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Multicomponent Interdiffusion and Self-Diffusion of the Cationic
Poly{[9,9-bis(6’-N,N,N-trimethylammonium)hexyl]fluor ene-phenylene}
Dibromide in a Dimethyl Sulfoxide + Water Solution®
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The diffusion behavior of the conjugated polyel ectrolyte poly{ [9,9-bis(6’-N,N,N-trimethylammonium)hexyl]-
fluorene-phenylene} bromide (HTMA-PFP) with different molecular weights has been studied in dimethyl
sulfoxide (DM SO) + water solutions. Samples of HTMA-PFP with various molecular weights were obtained
by synthesis of poly[9,9-bis(6"-bromohexyl)fluorene-phenylene] viaa Suzuki coupling reaction, characterized
by size exclusion chromatography (SEC), and quaternized with trimethylamine. Multicomponent chemical
interdiffusion coefficients (mutual diffusion coefficients) were determined for solutions of HTMA-PFP and
DMSO in water using the Taylor dispersion method. The results suggest specific interactions between the
DM SO and the polymer. In addition, these systems were studied by pulse-field gradient nuclear magnetic
resonance spectroscopy (PFG-NMR), and the corresponding self-diffusion coefficients were obtained. These
were modeled using the Kirkwood—Riseman model, and a good fit to the observed behavior was obtained

using literature data for molecular dimensions.

I ntroduction

There isincreasing interest in conjugated polyelectrolytes as
advanced materials with actual or potential applicationsin areas
such as chemical or biological sensors,™? electron-transport or
injection layers,®* photovoltaic systems,>® and light-emitting
diodes (LEDs)* and electrochemical cells (LECs).” The presence
of ionic groups confers solubility in water or polar organic
solvents,® making them attractive for solution processing, which
is valuable for the preparation of devices using solvent-based
techniques such asinkjet or screen printing.® In addition, these
conjugated polyelectrolytes may self-assemble with oppositely
charged speciesto form novel nanostructures for optoelectronical
or other applications.’®*2

Polymers and copolymers containing fluorene moieties are
particularly valuable because of their high fluorescence quantum
yields, blue emission, and tendency to form ordered structures**=°
However, conjugated polyelectrolytes based on polyfluorenes
and related copolymers are rigid-rod polymers that have low
solubility in water and tend to form clusters in agueous sol ution.
This can be counteracted by the use of organic cosolvents'®*’
or nonionic surfactants.*®* Cationic fluorene-phenylene and
related alternating copolymers are proving particularly attractive
and being used in areas such as probes or sensors for nucleic
acids***® and surfactants.®® In addition, they show excellent
properties for use as electron-transporting and hole-blocking
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layersin devices.?®%” Many of these properties can be modul ated
by changing the counterions.™?® This can be related to the
difference in interaction between the conjugated polyelectrolyte
and the counterion, as seen through the thermophysical proper-
ties?® Similar effects of the counterion are seen in the
optoel ectronic properties of other conjugated polyelectrolytes.?®
The condensation of oppositely charged ions with rigid-rod
conjugated polyelectrolytes, such as those containing poly(p-
phenylene) [including poly(fluorene)] backbones, is also of
considerable theoretical interest.>*3* However, there are very
little literature data on how counterions bind with this class of
compounds in solution. In part this is due to the very low
concentrations normally needed to study this class of com-
pounds. One notable exception is areport of osmotic coefficients
of acationic poly(phenylene) having chloride and iodide coun-
terions,*? where it was shown that it is possible to treat the
qualitative features of the system in dilute solution using the
classical Poisson—Boltzmann (PB) model of ion association®3*
rather than the Manning—Oosawa treatment, commonly used
for ion condensation with flexible polyelectrolytes.®*>¢ However,
the PB model fails at the more quantitative level, indicating
the need for both better theoretical models and more experi-
mental data.

Diffusion behavior may help obtain an understanding of
interactions with these systems. Thus, we have studied the
interdiffusion and intradiffusion (self-diffusion) behavior of the
cationic poly{[9,9-bis(6’-N,N,N-trimethylammonium)hexyl]fluo-
rene-phenylene} bromides (HTMA-PFP) with different molec-
ular weights. These have been studied in dimethyl sulfoxide
(DMSO) + water solutions,**?> because of the low solubility
of HTMA-PFP in water due to cluster formation.?>" Interdif-
fusion, also called mutual diffusion, occurs in the presence of
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Table 1. Molecular Weights of Different Batches of the Polymer 1 and the Corresponding Data Calculated for Polymer 22

M,P My My M,P
batch of polymer 1 kg-mol~* PDI® kg-mol~* n® batch of polymer 2 kg-mol~* kg-mol~*
P1 12.0 1.9 20.8 37 S1 25.3 14.5
P2 24.9 21 36.0 64 S2 43.8 30.1
P3f 50.7 24 81.1 143¢ s3f 97.9 61.3

2 Corrected using the same PS calibration. ® Number average molecular weight. © Polydispersity index. ¢ Maximum peak molecular weight. © Number
of repeat units per chain. " Bimodal distribution components obtained by Gaussian deconvolutions of the experimental data: P3 (90.7 % with M, = 58.8
kg-mol %, PDI = 2.08, and 9.3 % with M, = 13.7 kg-mol~%, PDI = 1.09); and corresponding S3 (highest fraction with M, = 71.1 kg-mol~* and lowest
one with M, = 16.6 kg-mol ) components. ¢ A second distri bution is also present with n = 36.

a binary or multicomponent system with a gradient in the
chemical potential. Intradiffusion (self-diffusion), in contrast,
refers to the interchange of labeled or unlabeled species under
conditions of uniform chemical composition.®® These results
allow an estimation of the degree of counterion dissociation.

Additional interest in this work comes from the fact that the
diffusion behavior of multicomponent chemical systems under
conditions relevant to various applications (e.g., chemical or
biological sensors) is till poorly understood; in particular, there
is strong interest in the diffusion behavior of ternary systems.*
However, no data is available in literature for ternary systems
involving rigid conjugated polyelectrolytes, such as HTMA-
PFP, in mixed solvents (DMSO + water, in this case). Thus,
the purpose of this work has been to measure ternary mutual
diffusion coefficients for 298.15 K at carrier concentrations from
(0.000 to 2.020-10 %) mol -dm™2 (in terms of repeat units) and
(0.068 to 0.282) mol-dm=3, for HTMA-PFP (M, = 30.1
kg-mol™) and DMSO, respectively, by using the Taylor
dispersion method,*® helping us to better understand the structure
of these systems. In addition, the effect of molecular weight on
the tracer diffusion of HTMA-PFP has been measured by the
Taylor dispersion technique.

We have also studied the self-diffusion** of the polymer chain
using the powerful and well-established pulse-field gradient
NMR (PFG-NMR) technique.*?

Experimental Section

Synthesis of Poly{[9,9-bis(6’-N,N,N-trimethylammonium)-
hexyl]fluorene-phenylene} bromide. Neutral poly[9,9-bis(6-
bromohexyl)fluorene-phenylene] (1) was synthesized via a
Suzuki coupling reaction using 1,4-phenyldiboronic acid and
2,7-dibromo-9,9-bis(6’-bromohexyl)fluorine.*®* Copolymer 1
was made water-soluble by treatment with excess trimethy-
lamine gas at room temperature (the Menschutkin reaction),
which converts the alkyl bromide of the polymer side chain
into its corresponding cationic quaternized tetraalkylammonium
group: poly{[9,9-bis(6-N,N,N-trimethylammonium)hexyl]fluo-
rene-phenylene} bromide (polymer 2 in Scheme 1); for details
on the polymerization and purification, see ref 44. We assume,
in agreement with previous reports,*® the almost quantitative

conversion of the copolymer 1 into 2 and that this does not
affect the degree of polymerization. NMR data support this (see
Supporting Information, characterization, and Figures SI-1 to
SI-5 for further details).

Three different batches of the neutral polymer 1 were prepared
by dlightly varying the synthesis procedure. The lowest molec-
ular weight polymer batch (P1) was synthesized via a Suzuki
coupling reaction carried out over 3 days. For the other two
batches (P2 and P3) the reaction was carried out using different
palladium catalysts*® and was stopped after 12 h. The molecular
weights of the three batches of the neutral polymer 1 were
characterized by size exclusion chromatography (SEC) in
tetrahydrofuran (THF) as solvent using polystyrene standards
for calibration. The results are summarized in the Table 1. The
batch with the highest molecular weight polymer (P3) shows a
bimodal distribution (Supporting Information, Figure SI-5) with
90.7 % of the fraction with M, = 58.8 kg-mol %, n = 143, and
9.3 % of the fraction with M, = 13.7 kg-mol~%, n = 36. The
molecular weights of polymer 2 (S1, S2, and S3, shown in Table
1) were calculated using the degree of polymerization of the
chain determined experimentally for polymer 1 (P1, P2, and
P3) and the corresponding repeat unit molecular weight (684.6
g-mol~1). For the highest molecular weight polymer (S3) slight
differences in the bimodal distribution may be observed with
respect to the precursor polymer 1 (P3) as a consequence of
the synthesis and purification processes. For this reason this
polymer batch will mainly be used for comparison with the
lower molecular weight systems.

Reagents and Solutions. For diffusion experiments, polymer
2 samples of three molecular weights M, = (14.5, 30.1, and
61.3) kg-mol %, for S1, S2, and S3, respectively, were used.
Solutions were prepared in mixtures of DMSO (1) + H,0 (2)
and DM SO (1) + D,0 (2), with solvent volume fractions equal
to ¢1 = 0.04 and ¢, = 0.70, for multicomponent interdiffusion
and self-diffusion experiments, respectively. These were al
prepared by weighting and left stirring overnight. Concentrations
(in terms of repeat units) of polymeric solutions are (6.65, 6.44,
and 6.71)-1072 mol -kg™* (for S1 to S3, respectively). All of
the solutions were prepared with a concentration uncertainty
of less than + 0.1 %.
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The solubility of polymer 2 is dependent on the DMSO +
water ratio volume and from the HTM A-PFP emission quantum
yield we suggest that the maximum solubility for the highest
molecular weight polymer (S3) isfor a solvent volume fraction
of about ¢; = 0.70, while the other two molecular weight
batches show very similar behavior between about ¢; = 0.10
and ¢; = 0.80 (see Supporting Information, Figure SI-6, for
further details).

All of the experiments were carried out at 298.15 K.

Polymer Characterization Techniques. H and *C NMR
spectra were recorded on a Bruker Avance 500 spectrometer,
with tetramethylsilane as an internal reference. Fourier transform
infrared (FTIR) spectra were obtained using a Nicolet model
520P spectrometer with samples prepared as KBr pellets.
Coupled SEC and light scattering measurements were carried
out using a HP-1090 liquid chromatograph with an autosampler,
autoinjector, and ELSD 2000 Alltec evaporative light scattering
detector (ELSD). SEC was carried out using THF as eluent,
and data were calibrated using Polymer Laboratories EasiCal
PS standards using two-column PLGel of 5 um at constant room
temperature.

Taylor Dispersion Technique. The Taylor dispersion tech-
nique has been extensively described in literature;**4"=° for
convenience we will describe the relevant points related with
the method which alow the computation of ternary diffusion
coefficients, D1j, D2y, D1, and Dy Here Dix represents the
mutual diffusion coefficient of species i in the presence of a
concentration gradient of k.

Diffusion in a ternary solution is described by the diffusion
equations

ac ad

~(3) = O, 5 - + (D)2 @
ac ad

~(3) = (D), 52 + (0o, 5 @

where J;, J,, (9¢1)/(9X), and (9c,)/(0x) are the molar fluxes and
the gradientsin the concentrations of solute 1 and 2, respectively.
Main diffusion coefficients, D1; and Dy, give the flux of each
solute produced by its own concentration gradient. Cross
diffusion coefficients D1, and D, give the coupled flux of each
solute driven by a concentration gradient of the other solute. A
positive Dy cross-coefficient (i = k) indicates cocurrent coupled
transport of solute i from regions of higher concentration of
solute k to regions of lower concentration. However, a negative
Dik coefficient indicates counter-current coupled transport of
solute i from regions of lower to higher concentration of solute
k.

Extensions of the Taylor technique have been used to measure
ternary mutual diffusion coefficients (D11, D2, D1z, and Dy)
for multicomponent solutions. These coefficients are evaluated
by fitting the ternary dispersion equation (eq 3) to two or more
replicate pairs of peaks for each carrier stream.

V(t) =V, + Vit +

— 2
r
12Dt — t3)?

Two pairs of refractive-index profiles, D; and D, are the
eigenvalues of the matrix of the ternary Dy coefficients.

In these experiments, for finite concentrations, small volumes
of AV of solution, of composition T; + ACT; and T, + AG, are

injected into carrier solutions of composition ¢; and T, at time
t = 0. AC; and AG, are lower than (1.7-107° and 1.28)
mol -dm~3, respectively.

Analysis of ternary diffusion coefficientsin the limit of zero
polymer concentration shows that this corresponds to the binary
diffusion of aqueous DM SO, and in this limit Dy; corresponds
to the tracer diffusion of polymer in supporting DM SO solutions,
as has been described elsewhere.®® Consequently, the tracer
diffusion coefficients of polymer (component 1) dissolved in
supporting DMSO (component 2) solutions, DI; (ci/c, = 0),
were obtained by injecting small volumes (AV) of solution, of
composition T; + ACT; and T, + AGC, into carrier solutions of
compositionT; = 0and T, = O at timet = 0. The tracer diffusion
coefficients of DM SO in supporting polymer solutions, that is,
DL (cl/c; = 0), were not measured, on the basis of the
observation that the polymer is only dissolved, at the molecular
level, in the presence of DM SO.

IH NMR Self-Diffusion Measurements. A Bruker DMX-
200 NMR spectrometer, equipped with a field gradient probe
unit, was used to measure the self-diffusion coefficients of
polymer by following the *H resonance of the N(CHs); group
at 2.95 ppm (Supporting Information, Figure SI-4). The
stimulated echo pulse was used following the recommended
procedure reported elsewhere.*?

For the pulse sequence, the gradient strength (g) was changed
from (0 to 9.63) T-m™%, and the duration of the gradient pulse
(0) was varied between (1.4 and 2.1)- 1073 s. The diffusion time
(the time between leading edges of the field gradient pulses,
A) was typically 20 ms.

H NMR self-diffusion experiments of the cationic polymer
2 were carried out on solutions with polymer concentrations
(in terms of repeat units) around 610~ mol -kg™* in DMSO
+ D,0 (¢, = 0.70) solution.

Experimental Results and Discussion

For clarity this section is organized into two subsections, one
for the measurement of the mutual diffusion coefficients and
the second for self-diffusion coefficients. In the conclusions
section we will show how these give indications on the degree
of counterion dissociation.

Multicomponent-Diffusion Coefficients. A Taylor dispersion
apparatus was used to measure diffusion coefficients for the
ternary system HTMA-PFP, S2, (1) + DMSO (2) + water at
298.15K at different concentration ratios. The average diffusion
coefficients (D11, D2, D12, and Dy;) of each carrier solution,
determined from four profiles generated by injecting samples
that were either more or less concentrated than the carrier
solution, are shown in Table 2. At least 99 % reproducibility
was obtained with all measurements.

The main diffusion coefficients D1; and D, give the molar
fluxes of the polymer (1) and DM SO (2) components driven
by their own concentration gradient. It is possible to observe
(from Table 2) that there is a trend for these diffusion
coefficients to decrease upon increasing both S2 polymer and
DM SO concentrations. The data can be fitted to a second-degree
polynomial concentration function. Extrapolating to zero HTMA-
PFP and DMSO concentration, the corresponding mutual
diffusion coefficients at infinitesimal concentration, D?; and D%,,
can be calculated and are equal to (0.438 (+ 0.005) and 1.14
(£ 0.04)):10 ° m?-s ™, respectively. It is worth mentioning that
DY, is equa to the Taylor binary diffusion coefficients of
agueous 0.282 mol -dm~2 DM SO, which we have measured,
and to the published DM SO binary diffusion coefficient,>* which
strongly supports the validity of the methodology used.
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Table 2. Ternary Diffusion Coefficients for Aqueous HTMA-PFP (S2) (1) + DM SO (2), at 298.15 K*

Cy C; Du (£ 9)° D (£ 9 Da (£ 9 D2 (£ 9)
mol -dm~2 mol -dm~2 1079 nP-st 1079 nP-st 10°° mP-st 107° nP-st
5.09-10~7 0.068 0.42 (& 0.02) ~0 4589 (+ 555) 1.12 (£ 0.04)
1.08-10°6 0.141 0.40 (+ 0.01) ~0 902 (+ 107) 1.11 (& 0.04)
1.53-10°6 0.198 0.39 (& 0.04) ~0 138 (+ 16) 1.11 (£ 0.04)
2.02:10°¢ 0.282 0.37 (£ 0.04) ~0 —485 (£ 45) 1.11 (£ 0.04)

2 Polymer concentrations given in terms of repeat units. ° s is the standard deviation of the average value.

Table 3. Tracer Diffusion Coefficients, D];, DI,, D;, and D2, of
Polymer (S1, S2, or S3) (1) + DM SO (2) in Aqueous Solutions, at
298.15 K

Dh (+ 9" DLk(+9° Dh(x9 DL (+ 9
10710 107° 107° 107°
polymer mPest mPest mPest mPest
SI 41(£01) 0 18910 (+ 10253) 1.12 (£ 0.02)
2 49(+08) 0 15767 (& 10123)  1.14 (< 0.06)
S3 43(+01) 0 8579 (+ 5586)  1.14 (< 0.06)

2s is the standard deviation of the average value. ® For this system,
keep in mind that the limiting values of cross-coefficients Dy, should be
zero.

From the analysis of cross-coefficient values for finite
concentrations we have found that (a) the polymer transport is
not affected by the presence of a DMSO gradient (D1, ~ 0)
and (b) there is a strong dependence of D,; on DMSO (or
polymer) concentration, and D, decreases upon increasing those
concentrations. It should be stressed that a negative D,; value
gives a clear indication of a counter-flux of DMSO in the
presence of high concentrations of polymer, as has been noted
previously.>?

This diffusion-coefficient behavior can be explained by the
existence of strong interactions between DM SO and polymer;
at low polymer concentrations some of the DMSO molecules
interact with polymer (specific solvation), decreasing the ef-
fective number of DM SO molecules available to diffuse, and
consequently the D, increases. As polymer concentration
increases, the amount of DM SO needed to solubilize it increases;
consequently the effect of DMSO surrounding the polymer
becomes dominant, producing conditions for the occurrence of
a DMSO counter-flux. Specific interactions between various
organic cosolvents and conjugated polyel ectrolytes have previ-
ously been demonstrated in an anionic fluorene-phenylene
copolymer using spectroscopic and photophysical measurements,
coupled with molecular dynamics simulations.*” Support for a
similar mechanism of preferential interaction between polymer
and DM SO comes from tracer diffusion (see discussion below)
and molecular dynamic simulation (see Figure SI-7 in Support-
ing Information).

If we consider that D1,/D,, gives the number of moles of
polymer cotransported per mole of DM SO, we may say that, at
the concentrations used, a mole of diffusing DM SO does not
transport any significant amount of polymer. However, through
D,1/Dy; values, at the same concentrations, we can expect that
amole of diffusing polymer cotransports at most 1+ 10* mol of
DMSO (c; = 0.509:1072 mol-dm™3, ¢, = 0.068 mol -dm™3),
decreasing the cotransport with the increase of its concentration,
until the opposite situation is obtained, that is, a mole of
diffusing polymer counter-transports 1.3-10° mol of DMSO.
This is similar to the behavior previously described by Leaist
and MacEwan.>?

The effect of HTMA-PFP molecular weight on the tracer
diffusion coefficients has also been studied. Table 3 gives the
diffusion coefficients, DI;, D], DJ;, and D%, of the ternary

systems at 298.15 K, that is, polymer (S1, S2, and S3) at tracer
concentration in DMSO + water solutions.

DI; and D, can be considered to be independent of the
molecular weight of polymer, while DI, is independent of
DMSO. It isworth pointing out that DJ, and D, are equal and
the values of D]; and D; are very close ((4.9 and 4.4)-101°
m?-s~%, respectively) as should be expected. We believe that
this agreement between the tracer and the mutual diffusion at
infinitesimal concentration (obtained from different experiments)
guarantees the self-consistency of the methodology used.

The parameter DJ;, which gives the effect of polymer on the
DMSO transport, decreases upon increasing the molecular
weight, providing support to the above discussion. The decrease
of D} with an increase of polymer molecular weight can be
explained by an increase of the interaction between polymer
and DMSO.

Self-Diffusion Coefficients. The HTMA-PFP self-diffusion
coefficients were determined by using PFG-NMR. The influence
of molecular weight polydispersity in PFG-NMR self-diffusion
experiments of polymers has been discussed by several
authors.>3%* We follow the ideas on the application of the
technique to study polydisperse polymer systems discussed by
Hakansson et al.>® For polymers S1 and S2, assuming that a
polydisperse polymer will give a distribution of self-diffusion
coefficients, the signal attenuation in a PFG-NMR experiment
is given by

l,= J P(D*) exp(—kD*) dD* (4)

where P(D*) is the probability of finding a component with
self-diffusion coefficient D* and P(D*) can be described as a
log-normal distribution

1 [In(D*) — In(Dg*)]?
— exp| —
D*o\27 20
where Do* is the median of the distribution and o is a measure
of the width of the distribution. These parameters can be
obtained from the experimental signal decays by fitting experi-
mental data with egs 4 and 5: see Figure 1.

From this distribution, the average diffusion coefficient (D*)
is calculated from

P(D*) = ©)

2
0" = b5 exp(% ©)
and the corresponding data are shown in Table 4.

With polymer S3, there is clear evidence from the size
exclusion chromatograms for a bimodal average molecular
weight distribution with two polymer populations (90.7 % of
M, = 71.1 kg-mol~* and 9.3 % of M, = 16.6 kg-mol %, Table
1 and Supporting Information, Figure SI-5). Consequently, the
S3 echo decay is expected to require a biexponentia kinetic
analysis:>®
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= 1P, exp[—yzgzc‘}z(A - g)DS*] +

P, exP[_Vzgzéz(A - g)Df*]} )

where D¢* and Dy* are self-diffusion coefficients for polymer
fractions with the highest (P;) and lowest (P,) molecular weights
and y isthe proton magnetogyric ratio. Using eq 7, we obtained
a D¢ value of 3.1:102 m?-s7! for the M, = 71.1 kg-mol *
fraction and a Di* value of 1.54-10°* m?-s™* for the M, =
16.6 kg-mol ! fraction of S3 sample.

Two different routes were used to theoretically analyze the
'H NMR diffusion results. In the first case, the average diffusion
coefficient (D*) of the samples with a normal chromatographic
size distribution (S1 and S2) and the slow and fast components
(Ds* and D¢*) of the sample with a bimodal distribution (S3)
were related to the sample molecular weight through a scaling
equation, while with the second model, (D*) values of S1 and
S2 and Dg* and Ds* values of S3 were used to obtain structural
parameters of the polymer and confirm the cylindrical hairy rod
structure for polymer 2 on the basis of the Kirkwood—Riseman
model for trandational diffusion.

The dependence of the self-diffusion coefficient on the
average polymer molecular weight can be given by the empirica
equation®®

D* = KM, ™ 8

where K and v are scaling parameters. To ensure that the scaling
parameters are constants, the use of eq 8 is limited, in the case
of polydisperse systems, to a dilute solution regime.

Fitting the experimental self-diffusion coefficients of S1 and
S2 to eq 8 and assuming v = 1, as expected for a rod-like
polymer structure, we obtain K = 26 (£ 0.2)-10°%°
kg-m?-s~t-mol L. For these conjugated polyelectrolytes, self-

0.0 1.0 2.0 3.0 4.0 5.0

/(10 sm?)

Figure 1. PFG-NMR echo decay for the N(CH3)3 resonance of the three
polymers: O, S1; A, S2; O, S3. Solid lines were obtained by fitting egs 4
and 5 for S1 and S2 and eq 7 for S3 to normalized echo-decay intensities
(see text for further details).

Table 4. Effect of Polymer 2 Molecular Weight on Self-Diffusion
Coefficients

M, Do* (D*) D
polymer 2 kg-mol~* m-st m-st m-st
S1 145 1.52-10° 1 1.72-10° 1
S2 30.1 6.85-107%2 1.01-10° 1
S3 16.6 1.54-10° 1
71.1 3.1-10°%

1.8x10™
1.5x10™"" 4 .
1.2x10™" .

9.0x10™ 1 .

D/(m*s")

6.0x102 E

3.0x10™ 1

0.0+ i

—
000 001 002 003 004 005 006 007
(1/ M)/ (kgmol")

Figure 2. Self-diffusion coefficients plotted against the inverse of M,,. O,
the experimental average diffusion coefficients values (D*) for S1 and S2;
O, the median of the distribution, Do*, for the fast and slow components of
S3. Thedtraight lineisthetheoretical plot obtained usingtheKirkwood—Riseman
model (eq 9), using literature values for polymer dimensions, as discussed
in the text.

diffusion coefficients can thus be used as a direct measurement
of the molecular weight. For the case of the sample S3 (with a
bimodal average molecular weight distribution) a good fit to
eq 9 is obtained introducing the self-diffusion coefficients, for
the slow and fast components as shown in Figure 2 (O). This
suggests that the diffusion behavior of all three polymer samples
can be scaled with the inverse of molecular weights. We note
that, in a NMR sdf-diffusion study of poly(p-phenylene
ethynylene)s in dilute solutions, a rather lower value of v (=
0.71) is observed, suggesting semiflexible rod-like chains.>” We
do not have a sufficient range of samples to test whether thisis
also the case for our system, but small-angle neutron scattering
data on a closely related aternating copolymer®* and other
structural studies on fluorene-based polymers® strongly support
the idea of arigid fluorene phenylene backbone.

If we consider that fluorene-based polymers and copolymers can
be treated as rigid rods®® diffusion coefficients can be estimated
from the appropriate modification of the Stark—Einsten equation
for the case of cylinders® For simplicity, we have used the
Kirkwood—Riseman mode,*® which can be expressed as;

KsT

Dy = 3mL,,

where the contour length (L) is given by the monomer unit
length (I,) multiplied by the number of repeat units per chain
[Ly = nelp, and n = My/(684.6 g-mol~), while b is the
thickness, kg is the Boltzmann's constant, T is the temperature
in Kelvin, and # is the viscosity of this solvent mixture for
DMSO + D0, ¢; = 0.70. Since the physical properties of
DMSO—water are not related linearly to those of each constitu-
ent, values of viscosity have to be taken for this composition
(7 = 3.73-107% Pars at 298.15 K).5* The repeat unit length for
fluorene-phenylene alternating copolymers (I, = 0.1125 A),
involving effectively three 1,4-phenylene units, was taken as
3/2 times the literature fluorene monomer length, using data
from ref 62. The best fit to eq 9 of experimental self-diffusion
coefficients data [(D*) for S1 and S2 and the slow and fast
components (Ds* and Ds*) for S3; see Figure 2] was obtained
using athickness of b = 12 A, which seems physically realistic
considering contributions of 7.6 A for the length of a fully
stretched hexyl chain, 3 A from the radius of the N(CHs);

In(L,,/b) )



headgroup (assuming that the trimethylammonium headgroup
can be modeled as a sphere with a volume of 100 A3),%° with
the remaining contribution being due to the thickness of the
aromatic backbone (cf. Scheme 1).

Although the qudlity of the agreement with the experimental
data is possibly fortuitous, the fact that there is an excellent
correspondence over anearly two-fold increase in molecular weight
using only literature parameters strongly supports the application
of the Kirkwood—Riseman modd to this system, confirming a
cylindrical, hairy rod structure for polymer 2 in this medium.

Conclusions

A study has been made of the multicomponent and self-
diffusion coefficients of three different molecular weight samples
of a cationic fluorene-based conjugated polyelectrolyte in
DM SO—water solutions. Self-diffusion coefficients are propor-
tional to the reciprocal of molecular weights of the polymer
for the polymer samples with a norma molecular weight
distribution. With the self-diffusion coefficients, the behavior
can be modeled using the simple Kirkwood—Riseman model
for the polymers with a normal average molecular weight
distribution assuming arod-like structure for the polymer. Using
a contour length for the repeat unit from the literature, the
diameter of the rods can be calculated from the experimental
average diffusion coefficients and Kirkwood—Riseman model.
In principle, it should be possible to estimate the degree of
counterion binding from the multicomponent and self-diffusion
coefficients. As afirst approximation, we use a two-state model
for counterion binding.®° Details of the calculation are given
as Supporting Information. While the application of this model
is questionable for rigid-rod polyelectrolytes, 3364 we believe
that qualitatively it is informative on this important parameter,
which is otherwise difficult to determine for these systems. The
effective charge (i.e., the degree of counterion dissociation) of
strongly charged polyelectrolytes is known to increase with
concentration.®>® However, the concentrations used in these
measurements correspond to the dilute solution limit, and within
experimental error, the values of the polymer dissociation
degrees obtained [a. = 0.37 (4 0.08)] are virtually independent
of polymer size. While the value of o is not given explicitly
for the cationic poly(p-phenylene) polyelectrolyte studied by
Ballauff et al.,** the values estimated from these calculations
are fully consistent with those from osmotic pressure measure-
ments in that study, ref 32, assuming the standard relationship
between the osmotic coefficients and the degree of dissociation
of polyelectrolytes.®”

Note Added in Proof: After the acceptance of this paper, we
found a relevant, very recent paper by Edman and co-workers,%®
in which they have used pulsed-field gradient NMR to study the
aggregation of a very similar cationic conjugated polyelectrolyte
in methanol solution. Our self-diffusion data are consistent with
theirs for dilute solutions.

Supporting Information Available:

FTIR, proton, and **3C NMR spectra of polymers 1 and 2, SEC-
ELSD chromatograms, HTMA-PFP fluorescence quantum yields
as function of composition in DM SO + water, molecular dynamics
simulations of HTMA-PFP trimersin DMSO + water (¢, = 0.04),
and estimation of the degree of counterion dissociation. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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