Long Stokes shifts and vibronic couplings in perfluorinated polyanilines
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We report the effect of surfactant addition on the optical properties
of perfluorinated polyanilines synthesized through liquid-liquid
interfaces. We obtained very long Stokes shifts, 205 nm, for
oligomers derived from a hydrofluoroether-water system in the
presence of Triton X-100 as a surfactant, and vibronic fine features
from a toluene-water system.

Light emitting polymers have found numerous applications in
biomedicine [, as components of light emitting diodes [2! and
as optical sensors. Bl An interesting class of fluorescent
polymers are the fluorinated polyphenylenes that exhibit
unusually high quantum yields in the region of 68 %. 4l This very
bright blue fluorescence was attributed by the authors to the
presence of electron withdrawing fluorine groups that also have
the ability to reduce the HOMO and LUMO levels making the
polymers suitable for electro-optic devices. Among the various
methods for the synthesis of conjugated and/or conductive
polymers, interfacial complexation/polymerization emerged as
an important strategy for the synthesis of photo functional
single layers B3], nanofibers 67, fluorescent perfluorinated
polymers B, and noble metal nanocomposites [, with
polyaniline nanostructures proven to be extremely efficient gas
sensors 101 In a previous work by Dallas et al. [8 the light
emitting properties of perfluorinated oligoanilines based on 3-
perfluoroctyl aniline were rationalized through structural
differences in the polymer backbone, variations of which were
synthesized through five different organic-aqueous interfaces
with interfacial tensions ranging from 28 to 52 mN/m. 11 A
series of materials have been synthesized through interfaces,
examples include nanoscale mirrors 1121 and DNA driven
nanoparticle arrays [13], while the absorption and desorption of
ions in interfaces has been utilized towards the control of
nanomaterials assembly. 141 In order to reduce and control the
surface forces, a series of surfactants have been employed,

even for unconventional systems and niche applications such as
supercritical CO,-water 151 and fluorocarbon-water, alongside
the conventional water-hydrocarbon system. [16]

In this work we focused our study on two different liquid-liquid
interfacial polymerization systems, toluene-water and
hydrofluoroether (NOVEC™ 3M 7300; HFE)-water for the
polymerization of 4-perfluoroctyl aniline, with the addition of
two different surfactants, Triton X-100 and triethylene glycol
diethyl ether. We performed FTIR/Raman and 'H and COSY
NMR spectroscopic analyses in order to identify the molecular
structure of the products. Interfacial polymerizations in
dichloromethane or chloroform as the organic phases were also
conducted. Unique vibronic features were observed in the
fluorescent oligomers derived from a toluene-water interface
and we elucidated the structure of two core oligomers. This
interesting observation was coupled with an unusually high red
shifted photoluminescence pattern observed for the samples
synthesized from HFE-water system with the addition of
surfactant. For the latter case, the fraction with the highest
Stokes shift showed a Aern= 575 nm at a Aex= 370 nm, one of the
longest Stokes shifts reported to date.

It is expected that organic solvents with significantly variable
interfacial tension and characteristics will lead to differences in
the oxidation and protonation states and molecular weight of
the synthesized polymers. In order to tune the characteristics of
the interface, the surfactant employed was Triton X-100 with a
critical micelle concentration of 0.25 mM (0.162 mg/ml). To that
end, the polymerization took place at concentrations below
(toluene-water with 0.125 mg/ml of surfactant) and above the
critical micelle concentration (1.25 and 12.5 mg/ml for toluene-
water and 1.75 mg/ml for HFE-water system). When the more
hydrophilic triethylene glycol was used instead of Triton, the
polymerization proceeded at a significantly slower rate and did
not lead to a stable film on the interface; instead we obtained
an amorphous precipitate, probably due to its reducing agent
character and hydrophilicity. We confirmed the effect of
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surfactant in the crystal packing of the thin films through Raman
spectroscopy (Fig.S9). The monomer demonstrated a spectrum
implying higher crystallinity. However, in the materials
synthesized with Triton, three new peaks with relatively strong
intensity appear in the C-N region, at 1148; 1402 and 1462 cm-
1. Furthermore, the films synthesized without surfactant and
below CMC had identical Raman peaks, similar for the two
samples the CMC. The polymerization reaction
responsible for the formation of polyaniline chains is an

above

electrophilic substitution. The attacking molecule is oxidized
and acts as an electrophile. 171 We have to consider that
strongly electron withdrawing groups like CyFis
electrophilic attack to the meta position. On the other hand, a
strongly activating group such as NH, directs the electrophile to
the ortho or para position. In the perfluorinated aniline the para
position is occupied by the perfluorinated chain. The ortho
position for the NH; is identical with the meta position for the
electron deactivating group so we suspect that the substitution
occurs favourably at the proton next to the NH, as indicated in
Fig.1b. Fig.1 shows the different orientations of a surfactant in
the hydrocarbon-water and the fluorocarbon-water interface.
In general fluorocarbons have a much weaker affinity with
water compared to hydrocarbons, hence we assume that the
amphiphilic arrangement of Triton on the HFE/water interface
will be in a less dense arrangement compared to the toluene or
chloroform-water. [181 MALDI-TOF experiments (Fig.S7-8)
demonstrated a different fragmentation and ionization for the
HFE derived samples with fragments corresponding to 5 or 6
sub units while for the toluene derivatives, no fragments with
more than 3 or 4 subunits appeared.
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Fig.1. a) A schematic representation for the formation of
micelles and the interface structure when no surfactant is
added; when it is added in a hydrocarbon-water system; and in
a fluorocarbon-water system. b) Promoted positions of
electrophilic attack on 4-perfluoroctyl aniline. c) The interfacial
polymerization from an HFE-water system with, from left to

right, the following amounts of monomer (x), acid (y), oxidant
(z), surfactant (s): a) x =240 mg, y = 0.1 ml, z = 240 mg, s =14
mg; b) x =240 mg, y = 0.3 ml, z=720 mg, s =50 mg; c) x = 240
mg, y = 0.3 ml, z=720 mg, s =68 mg. Notice the migration of
greenish oligomers to the aqueous phase in (c).

After the completion of the reaction and filtration of the films,
we then proceeded to separate the soluble oligomers through
silica column chromatography. We evaporated the reaction
solvent after filtration and again dissolved the oligomeric
materials in toluene since it has the optimum interaction with
silica. We initially characterized the soluble fractions with UV-
vis spectroscopy and the spectra are shown in Figure 2b for all
the toluene-water derivatives. We present the different
isolated, soluble fractions when 0, 1, 10 and 100 mg of Triton X-
100 was added in the aqueous phase. When small chlorocarbon
solvents such as dichloromethane and chloroform were tested,
they resulted in polymers with very small Stokes shifts. FTIR
spectroscopy provided a first indicative picture on the structure
of the materials. The NH; bending vibration appears with strong
intensity at 1630 cm-! for the monomer but with substantially
lower intensity for the oligomers, due to the significantly lower
percentage of unreacted NH; groups in the fractions.
Furthermore, the peak splits to weak vibrations at 1637, 1620,
1610 cmY, signalling different N-H environments, in accordance
with NMR observations (Fig. 2-3 and S10). When Triton X-100
was added in the toluene-water system, due to its affinity with
the toluene phase it migrated to the organic phase and acted as
a counterbalancing anion. We were able to confirm this from
the strong symmetric and asymmetric —C-H vibrations in the
FTIR spectrum accompanied by the absence of the —OH
vibration, signalling the presence of anionic oxygen group as
counter anion.
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Fig.2. a-1/Il) FTIR spectra for the monomer (black); the soluble
oligomeric fraction derived from HFE-water with Triton (blue);
and the soluble oligomeric fraction derived from toluene-water
with 100 mg Triton (green). b) UV-visible spectra for all the
water-toluene fractions.

The H NMR spectra for two representative samples derived
from toluene-water systems are presented in Fig.3. As
discussed, the preferred available site of electrophilic attack is
the ortho- position relative to the amine group. We suggest a
step-growth reaction mechanism which, for the sample from

water-toluene Fr.1-no Triton, culminates in an oligomer



consisting of five monomer units and incapable of polymerising
further due to steric hindrance. The material is in the fully
oxidised pernigraniline form. In addition to more peaks in the
aromatic region (7.93;7.91-7.59;7.54;7.53-7.33;7.31;7.29;
ppm), the sample from a Triton addition displays an extra peak
at 9.72 ppm which has been repeatedly assigned to the amine
group of a leucoemeraldine structure in conventional aniline
oligomers. 19 Unfortunately, the samples derived from HFE
present much more complicated spectra (see S.l). The
abundance of unique aromatic proton environments indicates
that a variety of cross linked structures are present.
Furthermore, while only one peak for terminal —NH; groups can
be seen in the toluene derived samples, the HFE derivative
exhibits three terminal amine peaks, a further indication that an
—NH; group will further red shift the emission. These findings
are in good agreement with the MALDI-TOF data indicating
increased cross-linking for the HFE derivatives.
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Fig.3. 'H NMR data for samples derived from toluene without
surfactant, and from toluene with the addition of 10 mg Triton
(Fr.1). We assign two core oligomers, a fully oxidized
pernigraniline and a further cross-linked structure. The 2-D
COSY NMR (Fig.S10) supports the structure assigned in the 1H
NMR. The doublets of protons a and b are coupled in the same
benzene ring, as are the doublets of protons d and e.

The excitation dependent photoluminescence (PL) maps from
dichloromethane, chloroform, toluene and hydrofluoroether-
water systems in the absence of any surfactants are shown in
supporting information section. In Fig.4 we present the PL maps
for the toluene-water system with the addition of Triton. We
chose to focus on the toluene and HFE systems since they
exhibit the longest Stokes shift and unique vibronic features in
the PL spectra, of greatest interest for our work. While the
three

Excitation (nm)

isolated fractions from the system without any surfactant (S.l)
demonstrate only a weak ultraviolet emission, we observe an
interesting trend in the toluene-water/Triton systems with the
addition of Triton. The first fraction with low retention time
exhibits a red shifted pattern with pronounced vibronic
features, which nearly disappears in the second fraction of
higher retention time. The quantum yield (QY) for the fraction
exhibiting the unique vibronic features from toluene solution
was calculated to be 2.2 %; for the sample with vibronic features
derived from HFE (Fr.1) it was 5 %; while for the sample with the
exceptionally long Stokes shift, derived also from HFE, the QY
was significantly lower, 0.5 % (see Figure S11). Finally, the molar
extinction coefficient was calculated using pyrene as a
reference for the Fraction 1 from toluene (Figure S13). For the
maximum absorbance located at the ultraviolet region it was
4536 and for the visible region absorbance (n>p* transition),
687 cm™/M. The concentration was 0.26 mg/ml (0.085 mM).
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Fig.4. Excitation dependent photoluminescence maps for the
toluene derived first fractions, when synthesized with the
following amounts of Triton X-100 (a) 1 mg (b) 10 mg (c) 100 mg.
d) Time resolved fluorescence for the sample (b), Fraction 1. The
lifetimes are indicated in parentheses.
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While the first fraction derived from the hydrofluoroether
(Fig.5), in the presence of Triton demonstrated a pattern with
strong vibronic couplings, similarly with toluene derived sample
separated by 1281 and 1414 cm (Table 1 in S.l.;), for the
second fraction, unusually high Stokes shift of more than 200
nm where observed. Typical values for other organic
fluorophores are in the range of 90 nm, for example carbon dots
with blue emission, 29 with many red fluorescent dyes currently
finding applications in cell labelling, 21 while the tailored
fluorophores synthesized from 9-(acylimino)- and 9-
(sulfonylimino)pyronin have exhibited Stokes shifts in the range
of 200 nm. (221 On the other hand inorganic quantum dots like
CulnS,/ZnS QDs possess the dual advantages of unusually high
quantum yields in the region of 81% and large Stokes shifts of
more than 150 nm and osmium complexes show Stokes shifts
of 320 nm. [23a-b] While the first fraction consists clearly from a



single fluorophore, from the PL maps it appears that the Fr.2
and Fr.3, probably consist from a strongly fluorescent and
additional weekly fluorescent components. The decay lifetimes
recorded for three representative samples: the first fraction of
the toluene-Triton system with strong vibronic features, and the
first two fractions derived from HFE. The toluene-Fr.1 and the
HFE.Fr2 samples demonstrate an ultrafast first component (S;
to S; transition) and a subsequent monoexponential decay from
S1to So. The longest lifetime was derived from the first HFE
fraction and it was 2.65 nm at a Aem= 596 nm. Similar ultrafast
biexponential dynamics and vibronic features observed in
micellar and vesicle solutions of fluorophores, such as coumarin
153. [2526] A monoexponential decay was observed for the
HFE.Fr.1 sample with similar lifetimes.
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Fig.5. a) Images under 400 nm laser irradiation for Fr.1
(greenish) and Fr.2 (yellowish). (b-d) PL maps and the UV-Vis
spectra (e) for the three separated fractions of the HFE-water-
Triton system. The strong band at 465 nm is associated with
conjugated aromatic amine polymers (n-p* transition). 241 f-g)
Time resolved fluorescence for the first two fractions.

In summary, we have seen large Stokes shifts and distinctive
vibronic features and fine structures in the fluorescence of
perfluorinated polyanilines through the incorporation of Triton
X-100, in the aqueous phase against a perfluorinated ether and
toluene respectively. We identified two distinctive core
oligomeric units responsible for the fine features in the
fluorescence spectrum while a further cross linked structure
with amine pendant units is responsible for the red shifted
emission.
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