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ABSTRACT: Synthetic polymers are mixtures of different length chains, and their chain length and chain conformation is
often experimentally characterized by ensemble averages. We demonstrate that Double-Electron-Electron-Resonance (DEER)
spectroscopy can reveal the chain length distribution, and chain conformation and flexibility of the individual n-mers in oligo-
(9,9-dioctylfluorene) from controlled Suzuki-Miyaura Coupling Polymerization (cSMCP). The required spin-labeled chain
ends were introduced efficiently via a TEMPO-substituted initiator and chain terminating agent, respectively, with an in situ
catalyst system. Individual precise chain length oligomers as reference materials were obtained by a stepwise approach. Chain
length distribution, chain conformation and flexibility can also be accessed within poly(fluorene) nanoparticles.

Introduction

Knowledge of the chain length distribution and of chain
conformations are essential to understand and design syn-
thetic procedures, materials properties, and nanoscale struc-
tures.>? Consequently numerous methods to access these pa-
rameters have been developed to a high level and for practi-
cal use. The most prominent and ubiquitious method to ac-
cess molecular weight distributions is size exclusion chro-
matography. More recently, mass spectrometry has also
been advanced considerably for the lower molecular weight
regime, though it is not quantitative. These methods are
based on separation of the sample, prior to detection of its
individual chain length components. Likewise, an experi-
mental determination of chain conformations on mixtures of
different length chains yields an ensemble average only.

We now report double-electron-electron-resonance
(DEER)** studies of spin-labeled oligofluorene mixtures
that give direct access to the chain length distributions and
monitor conformational ensembles and flexibilities® of the
oligomers.

As a probe we chose oligofluorenes from controlled Su-
zuki-Miyaura coupling polymerization (cSMCP).%7 Oligo-
fluorenes are attractive materials due to their photo- and
electroluminescence and light-induced charge generation.®°
cSMCP proceeds in a chain growth fashion.'® The controlled
character of cSMCP allows for an introduction of functional

endgroups at both chain ends.*®*2 cSMCP has been demon-
strated for the synthesis of a scope of polyarylenes, like
poly(fluorenes), poly(thiophenes) and poly(phenylenes).”

DEER is a pulsed electron paramagnetic resonance (EPR)
method to determine distance distributions between para-
magnetic centers. Nitroxide groups, such as 2,2,6,6-tetra-
methylpiperidinyloxyl (TEMPQ) are commonly used as spin
labels. DEER is established in biological chemistry where it
is commonly used to determine distances between a pair of
spins placed in a single defined type of molecule, like a pro-
tein.1*1% In the same way, DEER has also been applied to
defined monodisperse synthetic molecules.6:1”

Results and Discussion

Spin labels were attached at the chain ends of poly(9,9-
dioctylfluorene) (PF8) directly during polymerization by
employing spin-labeled initiators and terminating agents in
an otherwise established controlled SMCP protocol.?011.18
The polymerization was initiated by an in situ system using
chloro[(tri-tert-butylphosphine)-2-(amino-biphenyl)] palla-
dium(Il) as Pd(0) source, and TEMPO-labeled 4-bromoben-
zoic acid which adds oxidatively. Chains were quenched by
addition of TEMPO-labeled 4-carboxyphenyl-boronic acid
pinacol ester end capping agent, resulting in identical chain
termini (Figure 1). The successful incorporation of the
TEMPO labels was confirmed by MALDI-TOF MS, identi-
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fying the doubly labeled polymer chains as major compo-
nent by the isotopic pattern (cf. Figure S 4.1). As expected,
the maximum of the obtained chain length distribution de-
termined by GPC could be adjusted by the ratio of initiator
to monomer in the reaction mixture. Thus, the described in
situ system offers a robust and versatile method for the syn-
thesis of doubly TEMPO labeled conjugated polymers in a
one-step approach.
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Figure 1. Synthetic approach to double TEMPO-labeled oligo- and
polyfluorenes by controlled Suzuki-Miyaura coupling polymeriza-
tion.

For establishing a chain conformation analysis, doubly la-
beled monodisperse oligomers with a precise number of re-
peat units (herein referred to as doubly labeled precise oli-
gomers) were required as a reference. According to reported
procedures, the non-labeled oligo(fluorenes) were built up
stepwise by repetitive cycles of alternating Suzuki-Miyaura
coupling and bromination, starting from the mono- and di-
bromo-substituted fluorene monomers (Figure S 3.2).192
Spin labels were attached to the oligomers by a final Suzuki-
Miyaura coupling step with a TEMPO-substituted mono-
functional arylboronic acid ester. These doubly labeled pre-
cise oligomers from stepwise synthesis are abbreviated as
Pn, with n representing the chain length in the following. Ol-
igomers up to n =5 were synthesized. As the synthetic effort
of the step-by-step approach considerably increases for each
additional monomer unit, reference oligomers with n =5 and
6, abbreviated as Ps” and Ps”, were provided by semi-prepar-
ative GPC fractionation (cf. S 3.2).

As reference, DEER measurements in Q-band for the pre-
cise oligomers were performed upon shock-freezing in tolu-
ene-dg (Figure 2A). The experimental data for all individual
oligomers Pn (with n = 1-4), Ps” and Ps” was fitted (Figure
2A) with the worm-like chain model (WLC),}"?22 ysing
DEERAnalysis.?*2% Assuming that the monomer P:1 with

just one repeat unit is completely stiff, the width of the re-
spective distance distribution can be accounted to the flexi-
bility of the spin-label end group. It can be described by a
Gaussian broadening'®!” with ¢ = 0.06 nm. For all further
experiments, we used this Gaussian broadening to take the
flexibility of the spin-label end groups into account. The per-
sistence length L, is a global parameter for describing the set
of DEER data, the contour length L. was fitted for each oli-
gomer individually. The obtained distance distributions are
shown in Figure 2B, the fit parameters are listed in Table 1.
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Figure 2. Distance measurement by DEER spectroscopy for dou-
bly TEMPO-labeled reference oligomers with n from 1 (top) to 6
(bottom), that is P1, Pz, P3, P4, Ps” and Ps’, in toluene-d8. (A) Back-
ground corrected form factor with model fit (B) Distance distribu-
tions obtained by model fit, normalized to end-to-end distance
probability.

Table 1. Oligomers and parameters of model-based fit with WLC.
Global parameters: Lp= 14 nm and ¢ = 0.06 nm. For P4 an addi-
tional gauss distance was introduced (r = 3.03 nm, ¢ = 0.267 nm,
21 % weighting factor).

Oligomer Lc [nm]
P1 2.90
P, 3.73
Ps 4.56
P4 5.31
Ps’ 6.14
Ps’ 7.02




As an important detail, for P4 we observed occurrence of
three-fold bromination (21 %) in the course of the stepwise
oligomer synthesis (see SI Figure S4.2) and attachment of a
third spin-label in the center of the chain. This results in a
broad additional distance contribution below the expected
end-to-end distance, which is described by an additional
Gaussian in the model (Table 1).

The set of doubly labeled oligomers can be described with
L, =14 nmand L. is approx. (2.1 + n - 0.8) nm. This is in good
agreement, with a monomer length of 0.75 nm, found for
poly(9,9-bis(2-ethylhexyl)fluorene-2,7-diyl) (PF2/6).%

1.00 k - ' '

= A B
o —
£ 095r . S
T 0.90F| . Z
> o
b= | | | [+
E 0.85 §
£ o0.80F \ -

\..ﬁ

0 10 5 10
Time t / us Distance r / nm

Figure 3. Distance measurement of polymer mixture from con-
trolled Suzuki-Miyaura polymerization in toluene-d8. (A) Back-
ground corrected form factor with model fit (blue). (B) Distance
distributions according to the fitted model taking a Poisson distri-
bution for n = 1-7 (blue, solid) and for n > 7 (blue, dashed) with
A =5.4 with fixed global persistence length Ly = 14 nm into ac-
count.

With the WLC parameters for every oligomer in hand,
DEER was applied to an oligomer mixture (Mix) obtained
from controlled Suzuki-Miyaura polymerization (Figure
3A). A monomer to initiator species of five had been applied
in the polymerization experiment.

The accessible range in the distance distribution detected
by DEER is restricted by the dipolar evolution time, which
was limited to 10 ps in our experiments due to spin-spin re-
laxation. Under these conditions, distance contributions and
their width can be detected with an upper limit of 7 nm. The
limit for accurate determination of the shape of the distribu-
tion is 5 nm.* To describe the experimental data, we used a
model containing a superposition of different oligomers each
described by WLC using the parameters obtained for the re-
spected monodisperse reference oligomers (P14, Ps’, Ps)
according to a Poisson distribution with expectation value A.
As parameters for reference oligomers for n > 6 were not
derived individually, we fitted the contour length of an oli-
gomer with n = 7 as an additional parameter in the analysis.

Note that the polymerization mixture contains oligomers
with n > 7, which are beyond the detection limit in our ex-
periment. This does not disturb the analysis of the data for
the oligomers amenable to DEER observation, however. To
illustrate the amount of higher oligomers not observed by

DEER in the overall distributions, these were calculated ac-
cording to the found Poisson distribution (Figure 3B, dotted
line).

In summary, we find that the experimental DEER data is
in excellent agreement with i) a Poisson distribution for the
chain lengths, with an expectation value A = 5.4 and ii) a
chain conformation described by a WLC with a persistence
length of 14 nm. Even when determining the fractions for
each chain length individually in a model free approach, we
find a reasonable agreement with a Poisson distribution (see
Sl S9). The agreement of the experimental DEER data with
a Poisson distribution also allow for additional mechanistic
conclusions on the polymerization reaction. Initiation of
chains occurs very efficiently. That is, the initiating Pd-spe-
cies is formed rapidly and completely in the early stages of
the reaction, and it starts growth of a chain efficiently.

In many instances, solid polyfluorene materials are of in-
terest rather than solutions. An access to chain confor-
mations and chain flexibility in e.g. films or nanoparticles
are desirable as they are instrumental in determining, for ex-
ample, particle shapes. To demonstrate the principal suita-
bility of the method reported also for nanoparticles, we pre-
pared spherical poly(fluorene) nanoparticles (NP) by emul-
sification.?®-%2 The bulk polymer was blended with P1, P2
and Ps3 (4:3:3 doubly labeled species, 0.25 mM overall spin
concentration in particle) by dissolution in tetrahydrofuran
and emulsified in an aqueous solution of sodium dodecyl
sulfate (1.5 wt%) as stabilizing agent by ultrasonication.
TEM and DLS measurements of the resulting stable disper-
sion confirmed the successful fabrication of spherical parti-
cles with an average diameter of approximately 190 nm (Fig-
ure 4A and B, see SI S6 for further characterization).
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Figure 4. Poly(fluorene) particles with incorporated spin-labeled
reference oligomers P1, P2 and P3. (A) TEM image. (B) Particle
size distribution measured by DLS. (C) Distance distributions ob-
tained model fitting with three WLC and DEERNet background.
Fit was performed with fixed persistence length (L, = 14 nm), and
fixed Gaussian broadening o = 0.06 nm. Weights from fit are
w(nl) =0.32, w(n2) = 0.28, w(n3) = 0.40.



Prior to DEER measurements, the particles were purified
by dialysis for the removal of excessive surfactant and
freeze-dried. DEER measurements within the nanoparticle
were performed with a dipolar evolution time of 3 s due to
increased spin-spin relaxation in the protonated environment
of the nanoparticle. T = 1.9 ps compared to 8.0 ps in the
deuterated toluene-d8 matrix. The experimental data can be
described by using contour length and broadening due to
flexibility of the spin-label end group as derived in solution
and fitting the weights for P1, P2 and Ps as well as the global
persistence length for the oligomers. Figure 4c shows the
corresponding distance distribution for spin-labeled oligo-
mers incorporated in nanoparticles. The found fractions of
32 %, 28 % and 40 % are in agreement with the expectations
from sample preparation (see above). We derived a persis-
tence length of L, = 14 nm as found in solution. This sug-
gests a worm-like chain nature with undisturbed flexibility
being retained in the nanoparticles.

Conclusion

In conclusion, we have demonstrated the application of
DEER distance measurements to a real-life synthetic poly-
mer containing a multitude of different chain length species.
The required spin-labeled chain ends could be introduced ef-
ficiently by controlled Suzuki-Miyaura coupling Polymeri-
zation (SSMCP), cSMCP in general being a state-of-the-art
versatile protocol for the synthesis of numerous poly(ar-
ylene)s. The DEER data agrees with a Poisson distribution,
expected for the case of a living polymerization with fast and
efficient initiation, which is given here. The method allows
for the quantification of the individual n-mer populations
and their respective conformations and flexibilities directly
on mixtures. Further, we demonstrated that DEER allows a
quantitative analysis of the oligomer fractions as well as
characterization of conformation and flexibility inside nano-
particles in principle.

The necessity of spin-labeled oligomers is clearly a limi-
tation of the analysis method reported. Thus, it is rather com-
plementary than competitive to established standard meth-
ods for chain length distribution and conformation analysis.
Its strength is access to properties of the individual n-mers
directly on mixtures.
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