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Abstract: Visualization of the amphiphilic interface through fluorescence is of importance to understand the interfacial
phenomena in a non-invasive way. However, there is a scarcity of surfactant conjugated polymers with strong flu-
orescence owing to the difficulty of synthetic procedures employing a hydrophobic polymer backbone with strongly
hydrophilic side-chains. Herein, we report novel fluorescent polymeric surfactants based on conjugated polyelectrolytes
(CPEs) containing zwitterionic and alkyl side-chains. A fluorescent poly(phenylene ethynylene) (PPE) backbone with
amine and alkyl groups was synthesized by Sonogashira-type polymerization. The amines on PPE were treated with 1,3-
propanesultone, resulting in the formation of zwitterionic groups. Stable oil-in-water emulsion was successfully formed
with co-surfactants. The conformations of polymers in different physical states were compared through photophysical
analysis. It was found that the PPE backbone was highly planarized at the oil-water interface with extended n-rt inter-
actions, providing potential applications in the non-invasive visualization of amphiphilic interfaces found in colloids and
biology.
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Introduction interfaces in a non-invasive way, with potential applicability in

colloidal systems and bioimaging. Only a few examples of flu-

Surfactants have been extensively utilized in our daily lives orescent surfactants exist so far, and most of them are based on
and academic research such as in food, cosmetics, pharma- small molecule building blocks.*” Polymer-based fluorescent
ceuticals, and drug delivery."” Fluorescent surfactants provide surfactants have also been developed over the past decades.
further benefits since they are able to visualize the amphiphilic They have advantages over low-molecular-weight counterparts
in terms of high extinction coefficients and quantum yields that

"To whom correspondence should be addressed. result in bright fluorescence, as well as structural complexities
bkoo@dankook.ac.kr, ORCID0000-0003-0681-8084 and nanostructures which are originated from large macro-
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molecules.® For example, the Swager group reported several
surfactant-type poly(phenylene ethynylene)s (PPEs) that can
be localized at the air-water interface or can stabilize oil drop-
lets in water.”"' These PPEs have different backbone con-
formation with different optical properties between bulk (3D)
and interface (2D) owing to the varied degree of spatial con-
finement, which differentiates them from the corresponding
small-molecule based fluorescent surfactants.

Fluorescent polymeric surfactants require a luminescent
main-chain with both ionic and alkyl side-chains. These sur-
factants are derivatives of conjugated polyelectrolytes (CPEs)
which possess a conjugated backbone and ionic side-chains. In
particular, CPEs are versatile materials incorporated in various
optoelectronic devices, wherein interfacial engineering with
CPEs confers advantages such as tuning the work function and
interfacial energy barriers.'*'> With the broad utility of CPEs in
mind, we were interested in the synthesis of amphiphilic, flu-
orescent CPE-based materials by attaching additional alkyl
chains to them. Previously, the Schanze group and others
reported various types of CPEs,'¢ and we chose to focus on the
polyampholytes'’ that have both cationic and anionic func-
tional groups in different repeat units, as shown in Figure 1
(PPE-NMe;-SO;5™ and PPE-NMe; -COQ). This polymer indi-
cated pH-responsiveness due to carboxylates, which, on the
other hand, could imply that the polymers may not be stable as
surfactants in various pH.

In order to synthesize stable surfactant-type CPEs, zwit-
terionic side-chains may be more desired. Zwitterions have

Figure 1. Overview of this work: (a) Previously, PPE-NMe;"-SO5"
and PPE-NME;"-COO" were reported as polyampholytes; (b) In this
work, one of the ionic groups can be moved to form zwitterions,
providing an empty space for further derivatization with alkyl
groups (dashed circles).
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advantages in that they have fixed, permanent charges that are
robust in different conditions such as various pH and tem-
perature. In addition, zwitterions are known to have high water
solubility and thus help hydrophobic moieties become com-
patible with water. Therefore, they have been employed in a
variety of applications from nanotechnology to industry.'*?' To
produce this zwitterion, we designed the target polymer as
shown in Figure 1(b). In contrast to the previous polyam-
pholyte-type polymers, the zwitterionic groups can make addi-
tional space for further derivatization (dashed circles in Figure
1), wherein alkyl chains can be introduced in this work, and
various functions can also be appended for tailored applica-
tions.

Experimental

General. Chemicals were purchased from Aldrich (USA),
Alfa Aesar (USA), and TCI (Japan) without further purifi-
cation unless noted otherwise. Nanopure water (18.2 M{/cm)
for preparing emulsions was obtained with a Fisher Scientific
barnstead nanopure system (USA). All reactions were carried
out under argon with standard Schlenk techniques. Monomer 4
from 1,4-dimethoxybenzene was synthesized by following the
literature procedures or slight modifications thereof.”*

All '"H NMR and "*C NMR spectra were reported in ppm on
a Bruker Avance-400 (USA). 'H NMR was referenced to a
chloroform peak (6 = 7.26 ppm) or a dimethyl sulfoxide
(DMSO) peak (6 = 2.50 ppm). The multiplicity was reported
as follows: s = singlet, d = doublet, dd = doublet of doublet, t
= triplet, q = quartet, p = pentet, m = multiplet or unresolved,
and br = broad. Coupling constants J were reported in Hz. *C
NMR was referenced to a chloroform peak (6 = 77.16 ppm).
High-resolution mass spectra (HRMS) were obtained using
electrospray ionization (ESI) or direct analysis in real time
(DART).

THF gel permeation chromatography (GPC) was performed
with a concentration of 0.5 mg/mL on an Agilent 1260 Infinity
system equipped with three PLgel columns (10°, 104, 10° A) in
series (USA), calibrated with monodisperse polystyrene stan-
dards.

UV-vis spectra were recorded on Agilent Cary 4000 spec-
trometer (USA) at room temperature. Fluorescence measure-
ments were performed at room temperature with a Horiba
Jobin Yvon SPEX Fluorolog-t3 fluorimeter (model FL-321,
450 W Xenon lamp, Japan) using right-angle conformation for
solution and front-face conformation for thin films. For sample
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preparations of photophysics measurements, the solutions were
prepared in appropriate solvents (chloroform or DMSO,
depending on the solubility) with 10°-10° M. The solid state
films were prepared on glass by spin-coating the chloroform or
DMSO solution with the polymer (1-5 mg/mL), with 1000-
3000 rpm for 60 s.

Dynamic light scattering (DLS) data were obtained on a
NanoBrook Omni particle size analyzer (Brookhaven Instru-
ments, USA) and analysed with Particle Solutions software
(version 2.6).

Monomer Synthesis and Polymerization. 1,4-bis(3-
bromopropoxy)-2,5-diiodobenzene (2): To the flame-dried
Schlenk flask, 1,4-dihydroxy-2,5-diiodobenzene (1) (1.5 g,
4.14 mmol, 1 equiv) and dibromopropane (10.04 g, 49.74
mmol, 12 equiv) were added and dissolved in dimethyl for-
mamide (DMF) (40 mL), followed by the addition of potas-
sium carbonate (1.72 g, 12.43 mmol, 3 equiv). The mixture
was stirred at 60 °C for 23 h. The solvent was evaporated in
vacuo. Water and diethyl ether were added and the aqueous
layer was extracted, and the combined organic layer was
washed with water and brine. The organic phase was dried
over MgSO,, filtered, and concentrated. The crude material
was purified by column chromatography (hexane:DCM = 4:1),
producing a white solid. 45% yield (1.13 g). 'H NMR (400
MHz, CDCl;) 8 7.21 (s, 2H), 4.09 (t, J = 5.6 Hz, 4H), 3.69 (t,
J = 6.4 Hz, 4H), 2.41-2.27 (m, 4H). HRMS calculated for
C,HBr,,O, (IM]") 603.7429; found, 603.7420.

3,3'-((2,5-diiodo-1,4-phenylene)bis(oxy))bis(N, N-
dimethylpropan-1-amine) (3): To the flame-dried Schlenk
flask, 1,4-bis(3-bromopropoxy)-2,5-diiodobenzene (2) (980
mg, 1.62 mmol, 1 equiv), potassium carbonate (897 mg, 6.5
mmol, 4 equiv), and potassium iodide (11 mg, 0.065 mmol,
0.04 equiv) were added. The mixture was dissolved in ace-
tonitrile (50 mL), followed by the addition of dimethylamine
(1.95 mL of 2 M solution in THF, 3.9 mmol, 2.4 equiv). The
mixture was stirred at 70 °C for 24 h. After cooling down to
room temperature, the solvent was evaporated in vacuo. Water
and ethyl acetate were added, and the aqueous layer was
extracted. The combined organic layer was washed with water
and brine. The organic phase was dried over MgSO,, filtered,
and concentrated. The crude material was purified by column
chromatography (DCM:MeOH = 5:1 with 3% triethylamine
added), after which the fractions were filtered with a 0.45 um
syringe filter. 59% yield (511 mg). 'H NMR (400 MHz,
CDCl;) 6 7.20 (s, 2H), 3.99 (t, J= 6.2 Hz, 4H), 2.52 (t, J=7.2
Hz, 4H), 2.28 (s, 12H), 2.03-1.92 (m, 4H). HRMS calculated

for C,sHyLN,O, ((M+H]") 533.0162; found, 533.0152.

P1: To the flame-dried Schlenk flask, a dialkyne monomer
4 (115 mg, 0.3 mmol, 1 equiv), a dihalide monomer 3 (168
mg, 0.315 mmol, 1.05 equiv), Pd(PPh;), (17 mg, 0.015 mmol,
5 mol%), and Cul (5.7 mg, 0.03 mmol, 10 mol%) were added.
The flask containing reagents was evacuated and back-filled
with argon for 5 times. The dry morpholine (12 mL) which
was degassed with argon for 30 min was added. The reaction
mixture was stirred for 30 min at room temperature to com-
pletely dissolve all the materials, followed by stirring at 65 °C
for 14 h and then at 75 °C for 70 h. After cooling down to
room temperature, the crude mixture was concentrated in
vacuo, diluted with DCM, and filtered through a short plug (1-
2 cm) of silica gel. After being concentrated in vacuo, the
crude mixture was precipitated in DCM/methanol and cen-
trifuged 14000 rpm for 10 min. The precipitates were filtered
and washed with methanol, producing a solid product (143 mg,
72% yield). '"H NMR (400 MHz, CDCl;) & 7.05 (s, 2H), 7.02
(s, 2H), 4.10 (t, J= 6.0 Hz, 4H), 4.04 (t, J= 6.3 Hz, 4H), 2.56-
2.47 (m, 4H), 2.25 (s, 12H), 2.06-1.97 (m, 4H), 1.89-1.80 (m,
4H), 1.63 (br, 4H), 1.27 (br, 16H), 0.89 — 0.81 (m, 6H). Proton
numbers that are only in the repeat unit are indicated. GPC
(THF): M, = 1.9 kDa, D = 2.87, M, = 3.9 kDa. Degree of
polymerization = 3 (based on M,) or 6 (based on M,).

P2: To the flame-dried Schlenk flask, P1 (50 mg, 0.076
mmol based on repeat unit) was dissolved in THF (1 mL), fol-
lowed by the addition of 1,3-propanesultone (22 mg, 0.016
mL, 0.18 mmol). The mixture was stirred at 40 °C for 14 h.
After cooling down to room temperature, ethyl acetate was
added to form precipitates. After centrifugation at 14000 rpm
for 10 min, the precipitates were filtered, producing an orange
solid (61 mg, 89% yield). 'H NMR (400 MHz, DMSO-d;) &
7.23 (s, 2H), 7.20 (s, 2H), 4.16 (br, 4H), 4.07 (br, 4H), 3.47 (br,
8H), 3.03 (br, 12H), 2.41 (br, 4H), 2.20 (br, 4H), 1.96 (br, 4H),
1.73 (br, 4H), 1.46 (br, 4H), 1.31-1.20 (br, 16H), 0.81 (br, 6H).
Proton numbers that are only in the repeat unit are indicated.

Polymer Aggregation and Emulsion. For aggregation, P2
was first dissolved in DMSO. Then DMSO (0.1 mL) was
injected into deionized water (2.9 mL), and absorption and
emission spectra were taken. For emulsion, deionized water
(4.5 mL, containing 5 mM SDS and 10 mM NaCl) and hexa-
decane (0.5 mL, containing P2) were mixed and vortexed for
1 min, after which fluorescent emulsion was formed. DLS and
emission spectra at each time point (6, 18, 30, and 42 h) were
taken. UV-vis spectra could not be taken due to the cloudiness
of the emulsion.
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Results and Discussion

The synthetic procedure to produce zwitterionic, fluorescent
surfactant CPEs is outlined in Scheme 1. Similar to the pre-
vious work in Figure 1, we targeted PPE (specifically P2) as
a fluorescent polymer scaffold because PPE has a high extinc-
tion coefficient and fluorescence quantum yield as a conse-
quence of the direct optical bandgaps and rigid excited-state
structures.”** The synthesis started with 1,4-dihydroxy-2,5-
diiodobenzene (1) that underwent an alkylation reaction in the
presence of potassium carbonate and excess 1,3-dibromopro-
pane (Williamson ether synthesis). It is important to keep the

Scheme 1. Reaction steps to synthesize P2.
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Figure 2. Partial '"H NMR spectra of (a) P1; (b) P2.
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1,3-dibromopropane excess to prevent unwanted double sub-
stitution of 1,3-dibromopropane. Subsequent amination with
N,N-dimethylamine produced a diamino compound (3) that
would be able to undergo zwitterionization in the post-polym-
erization modification stage (vide infra).

A Sonogashira-type cross-coupling polymerization reaction
was executed with dioctoxy-diethynylbenzene (4) and diamino-
diiodobenzene (3) in the presence of Pd(PPh;), and Cul, result-
ing in the formation of P1. The dihalide monomer (3) was
added with a 5% excess in order to keep the end-groups being
aryl halides instead of alkynes since, if alkynes were added in
excess, the residual copper and ambient oxygen present during
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the purification steps could trigger a Glaser-type coupling reac-
tion between alkynyl polymer end-groups, increasing the
polydispersity. The molecular weights (MW) of 1.9 kDa (num-
ber-average MW, M,) and 3.9 kDa (peak MW, M,) were
obtained with the polydispersity of 2.89. These M, and M, cor-
respond to the degree of polymerization of 3 (six of alkyne-Ph
moieties) and 6 (twelve of alkyne-phenyl moieties), respec-
tively. Although the molecular weight was not high, it is
enough to perform a spectroscopic analysis because PPEs are
known to have an effective conjugation length of 3 (six of
alkyne-Ph moieties).”® This means that the current polymer can
show photophysical properties (vide infra) that are equivalent
to the PPEs with higher molecular weights.

Quaternization of P1 proceeded in the presence of 1,3-pro-
panesultone at 40 °C overnight, resulting in the formation of
zwitterionic polymer P2. Zwitterionization was confirmed by
nuclear magnetic resonance (NMR) spectroscopy, as shown in
Figure 2 (full NMR spectra are displayed in Supporting Infor-
mation). The characteristic signal transition upon zwitterion-
ization can be examined by tracking the chemical shift of the
two methyl groups (al in Figure 2) in the tertiary amine.
Before quaternization, they appeared as one singlet at 2.25
ppm. After quaternization, as a consequence of the positive
charges as well as the hyperconjugation effect, a downfield
chemical shift was observed, resulting in the appearance of a
singlet at 3.03 ppm (Figure 2(b)). The complete disappearance
of the peak at 2.25 ppm indicates that the quaternization was
quantitative. Another evidence of quaternization can be
obtained from the chemical shift of bl (2.53 ppm in Figure
2(a)) which moves to b2 (3.47 ppm in Figure 2(b)) upon qua-
ternization due to the same reason as in al.

The absorption and emission spectra of P1 and P2 in the
solution are displayed in Figure 3. P1 shows the absorption
and emission maxima at 427 nm and 469 nm, respectively,
with the Stokes shift of 42 nm. These values are consistent
with the typical photophysical data from the PPE-type back-

bone, !

indicating that P1 has reached the effect conjugation
length. P2 has the absorption and emission maxima at 423 nm
and 472 nm, respectively. The Stokes shift of 49 nm was
slightly higher than that of P1.

Next, the emulsion formation and related photophysics were
studied. First, it was found that P2 by itself was not able to
form a stable emulsion. The reason may be related to the dif-
fusion kinetics of this polymeric surfactant, wherein generally
the rate of adsorption of polymeric surfactants to the oil-water
interface is believed to be slower than the collision between oil

Figure 3. Photophysical data of (a) P1; (b) P2 in solution.

droplets, resulting in the coalescence of droplets. On the other
hand, small molecular emulsifiers are believed to diffuse faster
to form stable droplets.”’ A mixed surfactant strategy with
small molecules and polymers was implemented so that there
would be enough time for polymeric surfactants to be adsorbed
at the interface. Therefore, sodium dodecyl sulfate (SDS) was
used as a co-surfactant because it is one of the most widely
used ionic surfactants and is known to form stable oil-in-water
emulsions.”® Emulsion was prepared by taking 4.5 mL of 5
mM SDS and 10 mM NaCl in water, to which 0.5 mL of hexa-
decane containing P2 was added. The mixture was vortexed
for 1 min, and the size of emulsion as well as photolumi-
nescence spectra were recorded at each time point (Figure 4).
The sizes of droplets were each at around 1200 nm at 6 h and
maintained around 350 nm after 18 h of incubation. The inset
displays the picture of the emulsion sample at 18 h before (left)
and after (right) the irradiation under a handheld UV lamp at
365 nm. Since the sizes of the droplets were less than the
wavelength of visible light, they looked relatively transparent.
Emission spectra of this emulsion sample at each time point
are displayed in Figure 4(b). The most probable transition (0-
0) was observed at 478 nm in all experimental times, which
was 6 nm red-shifted from that of the solution, indicating that
polymer backbones are planarized at the oil-water interface. In
particular, the emission transition at 501 nm was also sub-

Polym. Korea, Vol. 45, No. 4, 2021



646 B. Koo

(a)

1200
1000 |-

800

Size (nm)

600 ‘ ‘

400 |

200 Il 1 L 1
10 20 30 40

Time (h)

(b)

—6h
478 501 ——18h
1.0} ——30h

——42h
08|
0.6}

04+

Fluorescence (Norm.)

021

0.0 | , .
400 500 600 700
Wavelength (nm)

Figure 4. Characterization of the emulsion prepared from P2 with
SDS as a co-surfactant: (a) the size of the emulsion over time with
photographs of the emulsion at 18 h, before (left) and after (right)
irradiation at 365 nm; (b) emission spectra at each time point.

stantially increased compared to the solution, implying that the
planarization and concomitant interpolymer interaction (m-mt
electronic communication) were highly significant.”**! Slight
fluctuation of this peak over time was observed, but the exact
reason is currently unrevealed.

In order to further investigate the different physical states of
P2, we prepared aggregation in solution and thin films and the
corresponding absorption and emission spectra were measured
(Figure 5). The aggregation was formed by taking 0.1 mL of
P2 in DMSO (good solvent) and adding 2.9 mL of water (poor
solvent). The absorption spectrum shows one maximum at 431
nm with another red-shifted maximum at 449 nm, which indi-
cates the planarization of PPE backbone from H-type aggre-
gates. The emission peak was observed at 470 nm, which is
similar to the solution, although the quantum yield would be
very low. Owing to the aggregation-induced fluorescence
quenching, this 470 nm signal is presumably originated from
the residual P2 dissolved in the solution (3.3% DMSO in
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Figure 5. Photophysical properties of P2 in different states (solu-
tion, aggregation, thin film, and emulsion): (a) absorption spectra;
(b) emission spectra; (c) tabulation of absorption and emission max-
ima.

water), not from the aggregates. For thin films, the absorption
and emission maxima were recorded at 431 nm and 479 nm,
respectively. These red-shifted maxima compared to the solu-
tion indicate that the planarization is induced in the solid state.

Regarding the comparison of the emulsion and thin films,
the emission maxima were quite similar to each other, except
the peak at 501 nm from the emulsion. This signal could sug-
gest that P2 would adopt planar conformation as well as form
strong m-m interactions because polymer chains have enough
time to diffuse to the oil-water interface. On the other hand, P2
in thin films would be in a kinetically trapped state, wherein
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the planarization did occur but long-range interpolymer n-n
interactions might not be formed.

Conclusions

We herein report the synthesis of zwitterionic fluorescent
CPEs and their application in oil-in-water emulsion formation.
The polymer precursor P1 has both alkyl and amino groups,
and subsequently the amino groups underwent zwitterioniza-
tion with 1,3-propanesultone. The NMR analysis demonstrated
the quantitative zwitterionization of P1. With SDS as a co-sur-
factant, stable emulsion with P2 was formed, wherein P2 was
successfully localized at the oil-water interfaces. The local-
ization and related photophysical properties from the emulsion
were compared with solution, aggregation, and thin films of
P2, indicating that the strong, long-range n-r interaction was
present at the interface of emulsion. We believe that this work
suggests a new class of CPE-based fluorescent surfactants for
interfacial visualization and for future applications in which
the understanding of interfacial phenomena is critical, such as
in colloids and biology.
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