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ABSTRACT: By using the Staudinger ligation to attach 4-{5'-[1"-(dimethylamino)-ethylideneamino]pentyl}-
1-methyl-2-(diphenylphosphino)terephthalate to poly(p-azidomethylstyrene)-co-polystyrene (PAMS-co-PS),
we successfully prepared a novel polymer that can undergo a neutral—charged —neutral transition in DMF with
0.5% H,0 when the solution is alternatively bubbled with CO, and N,. Such a reversible change is confirmed by
its sharp conductivity variation. Armed with this polymer, we re-examined dynamics of salt-free polyelectrolyte
dilute solutions by using laser light scattering (LLS). As expected, there exists only one diffusive relaxation mode
in the neutral state. The bubbling of CO, decreases the scattering intensity and splits this initial diffusive
relaxation mode into a fast and a slow diffusive mode, and their scattering intensity contributions are
independent of the scattering angle, indicating that the slow mode is not related to some scattering objects
larger than the LLS observation length (~35nm < 1/¢ < ~190 nm). The bubbling of N, gradually diminishes
the slow mode and returns both the scattering intensity and solution dynamics back to their initial neutral state.
The change from dilute to semidilute solution slows the fast relaxation down and suppresses the slow mode. On

the other hand, the addition of LiBr (50 mM) can completely suppress electrostatic interaction.

Introduction

Dynamics of polyeletrolytes in salt-free or low-salt solutions
has attracted much attention after Lin et al.' reported their
dynamic laser light-scattering (LLS) observation of an extremely
slow diffusive mode in the low-salt poly(L-lysine) solutions. Later,
it was shown that there are actually a fast and a slow relaxation
mode in dynamic LLS measurements of salt-free or low-salt
dilute polyelectrolyte solutions in comparison with the transla-
tional diffusive relaxatlon mode of individual neutral chains with
similar lengths.” Some reported slow reldxatlon modes were really
slow with a hydrodynamic size of 10*—10° nm or larger. Gradu-
ally, such two modes have been reported for nearly all charged
macromolecules, including both synthetic and biological poly-
electrolytes with dlfferent chain configurations in aqueous and
nonaqueous solutions.””'* Therefore, these two modes are gen-
eral features of salt-free or low-salt polyelectrolyte solutions.
Generally, such unique dynamics of charged chains in solutions is
attributed to intrachain and interchain electrostatic interaction.
However, dynamics of polyelectrolyte solutions, especially the
slow mode, is still less understood in comparison with that of
neutral polymer solutions.'®” '8

The fast mode in polymer dilute dnd semidilute solutions has
been attributed to different origins,"* " such as propagation of
excitations in a polyelectrolyte pseudolattice or the free diffusion
of the noncaged chains/particles, while the slow mode was related
to the hlndered center-of-mass diffusion of some caged chains/
particles.* When polymer chains are charged in a salt-free or
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low-salt dilute solution, their translational diffusive relaxation
mode splits into a fast and a slow diffusive relaxation modes. Lee
et al.'” and Muthukumar'® suggested that the fast mode, inde-
pendent of the chain length, would be related to the coupled
diffusion (Dy) of polyelectrolyte chains and their small counter-
ions; namely, in a salt-free or low salt solution, the counterions
must be condensed nearby the chain backbone, and the fluctua-
tion of these condensed small counterions toward and away from
each chain backbone induces an electric field that leads to an
electrophoresis-mobility-related diffusive relaxation. Note that
small counterions are invisible in LLS when macromolecules exist
because of their weak scattering.

On the other hand, the interpretation of the slow mode,
especially for those very slow relaxation modes observed in
salt-free or low-salt polyelectrolyte solutions, is even more con-
troversial. It has been attributed to or argued for large multichain
domains (transient/temporal aggregates or clusters) formed due
to electrostatic interaction’'® or some insoluble clusters or even
a trace amount of large particles introduced during the imperfect
preparation of polymer solution.'”* The transient-cluster inter-
pretation was supported by studies of poly(N-methyl-2-vinylpyri-
dinium chloride) (PMVP) in organic solvents and poly-
(styrenesulfonate) (NaPSS) with sodium counterions in aqueous
solutions under dialysis.'>**°

For a long time, the temporal aggregates have been attributed to
the effective interaction between similarly charged segments, %26~
namely, the overlapping of the ion clouds of neighboring polyions
so that the more loosely associated small ions are “shared” by two
or more polyions chains, resulting in a fluctuating dipole field
that tends to retard the relative motions of those participating
polyions. It should be noted that the slow mode observed in
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semidilute neutral polymer solutions is different from what we are
discussing here.**** Note that a slowly moving subject which is
not necessarily large could be due to some interaction.*

Experimentally, a polymer solution is normally prepared by
allowing a macroscopic piece of polymer to dissolve in a solvent.
The so-called permanent chain clusters must be from the incom-
plete dissolution in the solution preparation, not the chain
association, because we do not place individual chains into a
solvent. Revently, Cong et al.> detailed those possible problems
and prepared a “virgin” NaPSS sample directly from 4-styrene-
sulfonic sodium salt in an aqueous medium. They then used
dialysis to in situ change the salt concentration. Even in that case,
the solution cleanliness still deteriorated after some dialysis.

Ideally, one would like to have a solution in which polymer
chains can be in situ switched from a completely neutral to a fully
charged state by some chemical reactions under a mild condition.
It is worth noting that polymers with some weak acids groups,
such as acrylic acid under different pH values, are not good
candidates because they are still slightly charged even at a very
lower pH. We have searched such a system for a long time. A few
years ago, we noted that amidines can readily react with gaseous
CO; in water or alcohol to form bicarbonate or alkylcarbonate
salts, and the reaction is completely reversible if N, or Ar is
bubbled through the solution.***> This leads us to think that if
these amidine motifs could be introduced into polymer chains, we
should have an ideal polymer that can be switched between a
neutral and a charged state in a solution by alternating bubbling
of CO, and N,. In this way, we will rule out any interference of
impurities or permanent chains clusters on solution dynamics.

Synthetically, it has been known that TEMPO-mediated
living radical copolymerization of styrene and its derivatives
can lead to narrowly distributed polymer chains with a control-
lable length.**~* Therefore, we used the following synthetic
strategy to prepare such a novel polymer: (1) preparation of
narrowly distributed poly(p-chloromethylstyrene)-co-polystyr-
ene (PCMS-co-PS) by using living free-radical reaction; (2)
postmodification of PCMS-co-PS into poly(p-azidomethyl-
styrene)-co-polystyrene (PAMS-co-PS); (3) introduction of ami-
dine motifs into PAMS-co-PS, after many different failed metho-
ds, by using the Staudinger ligation.**~* In this way, we have
successfully obtained a novel polymer that can undergo a
reversible neutral—charged—neutral transition when CO, and
N, are alternatively bubbled through its DMF solution. Armed
with this novel polymer, we in situ studied the variation of
solution dynamics of polymer chains during the neutral—char-
ged—neutral transition.

Experimental Section

Materials and Instruments. Styrene (S) and p-chloromethyl-
styrene (CMS) were purified by vacuum distillation from CaH,
before use. 2,2,6,6-Tetramethylpiperidine-1-oxyl (TEMPO)
(Aldrich) was recrystallized from n-hexane prior to use. Metha-
nol (CH3;0H) and dichloromethane (CH,Cl,) were distilled over
calcium hydride. N-(ert-Butoxylcarbonyl)aminopentanol**
and N,N-dimethylacetamide dimethyl acetal* were synthesized
according to literature methods. All other reagents were pur-
chased from Aldrich and used as received unless otherwise
specified.

'H, 1*C, and *'P NMR spectra were recorded on a Varian
Mercury 300 spectrometer at 300.0, 74.5, and 121.0 MHz,
respectively. All chemical shifts were reported in ¢ units with
reference to the residual protons of the deuterated solvents for
"H and "*C chemical shifts and to external HyPO, (80%) for *'P
chemical shifts.

Relative molecular weights and molecular weight distribu-
tions were determined by one of two gel permeation chroma-
tography (GPC) systems. One is equipped with a Waters 1515
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Isocratic HPLC pump, a Waters 2414 refractive index detector
(RI), and a set of Waters Styragel columns (HR3, HR4, and
HRS, 7.8 x 300 mm). GPC measurements were carried out at
35 °C using THF as eluent with a 1.0 mL/min flow rate. The
other is with a Waters 515 Isocratic HPLC pump and a set of
Waters Styragel columns (HR1, HR3, and HR4, 7.8 x 300 mm).
GPC measurements were done at 60 °C using DMF or DMF
containing 50 mM of LiBr as eluent with a 1.0 mL/min flow rate.
Both were calibrated with polystyrene standards.

Preparation of 1-Methyl-2-iodoterephthalate (1). The solution
of 1-methyl-2-aminoterephthalate (3.00 g, 15.40 mmol) in
hydrochloric acid (4 M, 80 mL) was cooled in an ice—salt bath,
to which was slowly added an aqueous solution (25 mL) of
sodium nitrite (1.17 g, 1.69 mmol) over a period of 0.5 h. The
mixture was stirred at this temperature for another 0.5 h. An
aqueous solution (100 mL) of potassium iodide (13.00 g, 77.00
mmol) was cooled to —15 °C and then added into the reaction
mixture. The mixture was stirred at room temperature for 4 h.
After addition of a saturated sodium sulphite aqueous solution
(50 mL), the precipitation was collected by filtration and washed
with a large amount of water. Recrystallization of this crude
product from a methanol/water solution gave 1 as yellow
crystals (3.80 g, 81%). '"H NMR (CDCls): 6 3.97 (s, 3H), 7.84
(d,/=8.0Hz, 1H), 8.12(dd, J=1.4and 8.0 Hz, 1H), 8.69 (d, /=
1.4 Hz, 1H), the same as those in the literature.*?

Preparation of 1-Methyl-2-(diphenylphosphino)terephthalate
(2). To a dry methanol (15 mL) solution of 1 (2.00 g, 6.50 mmol)
were added anhydrous triethylamine (TEA) (2.70 mL, 19.50
mmol) and Pd(OAc), (146 mg, 0.65 mmol) under an argon
atmosphere. Diphenylphosphine (1.40 mL, 7.80 mmol) was
slowly added at room temperature via a syringe with stirring.
The resultant solution turned deep red immediately and was
heated at reflux until 1 was completely consumed as monitored
by TLC analysis. After removal of the solvent, the residue was
dissolved in CH,Cl,/H,O (300 mL, 1:1 in v/v). The organic layer
was separated and washed with HCI (1 M, 20 mL x 3). Removal
of the solvent gave a crude product. Recrystallization from
CH;0H/H,0 §4O mL, 1:1 in v/v) afforded 2 as a yellow solid
(1.96 g, 83%). 'HNMR (CDCl;): 0 3.75 (s, 3H), 7.29—7.34 (m,
10 H), 7.66 (br, 1H), 8.07 (br, 2H). *'P NMR (CDCls): 6 —3.32.
These data are the same as those reported in the literature.*?

Preparation of 4-[5'-(tert-Butoxycarbonylamino)pentyl)-1-
methyl-2-(diphenylphosphino)terephthalate (3). To a CH,Cl,
solution (30 mL) of 2 (1.40 g, 3.80 mmol) were added 4-(N,N-
dimethylamino)pyridine (DMAP) (94 mg, 0.77 mmol) and
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC-HCI) (1.11 g, 5.80 mmol) at room temperature under
argon. After the mixture was stirred for 30 min at room
temperature, N-(fert-butoxylcarbonyl)aminopentanol (1.17 g,
5.80 mmol) was added. The reaction mixture was then stirred at
room temperature until 2 was completely consumed as moni-
tored by TLC analysis. After removal of the solvent, the crude
product was purified by flash chromatography on silica using
hexane/EtOAc (3:1) as eluant to give 3 as a bright yellow solid
(1.58 g, 76%). "H NMR (CDCls): 6 1.28 (m, 2H), 1.44 (s, 9H),
1.48 (m, 2H,), 1.62 (m, 2H), 3.12 (m, 2H), 6 3.75 (s, 3H), 4.17 (m,
2H), 4.57 (br, 1H), 7.27—7.35 (m, 10 H), 7.58 (d, /=3.3 Hz, |H),
8.02 (d, /=8.0 Hz, 1H), 8.10 (dd, J = 3.3 and 8.0 Hz, 1H). 1*C
NMR (CDCl;): 6 23.00, 27.91, 28.24,29.91, 40.14, 52.16, 64.92,
78.89, 128.39, 128.48, 128.76, 128.94, 130.48, 130.51, 132.81,
133.55, 133.83, 134.89, 136.89, 137.03, 137.66, 140.95, 141.33,
155.79, 165.36, 166.42. *'P NMR (CDCls): 6 —3.79. ESI-MS
caled for C3H3sNOGP": m/z 550.2 (MH"); found: 550.2
(MH™). Anal. Caled for C3;H3NOGP (3) C, 67.75; H, 6.60; N,
2.55. Found: C, 67.70; H, 6.73; N, 2.55.

Preparation of 4-(5'-Aminopentyl)-1-methyl-2-(diphenylphos-
phino)terephthalate (4). To a CH,Cl, (2 mL) solution of 3(1.38 g,
2.50 mmol) was slowly added trifluoroacetic acid (TFA) (10.0
mL) via syringe. The reaction mixture was stirred at room
temperature until 3 was completely consumed as monitored by
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Scheme 1. Synthetic Route to 4-{5'-[1-(Dimethylamino)ethylideneamino)pentyl]}-1-methyl-2-(diphenylphosphino)terephthalate (5)
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TLC analysis. After removal of the solvent, the residue was
redissolved in CH,Cl, (250 mL). The resultant solution was
washed with a saturated sodium bicarbonate (50 mL x 3) and
saturated sodium chloride solution (50 mL x 3) and dried over
anhydrous sodium sulfate. After the removal of the solvent, the
crude product was purified by flash chromatography on silica
using CH,Cl,/CH;OH (20:1in v/v) as eluent to give 4 as a viscous
yellow liquid (1.05 g, 93%). '"H NMR (CDCls): 6 1.31 (m, 2H),
1.48 (m, 2H), 1.62 (m, 2H), 2.53 (br, 2H) 2.71 (t, 2H), 3.75 (s, 3H),
4.18 (t, 2H), 7.34 (br, 10 H), 7.61 (d, J=3.3 Hz, 1H), 8.03 (d, /=
7.9 Hz, 1H),8.10(dd, J=3.3and 8.0 Hz, 1H). *C NMR (CDCls):
022.95,27.95,32.29,41.41, 52.06, 64.87, 128.28, 128.38, 128.66,
128.84, 130.37, 130.40, 132.73, 133.46, 133.73, 134.80, 136.82,
136.95, 137.34, 137.60, 140.83, 141.21, 165.27, 166.33. *'P NMR
(CDCI}) 0 —3.83. MALDI-HRMS calcd for C26H29NO4P+Z }’Vl/Z
450.1819 (MH™). Found: 450.1829 (MH™).

Preparation of 4-{5'-[1-(Dimethylamino)ethylideneamino)-
pentyl]}-1-methyl-2-(diphenylphosphino)terephthalate (5). Com-
pound 4 (570 mg, 1.27 mmol) and dimethylacetamide dimethyl
acetal (4.0 mL) were stirred under argon at room temperature
until a clear solution was formed. The solution was then heated
at 60 °C for 1 h. Removal of the volatile chemicals under high
vacuum gave 5 as a brown viscous liquid (645 mg, 99%). This
product is pure enough for the Staudinger reaction*' without
further purification. As 5 can react with CO, in the air, it is
necessary to keep it in argon or N,. The synthetic route to 5 is
summarized in Scheme 1. "H NMR (CDCls): 6 1.32 (m, 2H),
1.21 (m, 2H,), 1.62 (m, 2H), 1.85 (s, 3H), 2.86 (s, 6H), 3.16 (t,
2H),  3.73 (s, 3H), 4.17 (t, 2H), 7.30 (br, 10 H), 7.57 (d, J=3.3
Hz, 1H), 8.00 (d, /=7.9 Hz, 1H), 8.07 (dd, /J=3.3 and 8.0 Hz,
1H). *C NMR (CDCl;): 6 22.96, 27.96, 29.97, 40.69, 41.97,
45.49, 52.23, 64.91, 128.28, 128.48, 128.57, 128.90, 129.00,
130.54, 132.84, 133.60, 133.88, 134.97, 136.90, 137.04,
137.55, 137.80, 140.91, 141.29, 162.15, 165.44, 166.58. *'P
NMR (CDCls): 6 —2.73. MALDI-HRMS calcd for
C30H3N,O4P™: m/z 519.2418 (MHY). Found: 519.2407
(MH™).
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Preparation of Poly(p-chloromethylstyrene)-co-polystyrene
(PCMS-co-PS). A mixture of 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) (52 mg, 0.33 mmol), benzoyl peroxide (BPO)
(40 mg, 0.17 mmol), styrene (6.0 mL, 52.4 mmol), p-chloro-
methylstyrene (8.0 mL, 56.2 mmol), and acetic anhydride
(60 uL, 0.66 mmol) was degassed by three freeze/thaw cycles,
sealed under argon, and heated at 130 °C for 16 h. The
polymerization was stopped in liquid nitrogen. The viscous
reaction mixture was then dissolved in dichloromethane
(50 mL) and precipitated (two times) into methanol (1 L). The
precipitate was collected by filtration and dried overnight in a
vacuum oven to give PCMS-co-PS (12.6 g, 87% yield). THF-
GPC: M, =3.6 x 10* g/mol. PDI = 1.32. The molar ratio of
p-chloromethylstyrene repeating unit (@cyps) is 0.56 as mea-
sured by NMR.

Preparation of Poly(p-azidomethylstyrene)-co-polystyrene
(PAMS-co-PS). Poly(p-chloromethylstyrene)-co-polystyrene
(5.0 g, 21.4 mmol of p-chloromethylstyrene repeating unit)
was dissolved in DMF/DMSO (90 mL, 1:2 in v/v), to which
was added sodium azide (7.0 g, 107.0 mmol). The reaction
mixture was stirred at room temperature for 2 days and then
precipitated into water. The product was redissolved in dichlor-
omethane and reprecipitated in methanol. The resultant solid
was collected by filtration and dried overnight in a vacuum oven
for 24 h to give PAMS-co-PS (3.7 g, 74%). DMF-GPC: M, =
56000. PDI = 1.33. The molar ratio of p-azidomethylstyrene
repeating unit (pams) is 0.56 as measured by NMR. '"H NMR
(CDCl3): 6 1.36,1.76,4.22, 6.52, 6.99. The chemical shifts of the
benzylic protons were changed from 4.50 ppm in PCMS-co-PS
to 4.22 ppm in PAMS-co-PS, indicating that all chloro groups
have been converted to azido units.

Preparation of P(“amidine”MS)-co-PS (6). The general pre-
parative procedure is shown in Scheme 3. Compound 5 (1.04 g,
2.00 mmol) was dissolved in DMF containing 0.5% H,O
(30 mL). After addition of PAMS-co-PS (488 mg, 2.10 mmol of
p-azidomethyl repeating unit), the reaction mixture was stirred at
room temperature until the complete consumption of 5 as
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Scheme 2. Synthesis of Poly(p-azidomethylstyrene-co-poly(styrene)) (PAMS-co-PS) (Top) and "H NMR Spectra of Poly(p-chloromethylstyrene)-co-
poly(styrene) (PCMS-co-PS) and PAMS-co-PS in CDCl; (Bottom)
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monitored by *'P NMR, in which the *'P chemical shifts were
changed from —2.73 ppm in 5 to 30.99 ppm in 6, as illustrated in
Scheme 3. The resultant product poly(4-(4-((5-(1-(dimethyl-
amino)ethylideneamino)pentyloxy)carbonyl)-2-(diphenylphos-
phoryl)benzoyloxymethylstyrene)-co-poly(styrene) (6, P(“ami-
dine”MS)-co-PS) was directly used for LLS studies. DMF/LiBr
(50 mM)-GPC: M, = 112000. PDI = 1.24, very close to the
theoretical value based on the GPC result (M) of PCMS-co-PS.
Note that 6 should be kept in argon or N, as it can react with CO,
in air, and HPLC grade DMF and the deionized water with a
resistivity of 18.3 MQ cm were used in this reaction.

Laser Light Scattering. A commercial LLS spectrometer
(ALV/DLS/SLS-5022F) equipped with a multi-z digital time
correlator (ALV5000) and a cylindrical 22 mW He—Ne laser (4,
= 632.8 nm, UNIPHASE) as the light source was used. The
spectrometer has a high coherence factor of f ~0.95 because of a
novel single-mode optical fiber coupled with an efficient ava-
lanche photodiode (APD). The PTFE cap of the LLS scattering
cell has four holes. Two of them were connected to a hydro-
phobic 0.20 um Millipore Millex-LCR filter and a peristaltic

pump. The other two were used for bubbling CO, or N, gas
through a 0.02 um Whatman filter. The solution of P-
(“amidine”MS)-co-PS formed after the ligation in DMF with
0.5% H,O was clarified by using the filter. The details of LLS
instrumentation can be found elsewhere.***’

In dynamic LLS, the intensity—intensity time autocorrelation
fuction G*(q.1), defined as (/(¢,0)1(¢,1))/{I(¢))*, is measured in
the homodyne mode, where ¢ is the delay time and (/(¢)) is the
time-average scattering intensity (measured baseline) and ¢ is
the scattering vector defined as 4ztn sin(6/2)/1¢ with n, 6, and 1,
the solvent refractive index, the scattering angle, and wavelength
in vacuum. G(¢,7) is related to the normalized electric field—
field time correlation function |g"(¢.7), defined as (F(q.0)-
E*(¢,0))/{E(0)E*(0)), by the Siegert relation as*>*

G2 (g.1) = A[1+plgV(@. 0] or ¢P(q,1)

G(z) q’t
= # —1 =BlgWV(g. 0



7150  Macromolecules, Vol. 42, No. 18, 2009

where A is the measured baseline and f3 is the coherent factor,
depending on the detection optics. For a broadly distributed
samples or relaxation modes, |¢"(¢,7)| is related to a characteri-
stic relaxation time distribution (G(7)) as

oo

@0 = [ G e(~D dr @

The Laplace inversion of G*(g,7) can lead to its corresponding
G(7). In this studly, the CONTIN program in the correlator was
used.”® When g'(¢,7) contains two distinguishable relaxation
modes, it can be analyzed using a combination of two exponen-
tial functions, i.e.

€0 = arew( L) aen(-L) 0

Ts

where Arand A are intensity contributions of the fast and slow
modes, respectively. Note that A+ 4;= 1. In the current study,

~ [ P("amidine"MS)-co-PSy PAMS-co-PS
S | M=112x10gmol M =3.60 x10° g/mol
H L _ il n .
8 PPI— 1.26 ) ! PDI= 1.33
> DMF with 50 mM LiBr  / DMF

12 16 20 24
Retention time / min

Figure 1. GPC trace obtained for PAMS-co-PS and P(“amidine”MS)-
co-PS using DMF and DMF with 50 mM LiBr as eluents.

3.0

O PAMS-co-PS

10°

Figure 2. Hydrodynamic radius distributions f{Ry,) of PAMS-co-PS
and PS-co-P(“amidine”MS) in DMF with 0.5% H,O.
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the solutions temperature was kept at 25 + 0.05 °C and
measured in the angular range 15°—150°.

Results and Discussion

Figure 1 shows that both PAMS-co-PS and P(“amidine”MS)-
co-PS are unimodal. On the basis of M, of starting PAMS-co-PS
and NMR results, M,, of P(“amidine”MS)-co-PS should be
1.56 x 10° g/mol, but M, measured by GPC is 1.12 x 10° g/
mol. Such a difference is not surprising because GPC was
calibrated by using linear polystyrene standards. Figure 2 further
confirms that both PAMS-co-PS and P(“amidine”MS)-co-PS are
unimodal, where the two peaks are normalized by the area under
each peak. Note that the Staudinger ligation reaction increases
the average hydrodynamic radius ({(Ry), strictly speaking, (R) =
(1/Rpy~") from 5.8 to 7.6 nm, presumably due to large and bulky
“amidine” side groups that make the chain less flexible with a
more extended conformation. As shown in Scheme 4, alternate
bubbling of CO, and N, through the P(“amidine”MS)-co-PS
solution can make individual chains undergo a neutral—char-
ged—neutral transition.

Figure 3 shows that after CO, and N, gases were alternatively
bubbled 30 min through each solution of P(“amidine”MS)-co-PS
at 25 °C, the solution conductivity measured using a conductivity
meter (DDS-307, Shanghai Hongyi Instrumentation, Ltd.) dra-
matically changes five times and switches between two constant
values. The switching is completely reversible. The inset photos in
Figure 3 are the appearance of the solution of P(“amidine”MS)-
co-PS in a different solvent (THF) with 0.5% H»O, in which the
charged P(“amidine”MS)-co-PS chains have an extremely low

120

0]
o
L)

Conductivity / (uS/cm)
N
o

o

Time / min

Figure 3. Conductivity of P(“amidine”MS)-co-PS in DMF with 0.5%
H,0 at 25 °C after alternative bubbling of CO, and N,, where polymer
concentration is 7.3 mg/mL. Insets are photos of P(“amidine”MS)-co-
PS in THF with 0.5% H»O in different states before and after CO, and
N, bubbling, where polymer concentration is 25.0 mg/mL.

Scheme 4. Reversible Change between P(“amidine”MS)-co-PS and Its Charged State in DMF with 0.5% H,O after Alternating Bubbling of CO, and
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Figure 4. Time dependence of time-average scattering intensity nor-
malized by that of toluene of P(“amidine”MS)-co-PS in DMF with
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Figure 5. Normalized intensity—intensity time correlation functions in
one cycle of CO, and N, bubbling of P(*amidine”MS)-co-PS solution.

solubility. The change of solution appearance from clear to
cloudy and from cloudy to clear during the alternative bubbling
of CO, and N, clearly shows the neutral-to-charged-to-neutral
transition of P(“amidine”MS)-co-PS chains in THF.

Figure 4 shows that as individual P(“amidine”MS)-co-PS
chains are gradually charged during the CO, bubbling, the time
average scattering intensity (1)) decreases ~45% over a period of
~500 s. The alternative bubbling of CO, or N, can reversibly
switch (/) between two average values. Such a decrease of (I) in
salt-free polyeletrolyte solutions was reported before.'®* It has
been well-known in LLS that (/) is proportional to (3C/drm)y,
where C and s are polymer concentration and solution osmotic
pressure, respectively. When polymer chains are charged, it is
more difficult to induce the concentration fluctuation for a given
osmotic pressure change because of electrostatic repulsion.
Therefore, such a decrease of (/) after the chains are charged is
expected.

Figure 5 shows three normalized intensity—intensity time
correlation functions (g”(¢,7)) in one cycle of CO, and N,
bubbling of the P(“amidine”MS)-co-PS solution. After the
CO, bubbling, the intercept (Bap, = [¢®(¢.0)],—0) decreases from
0.59 to 0.42. It is known that Sy, = SI{(I — (1)) (I, where [=
Looiymer + Tsovent- As stated before, f is a constant for a given
optical setup in a LLS spectrometer. The decrease of ., can be
attributed to the decrease of /,oiymer When the chains are charged
in a salt-free solution. The return of f,,, to 0.59 after the N,
bubbling also indicates that neutral-to-charged-to-neutral transi-
tion is fully reversible.

Figure 6 shows variation of the characteristic relaxation time
distribution G(7) in one cycle of CO, and N, bubbling of the
P(“amidine”MS)-co-PS solution. When the chains are their initial
neutral state before the CO, bubbling, there is only one relaxation
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Figure 6. Characteristic relaxation time distributions in one cycle of
CO, and N, bubbling of P(“amidine”MS)-co-PS solution.
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Figure 7. Scattering vector (¢) dependence of average characteristic line
widths (I') in one cycle of CO, and N, bubbling of P(“amidine”MS)-co-
PS solution.

mode. When each P(“amidine”MS)-co-PS chain is charged after
the CO, bubbling, G(7) splits into two peaks. The N, bubbling
can return G(7) to its initial state, further indicating that the
neutral—charged—neutral transition is completely reversible.

Figure 7 shows that the average characteristic line width ((I') =
1/(z)) is a linear function of the square of the scattering vector (g),
passing through the origin, no matter whether the chains are
charged, indicating that these relaxation modes are diffusive. As
expected, in the initial neutral state, the relaxation is related to
translational diffusion. The slope of “(I') vs ¢*” leads to a
diffusion coefficient D =3.6 x 1077 ecm”s ', corresponding to
(Ry) = 7.6 nm. After the CO, bubbling, each split peak corre-
sponds to one relaxation with one characteristic line width. Both
(Dgase and (Dgow are a linear function of ¢, passing through
the origin, revealing that they are diffusive with (D)g = 1.1 x
107 em? s and (D)gow= 1.6 x 107" cm*s ™", corresponding to
(Ridast = 2.5 nm and (Ry)g0w = 17.8 nm. As expected, the N,
bubbling returns “(I') vs ¢~ to its initial state. Further, Figure 8
shows that the intensity contribution of the slow relaxation mode
(As) nearly remains a constant at different scattering angles,
where A; + A;=1. The g independence of the scattering intensity
reveals that the slow mode is not related to some scattering
objects larger than 1/¢ (~35—190 nm).

We found that our fast mode agrees well with the interpreta-
tion of the coupled diffusion of individual polyelectrolyte chains
and their counterions in salt-free dilute solutions proposed by Lin
et al."!” and Muthukumar,'® namely, according to eq 2 in ref 1
and eq 3.25 in ref 18 in the limit condition of gR, < 1

kgT Z ¢
Dyt = 1+N P 4
fast 67‘[170Rh ( ZCZPC+ Zj ijpj) ( )
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Figure 8. Scattering vector (¢) dependence of intensity contribution of
slow relaxation mode (A4s) after N, bubbling of P(“amidine”MS)-co-PS
solution. Note that A, + 4, = 1.

where Ry, is the hydrodynamic radius, 79 is the solvent viscosity, N
is the number of the Kuhn segments, c is the segment concentra-
tion, Z,, and Z are charges of the segment and counterion, and p.
and p; are the number densities of counterions and the jth saltion,
respectively. Note that Dgg contains two parts, namely, the
diffusion of the center-of-gravity of the chain and an additional
coupled term. For neutral polymer chains in a theta solution,
their conformation is a random coil and its translational diffusion
coefficient (D) is related to Ry, as

 keT
_6JT770R;,
and
R VT _WEIN'?_V3m NI )
11*8 e g \/678\/51\’1/2

where R, is the radius of gyration, /is the segment length, and
NI~ 70 nm, the contour length. Since (R;,) ~ 7.6 nm, we have that
N~ 6—7and/~ 10—12 nm. It is reasonable to have such a long
[ because of its large “amidine” groups (~3 nm). In the charged
state, the chains are even more extended with a rodlike con-
formation so that its Ry, and contour length are related by

NI
Ry =3

(Ina—y) (©6)

where o is the ratio of the chain length to diameter and y =~ 0.3, a
constant related to the chain end effect. Therefore, in the char-
ged state for salt-free dilute solutions and monovalent ions (o;=0,
Zy|=1Z]=1and ¢=p,)

Drst  V3a(lna—y) 14N ;
D - 4\/5 N1/2 ( )

Here o~ 10 and N ~ 6—7 so that Dy, /D=3.1—3.3, fairly close to
our measured value of 3.27.

Sedlak et al.'' and Amis et al.'? also found two relaxation
modes and attributed the slow mode to some temporal interchain
aggregates. Russo and his co-workers® recently concluded that
(1) the slow mode is not related to the hydrophobic patches or the
centrifugal force or the associated hydrostatic pressure and (2)
the residence time of a chain in those temporal aggregates (if exist)
is shorter than the fluorescence photobleaching (FPB) recovery
time scale (~20 s). On the other hand, for charged colloidal
particles in dispersions, Pusey and Tough®! attributed the fast
and slow modes to the mutual and self-diffusion, respectively.
Namely, in a short time, each chain moves over a short distance
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Figure 9. Characteristic relaxation tie distributions G(r) during the
charged-to-neutral transition induced by slowly bubbling N, through
P(“amidine”MS)-co-PS solution.
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Figure 10. Concentration dependence of characteristic relaxation time
distributions G(t) of charged P(“amidine”MS)-co-PS in DMF with
0.5% H0.

and the diffusion of counterions make the charged particles to
diffuse faster. After the relaxation of such “collective diffusion”,
the “self-diffusion” of individual chains in a long time or over a
long length must be retarded by those surrounding interacting
particles and becomes detectable in LLS.

In other words, the slow mode is related to the structural
relaxation or the correlation length of interacted chains (a cage).
For the solution used in Figures 5—7, we found that the slow
mode is related to some scattering objects with a dimension
similar to the interchain distance (~20 nm), further supporting
the cage model. Previously, a similar idea was used to explain the
slow mode in a moderate semidilute neutral polymer solution (C*
< C < C,), where C* and C, are the overlapping and entangle-
ment concentrations, respectively, as schematically shown in
Figure 24 of ref 33. It is appealing to use this model to explain
our current results; i.e., the fast mode is attributed to the coupled
diffusion between counterions and chains, while the slow mode is
related to the self-diffusion of the center-of-mass of individual
chains under long-range electrostatic interaction-induced con-
strains of other surrounding chains, just like a cage, because our
results reveal that the slow mode is related to small but slowly
moving subjects. Such a cage could also be viewed as temporal
aggregates.

Figure 9 shows how G(7) changes in the backing charged-to-
neutral process when N, is bubbled through the solution. The
reason to study the charged—neutral process is because the
neutral-to-charged transition is too fast to be precisely followed
by dynamic LLS. It is clear that during the charged-to-neutral
transition, (T)p. increases, i.e., Dy, decreases (the coupled fast
relaxation slows down). At the same time, the total scattering
intensity (/) and the contribution from the slow relaxation (Ay)
increase because the chains are less constrained by the electro-



Article

static interaction. The peaks of the fast and slow mode gradually
merge together and back to its initial neutral state with one single
relaxation mode. The explanation on the basis of eq 4 is as
follows. When each chain becomes less charged during the N,
bubbling, Z, decreases with its average value less than one and

0.8
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Figure 11. Normalized intensity—intensity time correlation functions
of P(“amidine”MS)-co-PS solution in the presence of 50 mM LiBr
before and after CO, bubbling.
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Figure 12. Characteristic relaxation time distributions G(z7) of
P(“amidine”MS)-co-PS solution in the presence of 50 mM LiBr before
and after CO, bubbling.
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finally approaches zero, but Z, remains monovalent, according to
their definitions; and at the same time, R}, also decreases because
of the change of the chain conformation from rodlike to random
coil. This is why both Dy, and Dy, approach D. The increases
of (I) and A, are expected because neutral chains scatter more
light than charged ones and the coupled diffusive relaxation
diminishes when each chain becomes neutral so that 4, increases.

Further, we studied the effect of polymer concentration (C) on
dynamics of salt-free dilute polyelectrolyte solutions. Figure 10
shows how G(7) varies with C for the charged chains. For
comparison, we have normalized the total area under each G(7)
by its corresponding total scattering intensity and polymer
concentration, where we have taken the peak area of G(r) in
the neutral state as 100%. Note that C*, defined as M/ (4Jng3 Na/
3)or M/ [(2Rg)3N ‘Al, 1s in the range 17—30 mg/mL. Therefore, our
polymer concentrations used covers both the dilute and semi-
dilute regions. It is clear that (7). increases, i.e., Dg, decreases,
with C, but (7)1 (01 Dyjoy) Nearly remains; and at the same time,
both (I)/C and A, decrease. These results are different from the
prediction; namely, De,ge ~ C° (eq 3.55b in ref 18). The exact
reason is still unknown, but a reasonable speculation is as follows.
The increase of polymer concentration gradually screens out the
electrostatic interaction, and the effective charges on each chain is
less, which has a similar effect as the N, bubbling, as shown in
Figure 9.

On the other hand, if the slow mode was related to large ion-
cloud-overlapping-induced temporal chain aggregates, we would
see that the dilution increases (7)., because there is less ion-
cloud overlapping or, in other words, those temporal aggregates
would be smaller. However, Figure 10 shows an opposite trend.
The explanation might be as follows. Polymer chains contracted
as the concentration increases, resulting in a faster self-diffusion,
and at the same time, the interchain friction increases, retarding
the self-diffusion in a long time scale. Therefore, increasing the
polymer concentration has two opposite effects on the slow
mode.

We also studied the effect of salt on dynamics of dilute
polyelectrolyte solutions. Figures 11 and 12 show that in the
presence of 50 mM LiBr the CO, bubbling has no effect on
2%(q.1) of charged P(“amidine”MS)-co-PS chains in dilute solu-
tions and its corresponding G(7); namely, the addition of 50 mM

% % F g
& neutral

cozl TNZ
A
o N
] charged o
Nz O
2 &S™The time or length scale % = 3"
2 S AVAN)
Pt s S «—> S
to = e short

< W
— %@1@ (D}/ &
long "® 2

& “
slow model” g
-

Figure 13. Schematic of fast and slow relaxation modes after each P(*amidine”MS)-co-PS chain becomes charged after the CO, bubbling; namely, the
fast mode is due to the coupling of the diffusion of the chain and the wiggling of chain segments induced by fluctuation of counterions condensed nearby
the charged chain backbone in a salt-free or low-salt solution and the slow mode to the self-diffusion of the charged chain with an extended
conformation.
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LiBr sufficiently suppress electrostatic interaction among charges
on the chain backbone so the charged chains behave like in
the initial neutral state with (D)=2.33 x 1077 cm*s~ ' and (Ry,) =
10.0 nm. It should be stated that there is also no change in the
time-average scattering intensity. Using eq 4, we can explain these
results as follows. The second term in the bracket of eq 4
diminishes because p; is much higher than p.. The screening of
electrostatic interaction among different chains also reduces the
interchain interaction. Therefore, both Dy, and Dy, approach
D. The slightly larger (Ry,) is attributed to the chain swelling
because the addition of LiBr makes DMF a better solvent.

Conclusion

By designing, synthesizing, and using a novel P(“ami-
dine”MS)-co-PS that can be in situ and reversibly switched
between a neutral to a charged state by alternative bubbling of
CO; and N,, we have re-examined dynamics of polyelectrolyte
solutions by laser light scattering. The current experiments
decisively rule out any possible contamination introduced during
the solution preparation or the hydrophobic patch-induced
interchain aggregation. Our results reconfirm that when indivi-
dual polymer chains are charged in salt-free dilute solutions, their
translational diffusive relaxation in the neutral state splits into a
fast and a slow diffusive mode (Dg,s and Dgoy), respectively, due
to the long-range electrostatic interaction. As expected, adding
50 mM LiBr can suppress the electrostatic interaction so that the
charged chains behave like the neutral ones with only one
translational diffusive relaxation mode. Further, we found that
as the concentration increases, the fast coupled diffusion slows
down and the slow self-diffusion is less affected, presumably due
to a balance between the screening of the electrostatic interaction
and the increase of interchain friction. The fast mode can be
attributed to the coupled diffusion originated from a convective
current generated by an induced electric field arising from
fluctuation of all charged species (charges on the chain and
counterions) in the solution in a short time or length scale.
Although there is still no decisive evidence to differentiate
whether the slow relaxation is related to large temporal aggre-
gates formed due to the overlapping of ion clouds among
different chains or to the self-diffusion of individual chains
retarded by surrounding chains (interchain friction) in a long
time or length scale. Our results indicate that the slow mode is not
related to large but slowly moving scattering objects, supporting
the assumption of the retarded self-diffusion, as schematically
shown in Figure 13. Note that a cage could be viewed as a
temporal aggregate.
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