 g of 3 was mixed with 10 mL of

anhydrous tert-butanol followed by the addition of 1.6 g (3 equivalent) of

potassium tert-butoxide in 30 mL of anhydrous tert-butanol. Compound 4

(2.5 g, 2.14 equivalent) was dissolved in 25 mL of dry THF and added to

the reaction solution. The reaction mixture was heated at 60°C overnight.

After cooling, the reaction volume was reduced to 1/3 by partial removal

of the solvent under vacuum, leading to a formation of a �ne crystalline

precipitate. This was �ltered o�, washed with methanol and dried in vacuo

to yield 2.2 g (57%) of a bright yellow solid. The �ltrate was diluted with

300 mL of water and left overnight, then decanted and the viscous orange

residue was left to dry in air. It was taken up into 30 mL diethyl ether,
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then 1 grain of iodine was added and diluted with 40 mL ethanol. The

solution was heated overnight at 80°C allowing the diethyl ether to slowly

evaporate. Then vacuum was applied to concentrate the solution until the

formation of a precipitate. After cooling, it was �ltered o� and washed with

methanol to give 0.63 g of a yellow-orangeish product. The �ltrate was

further concentrated to remove the methanol and heated overnight at 80°C.

Leaving the solution for two weeks resulted in the formation of a yellow

precipitate (0.32 g), giving 81% overall yield of the reaction.

For the synthesis of EH-P(PVPVP), the monomer precursor (compound

5) (407 mg, 0.5 mmol) was dissolved in 1.5 mL of dry THF and 0.5 mL (1

equivalent) of 1M-Turbo-Grignard reagent iPrMgClLiCl in THF was added.

The solution was protected from light and stirred overnight at room temper-

ature and the colour of the solution became orange. Then, 0.6 mg (0.14%) of

[NiBr2(PPh3)(IiPr)] (2) in 0.2 mL THF was added. An immediate change of

colour to dark orange was observed. After stirring for 24 hours at room tem-

perature, the colour of the solution became light orange and some increase

in viscosity could be observed. The reaction mixture was quenched by 15

mL methanol with a few droplets of concentrated HCl and decanted. A fresh

portion of methanol was added to the solid residue and stirred for 3 days.

During this procedure, the initially formed solid block became homogenised.

The suspension was �ltered, the solid was extracted with 20 mL ethanol,

�ltered o� and dried, giving 220 mg of yellow powder. According to GPC

analysis, this crude material contained noticeable amount of monomeric and

dimeric species. They were extracted with several 20 mL portions of pentane

over 24 hours, leaving 120 mg of EH-P(PVPVP) after drying. The molecu-

lar weights of the resulting polymer measured with GPC in THF relative to

polystyrene were typically MN ≈ 7 kg/mol, MW ≈ 15 kg/mol.
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Figure 5.8: Scheme 1: Synthesis of MEH-PPP.

Figure 5.9: Scheme 2: Synthesis of the monomer precursor of EH-P(PVPVP).

Figure 5.10: Scheme 3: Synthesis of EH-P(PVPVP).
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Micro�uidics

The polymers were dissolved into chloroform at a concentration of 20 mg/mL

(solution 1). Investigations with various concentrations showed that reason-

ably large microspheres can be formed at this concentration. Separately,

a solution of deionised water was prepared with 5 wt.% polyvinyl alcohol

(PVA) as a surfactant and 5 vol.% 1-propanol as a secondary surfactant

(solution 2). The solutions were injected into each arm of a micro�uidic T-

junction at a �ow rate of 0.01 to 0.05 mL/min (solution 1) and 0.15 mL/min

(solution 2). This produced droplets of the dissolved polymer carried in the

water/surfactant �continuous phase�. The droplets were injected into a �at-

bottomed beaker of the same water-PVA solution, where they quickly fell

to the bottom due to the higher density of chloroform and spontaneously

self-assembled into a hexagonal close-packed array. The array of droplets

was then left standing for 48 hours to allow the chloroform to evaporate,

concentrating and drying the residual polymer. This resulted in a (non-

close-packed) hexagonal array of �uorescent CP microspheres of a uniform

size.

Fluorescence microscopy and spectroscopy

Fluorescence microscopy was performed on a Nikon TE2000e inverted epi-

�uorescence microscope. A 365 nm LED was used as the excitation source

for the blue polymer, and a 405 nm LED was used for the green and red poly-

mers. Fluorescence images were captured with either a Retiga EX �uores-

cence camera or a Sony a6400 consumer camera interfaced to the microscope.

A 409-nm dichroic �lter (Iridian) and 400-nm longpass �lter (Thorlabs) were

used to block the 365 nm LED light and pass the �uorescence of the blue poly-

mer. A 550-nm dichroic �lter (Iridian) and 550-nm longpass �lter (Thorlabs)

were used to block the 405 nm LED light and pass the �uorescence of the

green and red polymers. Fluorescence spectroscopy was performed using an
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intensity-calibrated Ocean Optics 2000+ miniature spectrometer interfaced

to a �bre-optic collection system.
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6 Conclusion

Main results and contributions

My �rst project focused on characterising the lasing properties of dye-doped

microspheres, with the aim of understanding the lasing behaviour and im-

proving the lasing characteristics, including stability and mode selection.

To this end, I made silica microspheres with a dye-doped polymer bilayer

coating. We then performed �uorescence and lasing measurements in our

lab, partnered with Dr. Y. Zhi from Peking University to do cold-cavity

measurements, and also performed simulations in order to compare the ex-

perimental results with theory. Previously, there had been few studies that

examined the mode structure of lasing microspheres using a combination of

all of these techniques. Our research showed that the complex lasing struc-

ture which is sometimes observed in �uorescent microspheres is due to a dense

forest of bare-cavity modes, which themselves arise from symmetry-breaking

in spheres with small ellipticity and various inhomogeneities in the polymer

coating. These two e�ects will likely be present in almost all methods of mi-

crosphere fabrication and are of relevance to future understanding of lasing

spectra from polymer microspheres.

The second project was to create �uorescent polymer microspheres from

a conjugated polymer and investigate the �uorescence and lasing behaviour

of such microspheres, as well as to achieve control over their surface structure

and internal structure. We discovered that the key to making large, smooth

CP microspheres is to use a low molecular weight CP which can be more

easily dissolved at high concentrations in a hydrophobic, organic solvent.

We were successful in creating MEH-PPV microspheres up to 100 μm in

diameter (10 to 50 times larger than CP microspheres fabricated previously

by other methods) which were 20 times brighter than commercially avail-

able dye-doped microspheres and exhibited lasing, which was not seen in the

commercially prepared microspheres that we used for comparison. The work

98



demonstrated the outstanding �uorescent properties of CP microspheres and

a route toward the development of a new class of ultra-bright microspheres

for diagnostics and imaging.

Many applications of �uorescent microspheres require them to be uniform

and have narrow size distributions. The previous work successfully produced

bright CP microspheres but the size distribution was wide. The �nal project

of this thesis was to fabricate monodisperse CP microspheres and demon-

strate size-control over individual batches. To accomplish this, I built a

micro�uidics system which allowed control over the size of the microspheres

by changing the �ow rates of the polymer and aqueous solutions, resulting

in microspheres with very low dispersities of Ð ≤ 0.02. The liquid micro-

droplets initially formed close-packed lattices and individual microdroplets

exhibited evidence of lasing. I fabricated arrays of solid microspheres from

three di�erent CPs, resulting in red-, green- and blue-emitting monodisperse

microspheres. The results imply that this method is likely applicable to a

wide variety of CPs and could be used in the future to fabricate monodisperse

microspheres from a range of di�erent-coloured �uorescent polymers.

Outstanding problems and possible solutions

During the course of this work, one of the biggest problems we encountered

was the photobleaching of the �uorophores due to photooxidation. In both

the dye-doped polymer microspheres and the conjugated polymer micro-

spheres, photobleaching was obvious in a matter of minutes and stopped

the lasing of the microspheres, often causing obvious colour changes to the

microspheres which we interpreted as oxidative damage to the polymer. We

have to some degree circumvented this problem by encasing the microspheres

in protective layers; silica microspheres attached to a stem were dip-coated

in a protective polymer coating, and free standing CP microspheres were

embedded in a resin layer. However, for the CP microspheres, embedding

them in a layer is an imperfect solution as, by de�nition, they are then no
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longer free standing and cannot be removed for use. It would be better

if, during the fabrication process, an extra step could be added to coat each

sphere individually in a protective layer. This might be achieved with a more

complex micro�uidic system in which, after the initial (hydrophobic) liquid

polymer droplet forms, it is then passed through another junction which adds

a (hydrophilic, immiscible) liquid layer of an oxygen-impermeable polymer

around it. The �nal, solid microsphere would then be a core-shell structure,

protected from photooxidation but still free-standing.

Another problem I encountered is that the size and structure of the mi-

crospheres produced by the micro�uidics method are very sensitive to even

small changes in the drying conditions, with the result that there can be

variability even within the same batch of microspheres. In particular, if the

microspheres move while drying so that some collect in bigger clusters while

others are more dispersed, the `lone' microspheres solidify more quickly than

the `clustered' microspheres, resulting in di�erent sizes and sphericity even

though they all formed from the same monodisperse liquid droplets. So far,

the spheres have been left to dry in a relatively `uncontrolled' environment:

on a shelf in a low-tra�c area. More consistent results could potentially be

achieved if I used a speci�c `drying-stage' on which the samples could dry

horizontally and without room vibrations. The spheres would then not move,

and would dry more consistently.

Suggestions for future research.

The initial motivation for producing lasing microspheres was for their super-

ior brightness, making them promising candidates for sensing applications.

To this end, future work could explore the sensing capabilities of lasing micro-

spheres in air and in water, and demonstrate their suitability for biosensing.

Another interesting direction would be to use the micro�uidics system to

produce microspheres of mixed conjugated polymers. Various morphologies

should be possible, e.g. homogeneously mixed, core-shell, or Janus-type con-
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jugated polymer microspheres. One other option is to investigate the lasing

behaviour of liquid and solid microsphere arrays, where the optical reson-

ances should couple between di�erent microspheres that are in contact with

one another, possibly leading to interactive lasing behaviour including mode

selection and �ltering.

In general, this was the �rst work that produced large �uorescent and

lasing microspheres, and then solved the polydispersity problem. Thus, there

are many future directions one could take to re�ne the structural properties,

establish emission colour control, and evaluate the potential applications of

�uorescent microspheres with strongly enhanced emission intensity.
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