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2(1) Photon pressure has been{used induce the aggregation from solution of a series of

32 photoluminescence conjugated polyelectrolytes containing tetraphenylethene units. These

33 polymers show steady-state and time-resolved emission properties that are dependent on

34 the local chromophore environment that can be influenced by the degree of intra- and inter-

35 molecular interactions, which, enables the photoaggregation process to be monitored by

36 time-resolved fluorescence imaging, techniques. Structural differences in the polymer lead to

37 variations in the phote-induced aggregation behaviour.

38

39

40

41 1. Introduction: N

42

43 . .

44 1.1. Photon Pressure.and Optical Trapping

45 . . .

46 The momentum carried by photons can be transferred from the propagating light beam to

47 matter through the combination of forces induced when light is refracted as it passes from a

48 medium of one refractive /index to a second medium of a different refractive index. The net

49 . : . . . . .

50 force that is/applied to the second medium can be exploited to induce various influences on

51 that medium.,@ne of these effects is the optical force, or pressure, exerted by light incident

52 upon particles smaller than the wavelength of the light. The photon pressure exerted on

53 . .

54 such a Rayleigh particle can expressed as:

55

56 F — %O&VEQ 4 Oé% (E % B) or %O&VEQ =+ nm(EXP>Cscat (1)
7 . . . .

gs where E.and B are the electric field strength and magnetic flux density, respectively, and V

59 represents a gradient with respect to the spatial coordinates. « is the polarizability of the
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particle under the dipole approximation, and when the particle is modelled in a dielectric
medium, « is given by:

3 () -1 )

where 7 is the radius of the particle, n, and n,, are the refractive indices of the particle
and the surrounding medium, respectively, and ¢,, is the permittivity ofsthe surrounding
medium. Cj.; and ¢ represent the light scattering cross section of the nanoparticle, and the
speed of light in a vacuum, respectively.

The transfer of momentum and the resulting forces can bé used te optically trap
particles of a refractive index different to that of their surroundingymedium.[1, 2] This work
culminated in the 50% award of the 2018 Nobel Prize for Physics 46 Ashkin. The photon
pressure effect can be used for applications beyond simply laser trapping large (Mie-sized)
particles.[3] The angular momentum that can be imparted from light 4o birefringent materials
has also led to light-driven rotation in “micromachines” {4}, Photon pressure has been used
to investigate and control the behaviour of polymers: Of particular relevance here is the
photo-induced assembly of polymers and other materials from solution, and light-induced
crystallisation; research areas principally led bysMasuhara and co-workers. Ishikawal5]
used photon pressure to produce reversible microparticles of poly(N-isopropylacrylamide)
through local heating of water by a lasersand the phase transition of the polymer solution.
Conjugation of polystyrene in individual mieron-diameter particles has been investigated
in which double-bond formation in the backbone of the polymer chain that can lead to
polymer degradation, was monitored by.observing the magnitude and duration of emission
from the polymeric particles.[6] Shpaisman et al.[7] used optical traps to influence an
ongoing polymerization process of emulsiomydroplets. Ito et al. [8] demonstrated localised
photopolymerisation of microstructures smaller than diffraction limit of the trapping light by
inducing one-photon UV polymerisation, of liquid acrylate solutions in the optical-trapping
potential of a focused near_IlR-(NIR) laser beam.

1.2. Time-Resolved Fmission Imaging

In most of the above eited works on photon pressure-induced phenomena, steady state
emission techniques and backscattered laser radiation were primarily used to characterise the
optical effects induced by photon pressure, but to date, reports using time-resolved emission
spectroscopictechniques have been very limited. Borowicz et al.[9] used photon pressure to
study microparticle formation of poly(N-vinylcarbazole) in N,N-Dimethylformamide solution
by both steady-state and time-resolved fluorescence measurements. In previous work[10] two
kinds of water-soluble carbazolyl-containing copolymers in aqueous solution were shown to
resultrin the formation of single microparticles. The two different polymers were shown to
photo-aggrégate at different rates. The rate of particle formation and the final particle
size were found to be shorter and larger, respectively, as the carbazolyl content of the
polymer was higher. This indicated that the polarisability of the polymer plays an important
role inithe photon pressure-induced association process. That work was hampered by the
polymers studied only being emissive in the ultraviolet region (requiring a UV microscope
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to perform any time-resolved measurements simultaneous with photon aggregation) and
spectral and temporal changes due to any excimer formation between the carbazolyl groups
were essentially undetectable.

1.3. Aggregation Enhanced Emission

It is well known that the emission of fluorophores is often strongly influenced by their
local molecular environment. One manifestation of this is when the efficiency of. vibrational
and rotational relaxation is decreased (with a reduction in the non-radiative rate constant,
Ky ), for example through molecular adsorption or increased viscosity, resulting in enhanced
emission intensity (and concomitantly extended fluorescence degay times). Molecular
aggregation can also lead to changes in the emission intensify (andyfliorescence decay
timescales); reduced emission (sometimes termed “concentration- or; aggregation-caused
quenching”) can result from processes including electroniéncoupling and non-emissive
aggregate formation, and the reduced molecular vibrational and for, rotational freedom due
to the steric crowding in the aggregated state can lead to the.enhancement of emission.

In this paper we report the use of photonpressure te aggregate a series of new
conjugated polyelectrolytes (CPEs) containing tetraphenylethene (TPE) units.[11, 12] These
polymers are photoluminescent from cyan to red and exhibit enhanced emission properties
due to aggregation, with small spectral shifts and a/marked increase in fluorescence quantum
yield (and hence longer fluorescence decay times), upon changes in solvent quality. These
changes are attributed to the reduction in therateof the non-radiative deactivation pathways
due to restriction of the rotational metion of the groups within the TPE core in the excited
state, as the polymer adopts a more coiled structure to avoid interaction with the poorer
solvent. In the better solventithe molecular configuration will be more open to optimise
these interactions.

Upon photon-induced aggregation, similar restrictions on the non-radiative pathways
might be expected, but will not beseadily identifiable through spectral changes. On the
other hand, the photo-aggregation should be readily detected through changes in emission
decay behaviour. Innthis work we have coupled photon-pressure induced aggregation with
time-resolved emission microscopy techniques. We have monitored the extent of photo-
aggregation by time-resolved fluorescence measurements as a function of irradiation time.
We show significant changes in the fluorescence decay profiles of the polymer as it aggregates,
and that thisd@aggregation is dependent on the polymer structure.

2. Experimental-Methods

2.1. Sample Preparation

A series of ‘conjugated polyelectrolytes (CPEs) containing tetraphenylethene units have been
synthesised and characterised, as reported elsewhere.[11] The molecular structures of the
polyelectrolytes; P17, P2 and P3", are given in Figure 1. Solutions of each polymer
were prepared in dimethyl sulfoxide (DMSO) to concentrations of 100 uM. A droplet of the
solution was placed in a cavity microscope slide (Sailing Boat, cat# 7103), covered with a
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coverslip and sealed with Super Glue.

Dynamic light scattering measurements were performed on solutions offthe same
concentrations as were used for the photoaggregation experiments, using a Brookhaven
system (BI-200SM) based on a HeNe laser at 633nm, and operated in both! multizangle
and 90° modes.

Figure 1: Melecular struetures of P1T, P2* and P3*.

2.2. Photon Pressure and TimQResolved Imaging Apparatus

A schematic diagram of the apparatus is shown in Figure 2. The photon pressure beam was
provided by a continuons wave Nd:YAG laser operating at 1,064 nm (Suwtech, DPIR-2500,
maximum output ="530.mW, TEMy). The beam was expanded using a pair of lenses
(f1=13.86mm and’ f>=50.0mm), spatially filtered through a 25 pm pinhole and introduced
through the modified fluorescence lamp port on the rear of an inverted microscope (Olympus,
IX71). The IR beam was reflected vertically using a low-pass dichroic beamsplitter (Omega
Optical 750DCSPXR) and, filled the back aperture of a microscope objective (Olympus,
UPlan SApo 100x Qil, 1.4 NA), used to focus the light through a coverslip into the solution
of the relevant polymer contained in a concave microscope slide (Figure 3). The maximum
power-of the IR/laser measured at the focal point of the microscope objective was ~20 mW.

The time-resolved emission imaging system comprised a modified Olympus FV300
confoeal-fliorescence scanner unit coupled to the same inverted microscope. The excitation
source was the frequency doubled (400 nm) output of a mode-locked and cavity dumped
Titanium:sapphire laser (Coherent Mira F/APE PulseSwitch). The pulse repetition rate was
adjusted to 5.4 MHz. This beam was delivered by a single mode optical fibre (ThorLabs,



Page 5 of 11 AUTHOR SUBMITTED MANUSCRIPT - MAF-100630.R1

Time-Resolved Emission Microscopy of Light-Induced Aggregation 5

Olympus IX-71 Microscope
Achromatic Single Mode

P T T TP PP PP TP
: Ollluminator H
Reflective Collimator Optical Fibre :

.- FV300scanbox ____________ | Sample:
Y E
x-scan galvo : MO :

Highpass Dichroic H
Beam Splmer/ A T r § .

x FR—
[FWR:

M &

oNOYTULT D WN =

_—_ a0
N = O
h |
1
A

—_
w

i

: Lowpass DM

7 :
. Removable M :

—_
(o)}

—_
~N

SPC PMT

—_
[ee)

M y-scan galvo

Digital
Camera

—_
o}

—_
wv

N
o

NNNNNNNN
NOuUubhwNn-=

ime-resolved fluorescence imaging

N
[ee]

oscope objective lens).

wwwwwwwN
U1 WN =0V

sample solution

w
N

w
[oe]

coverslip

D Ww
- O ©

- 100X objective lens

A A DD DMDDSD
O oONOULL D WN
w2
-
e
—_—
@
—
=
S
<
—
=+
<
=
@]
=
@}
n
(@)
@]
il
@D
w0
=
(o
@D

S305) to the 1cad and collimated with an achromatic reflective collimator (ThorLabs,
RCO02SMA-
centred

[0, B0, ]
- O

beam at the short-pass dichroic beamsplitter and focussed with the

(G0N0, ]
w N

same objective lens. The emission induced by the 400nm beam was collected with the same

d passed through the same dichroic filter. The confocally isolated emission

W detect , following a 520 nm highpass filter, via a modified output port on the scan head,
h

oton counting photomultiplier tube (Becker & Hickl, PMC100). A commercial

-correlated single photon counting system (Becker & Hickl SPC150 card, acquisition
(SPCM 9.78) and SPCImage software (version 7.0)) were used for the acquisition
nd analysis of the time-resolved emission data. The image acquisition was synchronised to

[ NN O, BN, O, BN, O, ]
O Voo NO U b



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MAF-100630.R1 Page 6 of 11

Time-Resolved Emission Microscopy of Light-Induced Aggregation 6

the frame, line and pixel clocks from the scanner. Samples were irradiated with the IR beam
at a fixed fluence for periods of up to two hours. Simultaneously, time-resolved fluorescence
images were recorded covering regions of the sample that included both the bulk solution as
well as the photon-aggregated region; each image was acquired over 10 minutesat b or 10
minute intervals.

3. Results and Discussion

The polymers used in this study possess good solubility in DMSO and display weak emission
in dilute DMSO solution,[11] however, when a large amount of THE, a poor solvent for the
CPEs, is added to the DMSO solution strong emission is observed..The dramatic increase in
emission intensity as the quality of the solvent is decreased is accompanied by a minor blue
shift, but otherwise very little spectral change is observed.[L1] This behaviour is attributed
to the reduced freedom of movement within the molecule due to imereased aggregation of
the molecules in the poorer solvent.

[rradiation of each polymer sample in solution with, the focused IR beam did not
generate any emission from any of the samples, however, over'a timescale of several tens of
minutes of constant irradiation with the focussed TR 'beam the emission intensity gradually
increased at the focal point compared to the bulk selution s observed through conventional
confocal fluorescence and transmission im@ges (not'shown). The enhanced emission intensity
is indicative of a increased local concentratiom.of the CPEs at the focal point induced by
the influence of photon pressure. However, steadysstate (intensity-only) emission maps do
not inform whether or not the emissionuinerease is associated with other processes such
as molecular aggregation. Time-resolvediemission imaging, on the other hand, can clearly
differentiate between simple concentration ehanges and the effects of other photophysical
processes.

Time-resolved fluorescenceimages were generated by scanning the 400 nm mode-locked
laser beam over regions ¢f some tens of microns encompassing the bulk solution and the
focussed IR beam, coupled with confocal fluorescence detection using the TCSPC technique.
The increase in intensity at thefocal point of the IR beam is associated with small increases
in the temporal scales. of thesfluorescence decay behaviour of the polymer. The TCSPC-
generated time-resolved fluorescence images were analysed based on a triple exponential
decay function. Representative time-resolved fluorescence images mapping the amplitude
average lifetite, 7, (Equation 3)[13] for each polymer as a function of irradiation time are
shown in Figure 4. In each case, the 7, images at early irradiation times simply show the
fluorescence decay properties of the polymer in solution.

N
Z a;T;
Tm = i:]%,
D_ai
i=1

Whilst the light-induced aggregated region does not appear significantly different in

(3)

the 7,, maps (Figure 4(a, ¢, e)), the corresponding maps of the 73 component for each
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Figure 4: Time-resolved fluorescente images. mapped as average lifetime, 7, (a, ¢, e) and 73
component (b, d, f) of P17, P2 and P3i, respectively, as a function of irradiation time.

polymer, shown in Figure 4(b, d, f)jillustrate that the emission comprises a significant
contribution from a longer-lived component. This is attributed to the photon pressure-
induced aggregation of the polymer inhibiting rotational motion of the bonds within the
TPE groups and thus providing increased competitiveness of the radiative deactivation
pathway over the nonsradiativespathways. This behaviour is masked /hidden through use of
the average lifetimesdue torthe small pre-exponential factor of the long lifetime component.

Representative fluorescence decay profiles from P27 in DMSO generated from a given
region of pixels'eorresponding to the aggregated areas in the images recorded as a function
of irradiation tinde aré shown in (Figure 5). The increase in fluorescence intensity is clearly
related tosthe increase in the integrated emission of the fluorescence decay profiles as the
aggregated particles form. The decays reach a maximum in their emission timescale and then
become anlittle shortened at long irradiation times. This is attributed to self/concentration
quenching as the particle reaches a given size/density. Similar behaviour was observed for
all three polymer solutions.

Close inspection of the time-resolved emission images (Figure 4) shows that the polymer
P3" aggregated differently to the other two polymers. Rather than producing reasonably
spherical particles, the P31 photon-aggregated region is asymmetrical, forming two “lobes”.
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This is somewhat reminiscent of the behaviour reported for 50-nm-sized polystyrene
beads[14] or silica nanoparticles with different hydrophoebic surface properties[15], in
studies that were restricted to steady-state imaging methods. The time-resolved emission
measurements of the P37 CPE show that thege two “lobes” exhibit different fluorescence

decay characteristics (Figure 6).

= Point 1
= Point 2

Counts
IS
|

Time (ns)

Figure 6: Representativefluorescence decay profiles of P3* in DMSO from two positions in
the aggregate.

The time dependence of the formation of the 73 component for each polymer is plotted
in Figure 7(a). Both lobes of the P3" aggregate reach their maximum value of 73 in
approximately half the time required for the P1* and P21 samples. Intensity profiles across
the aggregated regions were calculated using ImageJ as a function of irradiation time for each
polymeriiThe size of the photo-induced aggregates and the time taken to reach these sizes
aressummarised in Figure 7(b). Polymers P17 and P2" grow to nearly identical sizes and at
similar rates, however, P3" shows grows fast initially, but the overall size of the aggregates
reaches its maximum at a slightly longer irradiation time.
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Figure 7: (a) 73 component and (b) Diameter of photo-aggregated region as a function of
irradiation time.

It is worth reiterating that the P3i exhibits different photophysical behaviour to the
other two polymers. The absorption maxima of P1* and P2" are located at 358 and 346
nm, respectively, whereas the/abserption maximum of P3" is significantly to the red (432
nm) of the other polymers. This was attributed to the strong intramolecular charge transfer
(ICT) from the electron-donating TPE to the electron-withdrawing benzo-2,1,3-thiadiazole
moiety.[11] It maybe possible that this could be associated with the observed difference in
aggregation behaviour between P3* and the other two polymers.

The mechanism of the photon pressure-induced aggregation is not known definitively.
Dynamic light séattering measurements on the same solutions used for the photo-aggregation
indicate that aggregates of 100-300 nm diameter exist in the solution of each CPE sample
prior to the application of the IR beam, so at least in the present case, we speculate that the
photoaggregation is initiated by optically trapping adequately sized small clusters, which
then accumulate at the focal point. The continued aggregation of the CPE chromophores
leads o restriction of the non-radiative deactivation (rotational freedom within the TPE
group) giving rise to longer-lived emission. The polymers continue aggregating to a diameter
of ~2-3 um, at which point the emission begins to decay on slightly shorter timescales,
presumably due to self quenching.
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4. Conclusions

We have demonstrated the value of using time-resolved emission imaging methods coupled
with photon pressure-induced microparticle formation from photoluminescent eenjugated
polyelectrolytes in solution. In particular we show that maps of the individual decay time
components (e.g. 73 in this case) can identify information that is masked in the average
lifetime maps. The CPEs studied exhibit increases in the timescales of their,emission.decay
as they photo-aggregate, attributed to reduced non-radiative deactivation of the eéxcited state
as a consequence of restricted motion within the TPE group. The observed differences in
the aggregation of the P3T compared to the other polymers appear to corrélate with the
different photophysical properties of the CPEs.
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