
pubs.acs.org/Macromolecules Published on Web 08/31/2009 r 2009 American Chemical Society

7404 Macromolecules 2009, 42, 7404–7412

DOI: 10.1021/ma901137g

Local Water Dynamics in Coacervated Polyelectrolytes Monitored
through Dynamic Nuclear Polarization-Enhanced 1H NMR

Ravinath Kausik,†,‡ Aasheesh Srivastava,†,‡,§ Peter A. Korevaar,†,‡,^ Galen Stucky,†,‡

J. Herbert Waite,†,‡,§ and Songi Han*,†,‡

†Department of Chemistry and Biochemistry, University of California, Santa Barbara, California 93106,
‡Materials Research Laboratory, University of California, Santa Barbara, California 93106, and §Molecular
Cellular and Developmental Biology, University of California, Santa Barbara, California 93106. ^Present
address: Institute for Complex Molecular Systems, Eindhoven University of Technology, PO Box 513, 5600
MB, The Netherlands.

Received May 26, 2009; Revised Manuscript Received August 13, 2009

ABSTRACT: We present the first study of quantifying the diffusion coefficient of interfacial water on
polyelectrolyte surfaces of systems fully dispersed in bulk water under ambient conditions. Such measure-
ments weremade possible through the implementation of a recently introduced dynamic nuclear polarization
(DNP) technique to selectively amplify the nuclearmagnetic resonance (NMR) signal of hydrationwater that
is interacting with specifically located spin-labels on polyelectrolyte surfaces. The merit of this novel
capability is demonstrated in this report through the measurement of solvent microvisosity on the surface
of two types of oppositely charged polyelectrolytes: when freely dissolved versus when complexed to form a
liquid-liquid colloidal phase called complex coacervates. These complex coacervates were formed through
electrostatic complexation between the imidazole-based cationic homopolymer poly(N-vinylimidazole)
(PVIm) and anionic polypeptide polyaspartate (PAsp) in the pH range of 4.5-6.0, under which conditions
the coacervate droplets are highly fluidic yet densely packed with polyelectrolytes. We also investigated the
rotational diffusion coefficients of the spin-labels covalently bound to the polyelectrolyte chains for both
PVIm and PAsp, showing a 5-fold change in the rotational correlation time as well as anisotropy parameter
upon coacervation, which represents a surprisingly small decrease given the high polymer concentration
inside the dense microdroplets. For both DNP and ESR experiments, the polymers were covalently tagged
with stable nitroxide radical spin-labels (∼1 wt%) to probe the local solvent and polymer segment dynamics.
We found that the surface water diffusion coefficients near uncomplexed PVIm and PAsp at pH 8 differ and
are around D ∼ 1.3 � 10-9 m2/s. In contrast, inside the complex coacervate phase, the water diffusion
coefficient in the immediate vicinity of either polyelectrolyte was D ∼ 0.25 � 10-9 m2/s, which is about an
order of magnitude smaller than the bulk water self-diffusion coefficient and yet orders of magnitude greater
than that of associated, bound, hydration water. This observation suggests the existence of measurable water
inside complex coacervates with relatively high diffusion and exchange dynamics, implying that water moves
in nanometer-scale pore spaces as opposed to being structurally bound or even absent. We infer from our
observation that the PVIm and PAsp chains are undergoing roughly pairwise association, so that largely
charge-neutralized species compose the concentrated, yet fluidic, and partially hydrated coacervate cores.

1. Introduction

Complex coacervation is a liquid-liquid phase separation of
oppositely charged polyelectrolytes, i.e., polycations and poly-
anions.1,2 These polyelectrolyte complexes segregate into coacer-
vate droplets that further coalesce to form a separate dense bulk
phase with significantly higher polymer concentration and visco-
sity compared to the original polyelectrolyte solutions. The
process was first seen by Tiebackx3 and later termed complex
coacervation by Bungenberg de Jong andKruyt4 after a systema-
tic investigation of the system of gum arabic and gelatin.

The applications of complex coacervation have impacted various
fields. Oparin suggested complex coacervation to be themechanism
behind the separation of a fluid phase distinct from the “primordial
soup” in his famous theory of the origin of life on earth.5 From a
practical point of view complex coacervation has found uses in
processed food,6 biomaterials,7 cosmetics, and also in carbon-less
paper.8 Additional applications of complex coacervation include

those in pharmaceutical and food industries where they are used as
microencapsulates for insolublematerials likedrugs and flavors,9-13

thus making them promising candidates for various applica-
tions dealing with targeted drug delivery and controlled perme-
ability. It has recently been reported that complex coacervation
plays a key role in the coating, building, and the adhesive
functions of marine organisms.14,15 What makes this phenom-
enon intriguing and unique for a wide range of problems are the
peculiar dynamic properties of these dense polymer droplets.
Yet, there are only a few systematic studies on the physical
characterization of complex coacervates, fewer on the rota-
tional diffusion coefficients of polyelectrolytes, and none on the
quantitative determination of the presence and dynamics of
solvent water within complex coacervates. The relevance of
the various dynamic parameters, the challenges of analyzing
dynamic properties of complex coacervates, and our unique
magnetic resonance approach to measure microviscosities will
be discussed in the following sections. The main questions that
we seek to answer in this study are (1) what is the solvent
microviscosity, (2) what is the change in polyelectrolytemobility*Corresponding author. E-mail: songi@chem.ucsb.edu.
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upon coacervation, and finally (3) what can we learn regarding
the molecular organization or structure of the polyelectrolytes
from the dynamic properties of these systems?

The formation of the electrostatic complexes between two
oppositely charged polymers can be fine-tuned through para-
meters that influence the strength of the interpolymer electro-
static interactions, such as pH, salt concentration, chain length,
and ionic strength of the polyelectrolytes.1,6 A thorough and
systematic understanding of complex coacervation has been
hindered by the complex and varied chemical compositions and
structures of the macromolecules involved. Lack of chromo-
phores in natural biopolymers, strong scattering by the coacer-
vate phase, and the dynamic nature of the condensation of the
polymers to varied sizes of liquid droplets further aggravate these
difficulties. There have been reports in the literature on the
attempts to study the coacervate chain dynamics by techniques
including NMR, ESR, fluorescence, FRAP, and various scatter-
ing techniques,16-18 which has led to the understanding of
kinetics of polyelectrolyte complexation. There have also been
attempts to introduce improved techniques likeX-ray reflectivity,
diffusion wave spectroscopy, and confocal scanning laser micro-
scopy for investigating coacervation.19,20 Nonetheless, the funda-
mental structure-dynamic properties of complex coacervates
especially with regards to solvent dynamics within coacervates
remain poorly quantified.

Coacervates have been found to be dense aggregates of the
complexed polyelectrolytes. However, these aggregates can be
uniform or nonuniform depending on the system under consid-
eration. Some of the interesting reports on the existence of pores
or heterogeneities in complex coacervates include the spongelike
morphology observed in randomly branched gels of poly-
(glutamic acid)/dendrimer coacervates,21 vacuoles of entrapped
solvent in the coacervate systems of R-lactoglobulin (R-lg)/gum
Arabic (GA),8 and the spongelike vesicle structures in a purely
synthetic system of zwitterionic gemini surfactants in water.22,23

These recent studies provide insight that coacervates can be
water-filled porous structures, but there is no quantitative study
on the presence and dynamics of this water. An improved
quantitative understanding of these properties, especially as a
function of polyelectrolyte structure, is required. The under-
standing of the local solvent dynamics is important because it
determines the effective response of complex coacervates to
solvent-mediated stimuli, such as pH or salt, and therefore
influences how well they serve as cell mimetic or tissue culture
media. Themain challenges in understanding the dynamics of the
solvent molecules close to the polyelectrolyte surface lie in
separately observing this locally interacting water from the bulk
solvent molecules. While there have been some studies on
boundary-layer water in other systems such as the surface of
proteinmolecular assemblies (e.g., by IR and near-IR vibrational
spectroscopy24 and magnetic resonance methods25-27), there are
no reports on the nature of the water locally interacting with the
surface of the polyelectrolyte in the extended uncoacervated or
the compact coacervated state, nor is there an evaluation of the
diffusion constants of these local water molecules on the surface
of any macromolecular system or complexes.

In this paper we present the development and application of a
new experimental technique to access the water that is locally
interacting with the polyelectrolyte surface and to quantify its
local diffusion coefficients. Using a magnetic resonance principle
termed dynamic nuclear polarization (DNP), we transfer mag-
netization from the free electrons of spin-labels which are
covalently tethered to the polyelectrolytes to the 1H nuclei of
the solvent water. This process utilizes the ∼658-fold higher spin
polarization of electron spins compared to 1H nuclei. The
dominant mechanism of this DNP transfer is the Overhauser
effect, which produces amplification of the 1H NMR signal of

solvent water through the modulation of the dipolar interactions
between the water protons and the free radical electrons of the
spin-labels.28 For our system of 1H nuclei of water dynamically
interacting with stable nitroxide species it has been shown that
dipolar relaxation is dominated by translational motion of the
interacting species.29 Thus, theDNP-amplified 1HNMRsignal is
predominantly sensitive to the translational fluid dynamics of
water directly interacting with the spin-label. As 80% of the
dipolar interactions between the 1H water protons and free
electrons of the spin-labels come from within 5 Å distance from
the spin-label (due to dipolar interactions rapidly falling off with
distance30), this effect measures the characteristics of truly local
water interacting with the spin-label probe. We have demon-
strated that this technique can be used to quantify the local water
self-diffusion coefficients around biological systems,31,32 which is
possible because the water dynamics within 5-10 Å of the spin-
label is not altered from the bulk water dynamics through the
mere presence of spin-labels.33 Here, the unique and most
important feature of our approach is that the interfacial property
of biomolecules in dilute solutions (a few hundred μM) and small
quantities (3-4 μL) can be measured. Finally, because the DNP
analysis of hydration water is performed through a site-specific
spin-label, the very same spin probes can be employed for
electron spin resonance (ESR) analysis of the rotational diffusion
of the spin-label and the polyelectrolyte segment that it is
attached to. Because the sensitivities of DNP and ESR analyses
are comparable, both the microviscosity of the solvent and the
coupled rotational diffusion of spin-labels and the polymer
segments can be measured for the same sample in situ. We chose
a system of two simple homopolyelectrolytes, polyvinylimidazole
(PVIm) and polyaspartate (PAsp), functionalized with spin-
labels at ∼1 wt % concentration. The DNP and ESR analyses
of complex coacervates are carried out with either the PVIm or
PAsp carrying spin-labels, so that the solvent and polymer
dynamics can be observed from the perspective of both polyca-
tions and polyanions.

2. Experimental Methods

2.1. Polymer Synthesis and Functionalization. Postsynthetic
modification of the imidazole groups in PVIm was undertaken
to attach the ESR spin-label 2,2,6,6-tetramethylpiperidine-
N-oxyl (TEMPO). The polymer in the present study was
synthesized through simple free-radical polymerization as
reported previously.34 PVIm is a homopolymer model protein
having a polycarbon backbone and multiple imidazole pen-
dants. 4-(2-Iodoacetamido)-TEMPO was used for covalently
attaching TEMPOgroups to PVImby the nucleophilic attack of
imidazole on the electron-deficient iodoacetamido group,
as described below. In a separate synthetic protocol to prepare
the anionic polymer counterpart, the polysuccinimide precursor
to polyaspartate was prepared by thermal polymerization of
aspartic acid in the presence of orthophosphoric acid (synthesis
details given below). The polysuccinimide precursor can under-
go nucleophilic reaction with amines.35 Thus, mild heating of
polysuccinimide with 4-amino-TEMPO resulted in the attach-
ment of TEMPO groups to the polysuccinimide through an
amide linkage. The product was purified by a combination of
precipitation and dialysis to remove any unreacted TEMPO
precursor. The rest of the succinimide groups were opened using
aqueous sodium hydroxide solution to obtain TEMPO-labeled
polyaspartate. For preparing unlabeled polyaspartate, the poly-
succinimide was directly subjected to base hydrolysis. The
conversion of succinimide to carboxylates was evident from
the free solubility of the product in water, in contrast to the
precursor that was insoluble in water.

Preparation of TEMPO-Labeled PVIm. Following Scheme 1,
PVIm (74 kDa) (218.3 mg, 2.3 mmol) was dissolved in 4 mL of
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ethanol under magnetic stirring at room temperature. In a
separate vial, 4-(2-iodoacetamido)-2,2,6,6-tetramethylpiperi-
dine-N-oxide (TEMPO) (11.8 mg, 35 μmol) was dissolved in
chloroform (0.5 mL) and added dropwise into the PVIm etha-
nolic solution. This mixture was stirred overnight and concen-
trated in vacuum, and the product was precipitated by addition
of acetone (10 mL). The precipitate was dried under vacuum to
obtain an off-white solid.

Preparation of TEMPO-Labeled PAsp. Sodium polyaspar-
tate was synthesized according to an established procedure
reported in the literature.35 Briefly, a paste of aspartic acid
(3 g) and orthophosphoric acid (3 mL) was heated at 180 �C at
100 mmHg vacuum for 3 h (Scheme 2). The resultant viscous
liquid was poured into cold water to isolate the polysuccinimide
intermediate as a white solid. After filtration and drying, 200mg
of this polysuccinimide was suspended in 3 mL of DMF. To the
turbid mixture, 6 mg of 4-aminoTEMPO dissolved in 100 μL of
DMFwas added. This mixture was kept for heating at 50 �C for
36 h to obtain a clear pink solution. This solution was poured
into 0.1 N HCl solution and centrifuged at 2000 rpm for 10 min
to obtain a light yellow precipitate. The precipitate was further
rinsed twice with water (5 mL) and dissolved in 0.1 M NaOH
solution (2 mL). This basic solution of the polymer was dialyzed
against water for 24 h using a cellulose acetate membrane with
MWCO of 10 kDa. Lyophilization of the resulting pale brown
solution resulted in the isolation of 128 mg of TEMPO-labeled
polyaspartate (60 kDa) as a light brown solid.

Complex Coacervation of PVIm and PAsp. Complex coacer-
vation was induced by mixing the aqueous solutions of PVIm
and PAsp (50 mM final concentration) at pH 9 and then
reducing pH of the resulting solution by addition of 2% HCl.
An immediate increase in turbidity of the sample was observed
uniformly throughout the sample as the pHwas decreased to 6.5
(Figure 1). The turbidity indicates the onset of the formation of

complex coacervates. The solution remains turbid until about a
pH of 4.5 and then starts getting clear again when the pH drops
below 4.5. The presence of microscopic complex coacervate
aggregates was confirmed by differential interference contrast
optical microscopy (Figure 2).

2.2. Experimental Techniques. The electron spin resonance
spectra were acquired on a Bruker EMX X-band spectrometer
equipped with a rectangular TE102 cavity. The center field was
fixed at 0.35 T and themicrowave frequency at 9.8GHz, and the
experiments were carried out at 295 K. Amodulation frequency
of 100 kHz and a field sweep range of 150Gwere used. Once the
ESR spectra were recorded, the field was fixed at the value of the
center peak frequency and the dynamic nuclear polarization
(DNP)-enhanced NMR experiments were carried out in the
same instrument setup. This was done using a home-built
U-shape NMR coil made of 0.010 in. diameter Teflon-coated
silver wire tuned to 14.8 MHz and connected to the broadband
channel of a Bruker Avance NMR spectrometer. The unpaired
electrons are irradiated with a power output between 0.1 mW
and 1.5 W continuously using a custom home-built X-band
microwave amplifier while the NMR signal was recorded. Dry
nitrogen gas was passed over the sample at 9 L/m for cooling the
sample. Typical sample volumes used were about 4 μL, and
heating effects due to the microwave irradiation even at max-
imum power were checked to be negligible.36 The turbidity
measurements were carried out using UV-vis spectroscopy at
600 nm using a UV-1800 Shimadzu spectrophotometer with a
phosphate buffer as reference. The optical images were taken
using differential interference contrast optical microscopy on an
Olympus BX60 microscope using a 100� oil immersion lens.
Polyaspartate concentrations were determined by amino acid
analysis (Beckman 6300 Autoanalyzer) after 24 h hydrolysis in
vacuum with 6 M HCl at 110 �C.

3. Theory

3.1. Overhauser Dynamic Nuclear Polarization. The Over-
hauser-enhancedDNP resulting in theNMRsignal enhance-
ment upon irradiation of the electron spin resonance
transition is given by28,37

E ¼ 1- Ffs
jγSj
γI

ð1Þ

where E is the enhancement of the signal in the presence of
microwaves relative to the NMR signal, F is the coupling
factor reflecting the coupling between the electron and
proton, f is the leakage factor describing the influence of

Scheme 1. Preparation of TEMPO-Labeled PVIm by Nucleophilic
Reaction of Imidazole Groups with the Electron-Deficient Iodoaceta-

mido Group of the TEMPO Derivative

Scheme 2. Synthesis of Sodium Polyaspartate and TEMPO-Labeled Sodium Polyaspartatea

aThermal polymerization of aspartic acid in presence of orthophosphoric acid results in formation of polysuccinimide that undergo nucleophilic
reaction with either hydroxyl groups or the amino groups.35
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electron-proton interaction upon the proton relaxation me-
chanisms, s is the saturation factor describing the saturation of
the electron spin Zeeman transition, and γS and γI are the
magnetogyric ratioof theelectronandtheproton (|γS|/γI=658).

The leakage factor, f, is given by

f ¼ 1-
T1

T10
¼ kCT10

1þ kCT10
ð2Þ

where T1 is the longitudinal relaxation of the nucleus in the
presence of the electron spins, T10 is the longitudinal relaxa-
tion of the 1H spins in the absence of the electron spins, C is
the concentration of radical, and k is the relaxivity constant.
The value of the leakage factor can be accurately determined
bymeasuring the spin-lattice relaxation time of the complex
coacervates in both the presence and absence of the spin-
labels. Calculating this also takes care of the effects of
variable spin-label concentrations in different samples. The
saturation factor, s, depends on the B1 amplitude of ESR
irradiation. To eliminate the B1 strength variations at the
sample as a variable, we measured DNP enhancement at a
series of B1 amplitudes and extrapolated it to infinite B1

strength. The nitroxide radicals possess three hyperfine
states due to the 14N having a nuclear spin I= 1 interacting
with the unpaired electron and the efficiency with which the
hyperfine states mix, will affect the saturation factor.38,39

The efficiency of mixing depends on the amplitude of inter-
molecular Heisenberg electron spin exchange and the nitr-
oxide’s nitrogen nuclear spin relaxation rate. The spin
exchange effects can be neglected if intermolecular collision
between the spin-labels is hindered, e.g., due to low spin-label
concentration or if there is little chance for mutual interac-
tion between the spin-labels. However, it has also been
shown that the nitroxide’s nitrogen nuclear spin T1 relaxa-
tion times become very low (on the order of a 300-900 ns) if
the spin-label’s rotational motion is restricted,40 e.g., when
tethered to a macromolecule, and thus can lead to efficient
mixing of the hyperfine states. Therefore, even in the absence
of Heisenberg spin exchange effects due to low spin-label
concentration as is the case in this study, the saturation factor
at infinite microwave power, smax, is expected to approach 1 if
the spin-labels experience rotational dynamics with correla-
tion times (τrot) between 7 � 10-10 and 5 � 10-7 s.39 These
correlation times cover the range of the relevant rotational
diffusion rates that the spin-labels incorporated on coacervate
polyelectrolyte chains have, as can be shown by the fit values
of the ESR spectra and discussed in the Results and Discus-
sion section.

In order to determine the coupling factor, the DNP
enhancements were measured as a function of increasing
power and extrapolated to infinite power to obtain max-
imum enhancement. The relation for maximum enhance-
ment at infinite power is given by

Emax ¼ EðP f ¥Þ ¼ 1-
jγSj
γI

Ffsmax ð3Þ

Thus, as the maximum enhancement value (Emax), the leak-
age factor (f), and the maximum saturation factor (smax) and
the ratio of the magnetogyric ratios are now known, the
value of the coupling factor F can be determined. Interac-
tions between nitroxide spin-labels and proton water mole-
cules are purely dipolar and have been shown to be
dominantlymodulated by the translational correlations with
negligible rotational contribution due to the absence of a
long-lived free electron-proton species, with the help of field
cycling relaxometry.29 For the analysis of the coupling factor
we use the spectral density function developed by Hwang
and Freed41 which assumes a hard-sphere, force-free model
which is the best approximation for the system of tethered
nitroxide spin-labels and the interacting water molecules.
This spectral density function relates the coupling factor
and the translational correlation time by modeling for the
cross-relaxation between the electron and proton spins. It is
given by

Jðω, τÞ ¼
1þ 5

ffiffi

2
p
8
ðωτÞ1=2þωτ

4

1þðωτÞ1=2þð2ωτÞþ
ffiffi

2
p
3
ðωτÞ3=2þ 16

81
ðωτÞ2þ 4

ffiffi

2
p
81

ðωτÞ5=2þ ðωτÞ3
81

ð4Þ
In the case of isotropic motion with one translational
correlation time τ, which is very much shorter than the
electron relaxation times (T1e, T2e), as in the case of tethered
nitroxide molecules on macromolecules, the coupling factor
is given by28

F ¼ 6JðωS þ ωI, τÞ-JðωS -ωI, τÞ
6JðωI þ ωS, τÞ þ 3JðωI, τÞþJðωS -ωI, τÞ ð5Þ

Thus, the value of this translational correlation time (τ) can
be determined. This correlation time fulfills the relation28

τ ¼ d2

DIþDS
ð6Þ

Figure 1. Turbidity (absorbance at 600 nm) as a function of pH during
complex coacervation of PAsp with PVIm and PVIm-TEMPO
show that functionalization does not affect the complex coacervation
phenomena.

Figure 2. Differential interference contrast optical micrograph (100�
magnification) of the coacervate showing the formation of micrometer
size complex coacervate droplets at a pH of 5.8.
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where d is the distanceof closest approachof the two spins,DI is
the diffusion coefficient of the solvent molecules, andDS is the
diffusion coefficient of the electron spin bearing molecules. In
our earlier work we have shown that the distance of closest
approach, which depends on the van der Waals attraction
between the electron and proton, is found to be 4.5 Å at
0.35T.32 Thiswas done by calculating the translational correla-
tion time for 4-amino-TEMPO free in solution through DNP
and by determining the value ofD (D=DIþDS) fromDOSY
NMRexperiments.31 As the closest distance towhich the 1H of
water approach the spin-labels is only limited by the van der
Waals forces between them, this distance is not expected to
change even if the number of water molecules and collisions
were to be sparse. In an independent study using field cycling
relaxometry on lipid vesicles systems with spin-labels tethered
at various exterior and interior positions of the lipid bilayer, the
van der Waals distance of closest approach has been shown to
remain around 4.5 Å,42 although also shorter values of around
2.6 Å have been found for free spin-labels interacting with
water.43,32 It is important to appreciate that errors in the
estimation of this distance would only scale the absolute
value of the diffusion coefficients. However, the relative
changes in the diffusion coefficients that we use to probe
the process of complex coacervation as a function of pH
would still be accurate. In this paper, we report on the
translational correlation time between tethered spin-labels
and hydration water determined from the DNP analysis that
quantifies solvent diffusion coefficients in the local (4.5 Å)
vicinity of the polyelectrolyte tethered spin-labels.

3.2. Electron Spin Resonance. Electron spin resonance is an
established technique for the determination of the rotational
dynamics of spin-labeled molecular chain segments and local
polarity parameters. The basis of this analysis is that the 14N
hyperfine splitting constants, aN, and the g value of nitroxide
spin-labels are anisotropic depending on the spatial orientation
of the N-O bond with respect to the static magnetic field, B0.
Thus, the ESR line width and line shape are sensitive to the
rotational diffusion rate of the spin-labeled segmenton theorder
of 106-1010 s-1 as well as to the anisotropy of the rotational
freedom. The hyperfine splitting constant, aN, is sensitive to
polarity profiles and can indirectly reflect water content. This is
because the unpaired electron resides closer to the nitrogen or
oxygen of the nitroxide depending on the polarity of the
environment that stabilizes one of the two configurations
(æþN•-O- T æN-O•). Utilizing these characteristics, literature
studiesmodel the aNparameter to determine hydrogen-bonding
contribution in terms of fractional increments relative to pure
water.44,45 However, the interpretation of aN often does not
sufficiently discriminate between the extent of hydrogen
bonding due to changing water content and the local solvent
polarities or the motional anisotropy. Modeling programs
based on the stochastic Liouville equation like nonlinear
least-squares (NLSL)46 and the simulation and fitting pro-
gram package EasySpin47 can be used to determine the axial
rotational rates of the spin-labels that are covalently at-
tached and thus coupled to the motions of the molecular
segments in the coiled polyelectrolyte chains and complex
coacervate structures. In our analysis of the ESR spectra
with the NLSL program we use g and A tensor elements of
gxx=2.0089, gyy=2.0062, gzz=2.0032, Axx=6.1 G, Ayy=
5.9 G, and Azz = 33.5 G and a basis set of truncation with
Lmax
e =24, Lmax

o =14, Kmax=6, Kmin=6.

4. Results and Discussion

Complex coacervation was achieved by mixing 100 mMPVIm
(pKa = 7.2) and PAsp (pKa = 4.9) solutions at a pH of about 9

and then slowly reducing the pH by the dropwise addition of 2%
HCl. These are the first reports of complex coacervation in this
system and result in the appearance of a strong turbidity
uniformly across the sample, in the pH range of 6.5-4.8
(Figure 1). The increase in the turbidity only at pH values
<6.5 indicates the requirement of protonated imidazoles to
undergo electrostatic interaction with the anionic carboxylate
groups on polyaspartate. As shown in Figure 1, the turbidity
(measured as an absorbance increase at 600 nm) reaches a
maximum around pH 6 and then slowly decreases at lower pH.
At a pH below or above this, decreased interaction between the
polymers due to the protonation of carboxylates or deprotona-
tion of imidazoles, respectively, results in lower turbidity. The
turbidity curves for PVIm-PAsp and for TEMPO-functiona-
lized PVIm-PAsp were found to be similar (Figure 1), which
indicates that TEMPO spin-labels do not interfere with the
coacervation process.

The existence of fluidic coacervate droplets was confirmed
through differential interference contrast optical microscopy of
the complex coacervate phase, showing perfectly spherical, sub-
micrometer size droplets dispersed in solution at a pH of
5.8 (Figure 2). This direct visual evidence of the formation of
well-defined and perfectly spherically shaped complex coacer-
vates proves their liquid character. These droplets show a size
distribution with diameters varying from about 0.2 to 1 μm. No
aggregates were observed below pH 4.0 or above pH 6.5 by
optical microscopy.

To study the solvent microviscosity upon complex coacerva-
tion, the local water diffusion coefficients were quantified via
DNP experiments with either of the polyelectrolytes functiona-
lized. ThemeasuredDNP enhancements have an opposite sign in
comparison to the NMR signal intensity because of the dipolar
nature of the electron-proton interaction. The maximum
(negative) enhancements as a function of the pH have been
plotted on the top panel of Figure 3. Interestingly, at high pH
the enhancements are close to -10-fold in the case of TEMPO-
labeled PVIm, while they have a much lower enhancement value
of about -6-fold for TEMPO-labeled PAsp. The differences in
the enhancements for PVIm and PAsp are due to the differences
in the water mobility at the different polyelectrolyte surfaces,
which can arise due to different charge density, hydrophobicity,
or structure of the individual polymers. Forbothpolyelectrolytes,
the high values of the enhancement reflect fast water dynamics on
the surface of these polyelectrolytes which mainly exist in a
relatively extended configuration under these conditions. As the
pH is reduced, the polymer chains interact, leading to the
formation of the complex coacervate microspheres at a pH of
∼5.8. This leads to a gradual decrease in the maximum enhance-
ment values and finally a very low-amplitude negatively amplified
NMR signal under fully coacervating conditions. As the pH is
further reduced, the enhancements start to increase again as the
polyelectrolytes now separate out from the complex coacervate
phase into a more stretched configuration. This happens because
at low pH, PVIm becomes completely protonated and hence
prefers an extended conformation, whereas PAsp would separate
out and undergo hydrogen-bonding between the carboxylates
through inter- or intra-PAsp interactions. Significantly, the trend
of maximumDNP enhancements reproduces the behavior of the
turbidity curve. It is important to appreciate that while turbidity
is a measure of the formation of macroscopic molecules of the
order of the incident wavelength (600 nm) used, the DNP
technique probes the local water mobility and its interaction with
the spin-labels within 5-10 Å distances and thus changes at a
much smaller length scales or much smaller complexes.

From these maximum enhancement values, the coupling
factors were determined after measuring the leakage factors
and inserting smax = 1 into eq 3 and plotted as a function of
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pH on the lower panel of Figure 3. The coupling factors enable
the estimation of the translational correlation time between the
locally interacting protons of water and electron spins through
the spectral density function, as discussed in the Theory section.
As shown in eq 6, from the value of the translational correlation
times and the distance of closest approach (4.5 Å), the sum of the
diffusion coefficients of the spin-labels and the local water
molecules can be determined. As the water diffusion coefficients
are more than 1 order of magnitude larger than the diffusion
coefficients of tethered spin-labels, the total diffusion coefficient
is attributed to the hydration water alone.

The calculated values for the diffusion coefficients of this
hydration water are plotted in Figure 4. At low and high pH
where no complex coacervation occurs, the values on the surface
of uncomplexed polyelectrolytes are (1.2-1.6) � 10-9 m2/s,
showing differences betweenPVImandPAsp. Toour knowledge,
these are the first quantitative measurements of diffusion con-
stants of the local water interacting with extended chain poly-
electrolyte surfaces under ambient solution state conditions. (The
bulk water self-diffusion coefficient of 2.3 � 10-9 m2/s has been
drawn as a reference in Figure 4). The hydration water diffusion
coefficient gradually reduces as complex coacervation occurs and
merges into a single value of 0.25� 10-9 m2/s in the coacervation
regime. One question that remains to be answered is whether this
value is reporting on the internal and local polyelectrolyte surface
water dynamics inside complex coacervates, as opposed to effects
of bulk water-exposed or residual uncomplexed polyelectrolytes.
The micrometer-sized complex coacervate droplets result in a
large internal surface area that the spin-labels are probing in
comparison to their external surface area, which addresses one
issue, namely that effects of spin-labels probing the bulk water-
exposed polyelectrolytes on the surface of complex coacervate
droplets can be neglected. Another issue is whether the DNP
enhancements originate from a small fraction of uncomplexed

polyelectrolytes? As will be discussed further below, the ESR
analysis of the dilute equilibrium phase, physically separated
from the coacervate phase, concluded that there remains a
residual fraction of small polyelectrolyte species but that even
these small polyelectrolyte species exist as coacervated complexes
at this pHof∼5.5.We alsomeasured local water dynamics of this
physically separated dilute phase and found that the local water
dynamics was significantly reduced compared to that in complex
coacervate solution. This is in agreement with the idea that the
measured dynamics (0.25� 10-9 m2/s) does not arise from and is
not affected by uncomplexed polyelectrolytes (that would be
entirely contained in the dilute phase) and that the dilute phase
contains residual complexed polyelectrolytes. We can thus safely
assume that the polyelectrolyte-tethered spin-labels are reporting
on the characteristics of water in the interior of complex coacer-
vates. This also shows that the complete physical separation of
the dilute phase with no residual coacervated complexes is
difficult or perhaps impossible.

The calculated diffusion coefficient of 0.25 � 10-9 m2/s is an
order of magnitude smaller than that of bulk water, suggesting
restricted diffusion of the water in the pore spaces in the interior
of complex coacervates. This value however also indicates that
this is not structurally bound water moving with the diffusion
coefficient of the polyelectrolytes but is water confined in
nanoscale pore spaces within the coacervate (e.g., self-diffusion
of poly(diallyldimethylammonium chloride and protein bovine
serumalbumin coacervates has been reported tobe of the order of
10-12-10-14 m2/s17). Previous fluorescence anisotropy studies
on a very comparable coacervating system of PVIm-ALG
(sodium alginate) using pyrene-labeled PVIm showed that
polarity reduced during coacervation due to desolvation. How-
ever, the polarity value in the fully coacervated phase shows that
there is still substantial water in the coacervates, an observation
that is in agreement with our analysis. The same study also
showed PVIm and ALG to be homogenously distributed in the
coacervates at 100 nm resolution, implying water to be confined
at length scales smaller than this 100 nm length scale.34

Our observation is that when PVIm or PAsp is uncoacervated,
the surface diffusion coefficients measured using spin-labels are
different. These coefficients merge into one single value upon
coacervation, indicating that PVIm and PAsp assume homoge-
neous structures and that the different labels are exposed to
similar environments inside the coacervate microspheres. As
explained above, in the case of PVIm-ALG, with each polymer
labeled with a different color dye, it was shown using confocal
microscopy that the oppositely charged polymers come together
and are highly condensed throughout the microspheres, forming
what appears to be a homogeneous phase on a 100 nm grid.34

Figure 3. Upper panel: the value of maximum enhancement obtained
as a function of pH for functionalized PVIm and PAsp. Lower panel:
the corresponding values of F (coupling factor) determined using eq 33,
plotted for different pH.

Figure 4. Diffusion coefficients of the water close to the coacervated
spin-labeled polyelectrolytes as a function of pH, determined from the
DNP analysis. The dotted line represents bulk water self-diffusion
coefficient. The errors in the calculated values of the diffusion coeffi-
cients are less than 15%.
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However, only the molecular-level analysis presented here of
polymer surface water dynamics on the sub-nanometer length
scale can confirm that indeed the individual polycation and
polyanion monomers assume similar configurations when they
are complexed and coalesce into coacervates.

One of the key assumptions in our DNP evaluation of the
diffusion coefficients is that there exists fast exchange of the water
molecules between the hydrated coacervate interior and bulk
water. The spin-lattice relaxation time of the water molecules
being on the order of 2 s warrants the polarization build-up time
for DNP to be about 10 s. Thus, these long build-up times
together with the measurement of fast moving water molecules
(∼0.25 � 10-9 m2/s) ensure that the water has fully exchanged
between the coacervate and equilibrium phase. Even in the
unlikely event that the water diffusion constant is on the order
of 10-12 m2/s (e.g., for structurally bound water), the root-mean-
square displacements in one secondwould be∼2.5 μm, i.e., larger
than the complex coacervate droplets. So, the water would have
exchanged in and out of the coacervate droplets even in this
scenario. In addition, the distribution of bulk self-diffusion
coefficients of water were measured using pulsed-field-gradient
NMRexperimentswith 300ms observationdurations, andonly a
single population for the self-diffusion coefficient of water was
observed. Also, careful measurements of T1 NMR relaxation
times present a purely monoexponential decay for 1H signal of
water. Because both relaxation and diffusion coefficients ofwater
inside the coacervate droplets and dilute solution are measurably
different, only full exchange of water in and out of coacervates
within the observation times (a few hundred milliseconds to
seconds) can support these observations.

The ESR spectra for spin-labeled PVIm and PAsp are plotted
in Figures 5 and 6. Spectra of both polyelectrolytes highlight the
fact that the ESR lines significantly broaden at the maximum
coacervation pH of ∼5.5, over a narrow pH range, due to
restriction in the motional freedom of the complexed polyelec-
trolytes within the coacervates (Figures 5 and 6). The ESR line
width above and below this narrow coacervation regime is
significantly narrower and displays isotropic, motionally nar-
rowed features that are distinctly different from the ESR spectra
of the complexed polyelectrolytes. The ESR spectra at pH 5.5 of
the coacervated phase are dominated by a slower rotational
component, while there exists a small fraction of faster compo-
nents. The latter could be from either a small fraction of
uncomplexed polyelectrolytes or significantlyer smaller sized
coacervate complexes . To better understand the nature of this
faster rotational components, we carried out the physical separa-
tion of the dilute equilibriumphase from the complex coacervates
by centrifugation of the turbid coacervate solution at 5000 rpm

for 60min.As expected, the supernatantwas entirely transparent,
and no coacervate droplets (such as those inFigure 2) were visible
under the microscope. However, amino acid analysis of the
aspartic acid content in the supernatant showed that about 9%
of the total polyelectrolytes remained in the supernatant. To
verify the nature of this supernatant, ESR analysis was carried
out on this phase. The analysis revealed the characteristic
broadened spectrum with features indistinguishable from that
of the coacervate phase, except that the signal amplitude was
much lower. This provides evidence that all polyelectrolytes
detected in the supernatant at pH 5.5 still exist as polyelectrolyte
complexes, as further supported by DNP analysis discussed
above. If therewas ameasurable contribution from uncomplexed
polyelectrolytes, the supernatant should hold a higher fraction of
these free polyelectrolytes and thus present different ESR spectra
with more pronounced narrow features and display higher DNP
enhancements. This study also confirms that the complete
physical separation of this delicate liquid-liquid colloid solution
is difficult if not impossible.

Careful ESR analysis of the spin-label dynamics has been
carried out to characterize the changes in side-chain packing and
the local polymer segmental motion during the process of
complex coacervation. As the spin-labels are covalently attached
three bond lengths away to the polymer segments, it is not
possible to attribute all the motion of the spin-label to the
polymer segment alone because the spin-label motion is not
perfectly coupled to the local polymer segment motion. There-
fore, the ESR features represent the dynamics of the spin-label
itself that corresponds to side-chain packing, mixed with influ-
ences of the local segmental mobilities. The spin-label dynamics
will still be influenced by the local segmental mobilities, which is
evident from the fact that even within the noncoacervation
regime at high and low pH, there are gradual changes in the
rotational dynamics as a function of pH that is expected to
change the polymer dynamics/compactness by changes of the
charge density (Figures 7 and 8). In this regime, although
interpolymer interactions are present, the fraction of uncom-
plexed polyelectrolytes is too large that the EPR line broadening
cannot be merely attributed to spin-label interactions. However,
because we are reporting on the process of complexation and not
on the absolute dynamics of our polyelectrolyte system by itself,
even the side-chain mobility alone sensitively and directly report
on polyelectrolyte packing.Using theNLSLanalysis as described
in the Experimental Methods section to fit the ESR spectra, the
perpendicular (R^) and parallel (R )) rotational diffusion rates of
the spin-labels relative to their long axis are obtained and plotted
in Figures 7 and 8.We observe that the rotational diffusion of the
spin-labels as part of the uncoacervated polyelectrolyte is high, on

Figure 5. ESR curves obtained for TEMPO-labeled PAsp, plotted at
three different pH, showing the line broadening features at coacervation
and less broad, isotropic spectra at higher and lower pH. Top inset
shows the ESR curve (black line) at pH 7 fit using the NLSL program
(gray dashes) while the bottom inset shows the ESR curve (black dots)
with the faster components spectrally subtracted, at pH5.5, fit using the
NLSL program (gray dashes).

Figure 6. ESR curves for PVIm-TEMPO plotted as a function of pH
showing the line broadening features at coacervation and less broad,
isotropic spectra at higher and lower pH for the case of PVIm.Top inset
shows the ESR curve (black line) at pH 7 fit using the NLSL program
(gray dashes) while the bottom inset shows the ESR curve (black dots)
with the faster components spectrally subtracted, at pH 5.5, fit using the
NLSL program (gray dashes).
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the order of 1-5� 108 s-1, and differs between PVIm and PAsp.
When complex coacervation occurs, the rotational diffusion
coefficients of the spin-labels attached to both polymers consis-
tently decrease by a factor of 5 (Figures 7 and 8). Analogous to
the observation on the surface hydration dynamics, the spin-label
dynamics and thus the side chain and polymer segment mobility
of both polycations and polyanions show dissimilar character-
istics when uncoacervated and comparable characteristics when
coacervated. This further supports the picture that spin-labels on
PVIm and PAsp experience largely similar environments within
the complex coacervate microdroplets. Furthermore, one can
obtain the dynamic anisotropy parameter, which is the ratio of
the parallel and perpendicular rotational rates (N = R )/R^),
which again shows the 5-fold change from the uncoacervated to
coacervated phase. Again, the discussed values represent a
combined effect of mobility changes in side chain and polymer
segment anisotropy.

Finally, wewould like to discuss the highly fluidic nature of the
extremely condensed complex coacervate phase. The high poly-
mer concentration of the equilibrium solution of 50 mM further
greatly increases in the complex coacervate phase due to sig-
nificant condensation occurring during the polyelectrolyte phase
separation. Assuming the coacervates to have a uniform con-
centration throughout the solution and using the differential
interference optical microscopy images, we approximated the
upper ceiling for the polymer density in the coacervatemolecules.
Assigning 90% of the entire polyelectrolyte concentration of the
image to be distributed in the coacervate spheres, a density of
1.7 g/mL for the complex coacervates was estimated. This was
done by calculating a volume of 1554 μm3 for the field of view of
the optical image assuming a thickness of 1 μM, as this thickness
is estimated to be similar to that of the largest microspheres
formed. The total volume in the coacervates was calculated by
adding up the volume of each of the coacervate spheres in the
field of view and it is found to be around 19.5 μm3. Given this
high density, it is peculiar that the complex coacervates not only
are fluidic but also display high side-chain mobility and poly-
mer segment rotational diffusion whose dynamics are compar-
able to that found in liquid crystals and only changes ∼5-fold
compared to the equilibrium solution. Interestingly, in a pre-
vious study, fluorescence anisotropy of pyrene-labeled
PVIm-ALG coacervates also showed that the microviscosity
of fluorescence probe dynamics changed by ∼5-fold from
equilibrium solution to the complex coacervated phase.34 The
experimental confirmation of the same characteristic changes in
comparable polyelectrolyte systems using two completely dif-
ferent spectroscopic probes provides strong support for the
validity of our observation.

5. Conclusions

The homopolycation PVIm (74 kDa) and polyanion PAsp
(60 kDa) undergo complex coacervation in the pH range 6.5-4.5,
where the polycation and polyanion are largely charge-matched.
We applied a novel DNP-amplified 1H NMR method for the
first time and quantified the surface hydration dynamics within
5-10 Å of spin-labels covalently bound to polyelectrolytes, in
equilibrium solution as well as in the complex coacervates. The
finding was that both polyelectrolytes are significantly hydrated
and exhibit high water mobility on their surfaces when uncom-
plexed and freely dissolved (D ∼ (1.2-1.6) � 10-9 m2/s),
although to a slightly different extent, and that the hydration
water gets confined in nanometer-scale pores when they form the
coacervates, displaying a 5-6-fold decrease in the local solvent
diffusion coefficients, to a value of D ∼0.25 � 10-9 m2/s.
Consequently, there exists a measurable fraction of dynamic,
freely exchanging, water inside the coacervate microdroplets.
One implication of this finding is that PVIm-PAsp coacervate
systems would be responsive to solvent-mediated stimuli, such as
pH or salt. Using the same spin-labeled polyelectrolyte samples,
the coupled spin-label and polymer segmental rotational diffu-
sion coefficients were determined utilizing CW ESR spectral
analysis, and they were shown to have a ∼5-fold decrease in
mobility in the complex coacervate phase compared to equilib-
rium solution. Both the solvent and polymer dynamics measure-
ments show similar characteristics for either polyelectrolyte when
coacervated, although their characteristics as uncoacervated and
thus separate polyelectrolytes differ measurably. CW ESR ana-
lysis also showed that almost all polyelectrolytes concentrate into
the coacervate droplets, depleting the equilibrium solution phase
of free polyelectrolytes. Analysis of the supernatant after separ-
ating out the complex coacervate phase indicated that there still
existed residual polyelectrolytes, however not as hydrated and/or
monomeric species but as smaller complexed coacervates. This
shows the limitation of the physical analysis of coacervate
characteristics upon physical phase separation and highlights
the importance of novel noninvasive techniques like DNP and
ESR analysis. On the basis of this finding and using differential
interference optical microscopy images with sharp contrast, an
upper ceiling for the polyelectrolyte density in coacervates was
estimated tobe 1.7 g/mL.We conclude that PVImandPAsp form
a condensed and homogeneous coacervate phase, and further-
more, pairwise complexation of PVIm and PAsp is likely to
occur. Only roughly pairwise combined, thus largely charge
compensated, species can further assemble to such dense com-
plexes that display high solvent and polymer dynamics, although
they are composed of highly charged components.Also, pairwise,

Figure 7. Rotational correlation time parallel to the axis for functio-
nalizedPVImandPAspas a functionof pH, obtainedby fitting theESR
spectra with the help of the NLSL program.

Figure 8. Rotational correlation time perpendicular to the probe axis
for functionalized PVIm and PAsp as a function of pH, obtained by
fitting the ESR spectra with the help of the NLSL program.



7412 Macromolecules, Vol. 42, No. 19, 2009 Kausik et al.

local-level complexation can explain the similar spin-label mobi-
lities and water diffusion coefficients in the local vicinity of either
polyelectrolytes when complex coacervated, although they dis-
play measurably different local solvent and spin-label mobilities
when uncomplexed. Characteristics reported for a comparable
system of PVIm-ALG complex coacervates show similar trends
and support our finding.34 This is in sharp contrast to the
coacervation between globular proteins and extended polyanion
systems, such as whey protein and gum arabic,16,48 wherein the
polymer segment viscosity within coacervates increases by ca.
45-fold from equilibrium solution.A plausible explanation is that
such differing structures cannot display effective charge neutra-
lization even with pairwise complexation, so that the presence of
stronger electrostatic interaction makes the complexes act as
polar species at high concentration and not as quasi-hydrocar-
bons. Thus, we present the first study on the locally interacting
solvent on the polyelectrolyte surface and the spin-labels cova-
lently bound to polyelectrolyte segments themselves and further
show the relevance of such dynamic parameters not only to
applications but also for gaining insight into the structure or
mechanisms of complex coacervation.
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