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The distribution and exchange dynamics of phenol molecules in colloidal dispersions of submicron
hollow polymeric capsules is investigated by pulsed field gradient NMR (PFG-NMR). The capsules
are prepared by layer-by-layer assembly of polyelectrolyte multilayers on silica particles, followed
by dissolution of the silica core. In capsule dispersion, 'H PFG echo decays of phenol are single
exponentials, implying fast exchange of phenol between a free site and a capsule-bound site.
However, apparent diffusion coefficients extracted from the echo decays depend on the diffusion
time, which is typically not the case for the fast exchange limit. We attribute this to a particular
regime, where apparent diffusion coefficients are observed, which arise from the signal of free
phenol only but are influenced by exchange with molecules bound to the capsule, which exhibit a
very fast spin relaxation. Indeed, relaxation rates of phenol are strongly enhanced in the presence of
capsules, indicating binding to the capsule wall rather than encapsulation in the interior. We present
a quantitative analysis in terms of a combined diffusion-relaxation model, where exchange times can
be determined from diffusion and spin relaxation experiments even in this particular regime, where
the bound site acts as a relaxation sink. The result of the analysis yields exchange times between free
phenol and phenol bound to the capsule wall, which are on the order of 30 ms and thus slower than
the diffusion controlled limit. From bound and free fractions an adsorption isotherm of phenol to the
capsule wall is extracted. The binding mechanism and the exchange mechanism are discussed. The
introduction of the global analysis of diffusion as well as relaxation echo decays presented here is
of large relevance for adsorption dynamics in colloidal systems or other systems, where the standard
diffusion echo decay analysis is complicated by rapidly relaxing boundary conditions. © 2007

American Institute of Physics. [DOI: 10.1063/1.2807239]

I. INTRODUCTION

Polyelectrolyte multilayer (PEM) capsules are novel ma-
terials with a large application potential in encapsulation and
drug delivery.l’2 Tunable properties of the wall, which can be
introduced by employing different polymeric constituents for
polyion self-assembly, are one key issue for applications;
another one is the fact that a large interior volume can be
provided with only a small wall thickness. The permeability
of the wall towards different molecular species, its depen-
dence on size, hydrophobicity, or charge of the probe mol-
ecule, and its tunability by external parameters are important
questions for further development of these capsule
carriers.”™

Permeability studies performed so far can be distin-
guished into size determining methods on the one hand and
time scale determining methods on the other hand. Concern-
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ing size determination, cutoff sizes for permeation have been
extracted from studies of the permeation of low molecular
weight probe molecules of varying size through free standing
planar membranes of PEM,'*!"" which yielded permeation
cutoffs at molecular sizes of 1-2 nm. As an alternative ex-
perimental approach, pore size distributions in polyelectro-
Iyte multilayers were extracted from nuclear magnetic reso-
nance cryoporometry experiments. The center of the size
distribution was between 1.2 and 1.5 nm, slightly dependent
on the number of layers.12

Concerning time scales of permeation, current ap-
proaches are time-dependent fluorescence imaging or pulsed
field gradient (PFG)-NMR exchange experiments. The ma-
jority of previous permeation studies have employed probe
molecules carrying fluorescent labels in laser confocal scan-
ning microscopy (LCSM), where the time dependence of the
spatial dye distribution is followed in a nonequilibrium ex-
periment. For optical detection of the capsules, large
(>micrometer) capsules are required to follow permeation in
nonequilibrium  experiments employing fluorescence
contrast.” ¥
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Unlike fluorescence techniques, PFG-NMR methods do
not suffer from strong restrictions concerning the probe mol-
ecules. Any molecule carrying a NMR active nucleus can be
studied in a dynamic equilibrium situation of exchange, i.e.,
between capsule interior and exterior. Contrast between en-
capsulated and nonencapsulated probes is provided by the
diffusion coefficient of the probe molecule, which is that of
the whole capsule or that of the free solvated molecule, re-
spectively. Analysis of echo decays obtained for different
diffusion times can give information about the time scale of
exchange between different sites. Based on the principle of
diffusion contrast, molecular exchange between different
sites has been studied in a number of different colloidal
systems.w_16 Concerning polyelectrolyte multilayer capsules,
we had previously employed PFG-NMR diffusion experi-
ments to study large polymeric probes, i.e., dextranes, in
hollow capsule dispersions.”’18 These polymeric probes ex-
hibited a slow exchange between the capsule interior and
exterior, and their distribution in the capsule dispersion could
be analyzed. For macromolecular probe molecules with
lower molecular weight, the exchange occurs on an interme-
diate time scale, and a quantitative analysis of exchange
times and their conversion into permeation rates becomes
possible. For poly(ethylene oxide), the molecular weight de-
pendence of the exchange rate was investigated by PFG-
NMR, resulting in two different mechanisms of
permeation. 1

Here, we study phenol as a small probe molecule with
the aim to determine its distribution and exchange dynamics
in capsule dispersions. Two-site models of diffusion and re-
laxation, respectively, are applied to analyze the exchange
behavior.

From the methodological point of view, the present work
gives an application example of exchange theory. In the limit
of fast exchange for diffusion, typically only the fact that the
molecular exchange is fast compared to the diffusion time
scale (typically 10 ms) can be stated. Here, however, in the
limits of fast exchange and ultrafast relaxation in one of the
two sites, diffusion experiments can be evaluated and time
scales extracted employing the relaxation influence on the
apparent diffusion coefficient. We employ this method here
to demonstrate the distribution and exchange times of fast
exchanging phenol molecules in capsule dispersions.

Il. MATERIALS AND METHODS

A. Materials

Poly(allylamine hydrochloride), PAH (M,,=70 000 g/
mol), and poly(diallyldimethyl-ammonium  chloride),
PDADMAC (M,,=100 000—-150 000 g/mol), were pur-
chased from Aldrich and used without further purification.
Poly(sodium-4-styrenesulfonate), PSS (M,,=70 000 g/mol),
was purchased from ACROS. The PSS was purified by fil-
tration (pore size of 20 wm), followed by dialysis (mem-
brane cutoff M,,=10 000—20 000 Dalton) against pure water
to remove low molecular weight fractions. Monodisperse
silica particles with a radius of 200 nm were purchased from
Microparticles GmbH (Berlin), deuterium oxide (99.9% iso-
topic purity) from Aldrich, and phenol 2,4,6-d;-O-d from
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Cambridge Isotope Laboratories. Hydrofluoric acid (HF,
40% solution) was obtained from Griissing (Filcum, Ger-
many). NaCl (analytical grade) was obtained from Merck.
Ultrapure water purified by a three stage water purification
system (Milli Q, Millipore) with a resistivity of around
18 M) cm was employed for all solutions. The polyelectro-
lytes were dissolved in 0.5M aqueous NaCl solution, where
the concentration of the polyelectrolyte was 0.2 wt %.

B. Capsule preparation

Hollow capsules of PAH/PSS multilayers were prepared
in two steps. In the first step assembly of multilayers on the
surface of silica particle was performed by the layer-by-layer
technique. Each polyelectrolyte layer was prepared by ad-
sorption from the respective polyelectrolyte solution fol-
lowed by washing of excess polyelectrolyte. Adsorption and
subsequent washing cycles were carried out with the method
of centrifugation-redispersion, a procedure described
carlier.”*' The concentration of the Si0, particle dispersions
was kept below 2 wt % in all preparation steps to avoid co-
agulation during coating. As a first layer PDADMAC was
adsorbed, which—in contrast to PAH—provides a stable
layer on the silica surface. The adsorption of a polyelectro-
Iyte layer was achieved by adding 5 ml of silica particle
dispersion dropwise into 30 ml of the polyelectrolyte solu-
tion. After an adsorption time of 15 min under stirring, ex-
cess polyelectrolyte was removed by centrifugation and su-
pernatant removal, and particles were redispersed in water.
This washing procedure was repeated three times, before the
next polyelectrolyte was adsorbed. Alternating layers of PSS
and PAH were then adsorbed until a total of ten layers were
deposited. Each adsorption step was confirmed by monitor-
ing the particle size as well as the {-potential in a Zetasizer
3000 HSA and Zetasizer 4 (both Malvern Instruments), re-
spectively. For removal of the silica core the coated particles
were dissolved in 0.5 M hydrofluoric acid, which leads to
decomposition of the silica core.!

The remaining capsules were washed in centrifugation-
decant-redispersion steps until the pH of the decanted liquid
was neutral. Complete core removal was verified by energy
dispersive x-ray spectroscopy (EDX) analysis and the quality
of the capsules was examined by transmission electron mi-
croscopy (TEM).

To prepare samples for the NMR experiments, the water
in the sample was exchanged for D,O by six to seven wash-
ing cycles. The volume fraction of the capsules in the sample
reported here was based on the initial silica particle weight
fraction of the colloid dispersion, assuming negligible losses
of capsules during the core dissolution process. Dispersions
were prepared with 2% v/v capsules and with a phenol con-
centration (c,y) varying from 0.2 to 1.2 wt %.

C. NMR measurements

'H diffusion and relaxation experiments were performed
on a 400 MHz Avance NMR spectrometer (Bruker) in a
probe head equipped with field gradient coils (DIFF 30,
Bruker) providing a maximum gradient strength of
1200 G/cm. All measurements were done at room tempera-
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ture (22.5 °C). The gradient coils were cooled by a water
circulation unit (Haake) that also served to control the
sample temperature. Under these conditions, no influence of
convection on the diffusion experiment is observed, as en-
sured by control experiments. The spin lattice relaxation time
(T,) was measured by inversion recovery experiments
[7r-7-71/ 2-acquisition]. The spin-spin relaxation time (75)
was measured by the Carr-Purcell-Meiboom-Gill (CPMG)
sequence[ 7/ 2-(7m-7),~echo]. The pulsed field gradient
method was applied to measure the self-diffusion of the phe-
nol incapsule dispersion. A stimulated echo sequence
[7/2-7-7/2-T-7/2-1-echo] was used in combination with
two gradient pulses of duration 6 and gradient strength g,
applied during each delay 7. The spacing between the two
gradient pulses is the diffusion time (A), which was varied
between 20 and 1000 ms, while 7 was constant, 7=5 ms.

lll. THEORY OF MOLECULAR EXCHANGE IN
DIFFUSION AND RELAXATION EXPERIMENTS

A. Spin-spin relaxation and diffusion in homogeneous
systems

In a diffusion experiment the measured echo intensity
for a spin in a homogeneous system, where the respective
molecule undergoes simple Gaussian diffusion can be de-
scribed by

1(k) = I exp(= R A)exp(— Dk), (1)

where A is the diffusion time, R, is the effective relaxation
rate, and D is the self-diffusion coefficient. k can be written
as

. y2g252<A—§>, 2

where vy is the gyromagnetic ratio of the nucleus, g is the
gradient strength, and ¢ is the gradient pulse duration. In a
stimulated echo pulse sequence the effective relaxation rate
Relglepends on both relaxation times 7, and 7, and is given
by

1 1(27 T
R=—=—|—+—1. (3)
T, A\T, T,
In a spin-spin relaxation experiment, the echo decay can be
described by

1(t) = Iy exp(= Ryt), 4)

with ¢ the delay and R, the spin-spin relaxation rate, which is
the inverse of spin-spin relaxation time 75. In a unified for-
malism of spin-spin relaxation and diffusion experiments the
decay of the echo intensity can be represented as

1(x) = Iypy exp(- rx), (5)

where x is the independent variable. In case of a relaxation
measurement, x is time (f) and in case of a diffusion experi-
ment x is k given by Eq. (2). r is the decay constant, i.e., R,
or D for relaxation or diffusion, respectively. po=1 for relax-
ation and py=exp(-R,A) for diffusion experiments, where it
describes the effect of additional signal loss due to relax-
ation.
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B. Heterogeneous systems: Two-site model

In a system, where a molecule can exist in two separate
sites A and B, exchange between the sites affects the above
equations. In either site the molecule is characterized by a
diffusion coefficient D4 g and the relaxation times 7', 5 and
T>4 p. In binding studies on colloidal particles, site A can be
assigned to the probe molecules in solution with the above
parameters identical to those of the probe molecule in D,O
and a mean residence time in this site 7. Site B then de-
scribes the bound state of the probe molecules associated to
the particle, which diffuses with Dpg, the diffusion coefficient
of the particle. The mean residence time in the bound state is
7. The probability of finding the molecule in a given site i is
fi» which is given by

L (6)

The exchange time 7, between the sites A and B can be
defined as
1 1 1

— ==t (7)
Tex TA 7B

C. General case of intermediate exchange

In the general case, molecular exchange has to be con-
sidered, and the observed relaxation rates and diffusion co-
efficients are changed, while the characteristic values of
R.sp. Ryap and Dy, p in the respective sites A and B are
unaffected by this exchange. A theory of intermediate ex-
change in a two-site model and the effect on diffusion ex-
periments was developed by K'airger.zz’23 On the other hand,
Woessner described the effect of intermediate exchange on
spin-spin relaxation experiments.24 Here, we present both
these theories in a unified description of intermediate ex-
change in diffusion and spin-spin relaxation experiments.

In a system where a spin can exist in two separate envi-
ronments with the same Larmor frequency and can migrate
from one site to another, a general description of the normal-
ized echo intensity decay is a superposition of two exponen-
tial functions,23725

I(x) = p, exp(=xa,) + pg exp(— xap). (8)

Due to the influence of exchange, a, and ap are apparent
decay constants, which are not identical to r in Eq. (5), and
pa and pp are apparent populations.

D. Relaxation

For a relaxation experiment in a two-site system, the
mathematical expressions that describe the apparent relax-
ation rates and the apparent population fractions are as
follows:**

ay=C;—Cy, (9a)
ag=Ci+Cy, (9b)
in which

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



234702-4 R. P. Choudhury and M. Schénhoff

1{ 1 1 1 1
Ci=—\—+—+—+—], (10a)
2\Tyy Ty 1 73
1( 1 11 1 4 |12
C=—|\77-FT"+———]|+— (10b)
20\Thy Tha 715 74 TATB
and
1 1 1 1 1
:1— = — - — — — | 4+ —
PB Pa 3 4|:(fA fB)<T2A T23> ™

+L]/C2. (11)
TB

A limiting case of intermediate exchange is found for T,p
<7,<T,,: The theory of exchange in relaxation experi-
ments in the particular case where the intrinsic relaxation
times are very different and the exchange time is intermedi-
ate has been described by Woessner.** In this regime, the
observed decay in a spin-spin relaxation experiment is biex-

1 (D14 D) A( 1 1 1 1)
== + + |+ —+—+—
aA!B 2 A B k T(’A TCB TB TA
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ponential, with two apparent relaxation times T,,4=1/a,

and T,,,3=1/ap and respective population fractions given
by?*

TappA = T4, (123)

TappB =T»p, (12b)
and

Pa=fas P=Ips (12¢)

where f, and f are the true molecular fractions in sites A
and B, respectively.

E. Diffusion

In case of diffusion experiments, the effect of two-site
exchange on the echo decay was described by Kéirger.22’23 In
the limit of short gradient pulses (§<<A) the echo decay
folzlgws Eq. (8), and the apparent decay constants are given
by~

B Al 1 11 1)/
¥ Dg-D)+—|—-—"—+—-—|| + 5 (- (13)
k\T,g T,, T T4 TA Tk

Here, T,, and T, are the effective relaxation times, given by
Eq. (3) for the probe molecule in sites A and B, respectively.
The apparent populations are given by

Pp=1-p,

__ ( A) ( A)
_(GB—QA) Ja aA+TeBk L aB+TeBk gl
(14)

According to the above description, in the intermediate ex-
change case, the observed properties, such as apparent relax-
ation rates and apparent diffusion coefficients of exchanging
molecules are complex functions of different parameters,
e.g., residence times, population fractions, and diffusion co-
efficients and relaxation rates of the nuclei in the respective
sites. Two simple limiting cases can occur.

F. Fast exchange

If the exchange between the two sites is fast compared to
the diffusion and relaxation time scale, then Eq. (8) becomes
a single exponential decay with a mean decay constant r,,
given as

P =fara+ fprg. (15)

This implies that the observed parameter, i.e., relaxation rate
or diffusion coefficient, is a weighted average of the respec-
tive decay constants r, and rg in either site.

G. Slow exchange

If the molecular exchange between the sites is slow com-
pared to the relevant experimental time scale, the echo de-
cays in a PFG-NMR or a T, relaxation experiment are super-
positions of the corresponding signal decay [see Eq. (5)] of
molecules in either site. This is known as slow exchange
regime and the normalized echo decay can be written as

I(x) = pp exp(=ryx) + pg exp(— rpx). (16)

In relaxation experiments the apparent fractions p, and pjp
equal the true molecular fractions f, and fp. In diffusion
experiments the influence of relaxation has to be considered,
which occurs during the delays in the pulse sequence and is
described by the effective relaxation time T,, see Eq. (3).
Thus, the apparent fractions in diffusion experiments are
given by

PA,B=fA,B exp(— A/Te)~ (17)

The different regimes of exchange occur depending on the
relevant time scales that have to be compared to the molecu-
lar exchange time 7... In diffusion experiments this is the
diffusion time A, while in relaxation experiments it is the
relaxation times themselves. Interesting phenomena can oc-
cur if the system is in different exchange regimes concerning
different motions. The present study shows an example of
this.
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TABLE I. Ty and T, relaxation times of phenol in capsule dispersion at
different phenol concentrations.

cpn (Wt %) Ty (s) T, (ms)
0.20 3.2 63.1
0.40 3.9 75.3
0.60 4.7 81.6
0.75 4.9 86.7
1.20 6.3 107.8

IV. RESULTS AND ANALYSIS
A. Phenol in water

In order to characterize the free site separately and to
obtain the parameters T4, T4, and Dy, phenol dissolved in
water (D,0) is studied. It is found that for protonated phenol
a coupling between different protons of the benzene ring
causes severe distortions in diffusion and relaxation experi-
ments. Therefore, selectively deuterated 2,4 ,6-d;-phenol is
employed in all experiments, where the signal of the protons
in the 3,5 positions is evaluated. Phenol concentrations vary
from 0.2to 1.2 wt %. The diffusion coefficient is Dy
=(7.5+0.1) X 1071 m? s~!, independent of phenol concentra-
tion. As expected, it is not dependent on diffusion time A.
The longitudinal relaxation time 7, and the spin-spin relax-
ation time 7T, of the phenol protons in D,0O are determined to
be T1,=(15.8+0.2) s and T,,=(11.8+0.1) s. Both values are
independent of phenol concentration.

B. Relaxation rates in capsule dispersion

In capsule dispersions with added phenol, relaxation ex-
periments are performed and evaluated for the phenol pro-
tons. All spin-lattice and spin-spin relaxation measurements
show single exponential behavior. The 7 and 7, values are
given in Table 1. Relaxation times of phenol in capsule dis-
persions are generally shorter than relaxation times of phenol
in D,0O; in addition they depend on phenol concentration.
While T is reduced by a factor between 2 and 5, T, relax-
ation times decrease by more than two orders of magnitude
as compared to free phenol. This indicates that, in the pres-
ence of capsules, the phenol mobility is reduced, in particu-
lar, the slow isotropic motional modes determining 7, be-
come slow. This can be attributed to the binding of phenol to
the capsules. Since all echo decays are monoexponential, the
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exchange between free and bound phenol sites is fast on the
relaxation time scale, and the relaxation rates can be inter-
preted as averages of free and bound phenol relaxation rates.

C. Diffusion experiments in capsule dispersion

Diffusion experiments are performed for different diffu-
sion times A ranging from 20 to 1000 ms. All diffusion ex-
periments show a single exponential echo decay, see Fig.
1(a). Single exponentials imply fast exchange between
bound and free phenol on the time scale of A. However,
diffusion coefficients extracted from the decays are depen-
dent on diffusion time, which is not consistent with the fast
exchange limit. We therefore define the decay constants as
“apparent diffusion coefficients” D,,, and will discuss their
relevance below. Figure 1(b) gives the apparent diffusion
coefficients depending on diffusion time for the sample with
0.6 wt % phenol. The values decrease with increasing A and
seem to converge to a constant value for A>800 ms.

D. Qualitative interpretation

From the above observations, it is confirmed that phenol
strongly experiences the presence of the hollow capsules in
the system, since capsules drastically alter the relaxation as
well as the diffusion behavior as compared to phenol dis-
solved in D,O. The observation of single exponential decays,
both in relaxation and diffusion experiments, indicates that
the exchange time 7., is very fast compared to the time
scales of relaxation and diffusion. On the other hand, as Dapp
depends on A, the system is not completely in the limit of
fast exchange. Monoexponential diffusion echo decays can
result, if the exchange is fast on the diffusion time scale, i.e.,
T, <A, but on the other hand relaxation leads to a reduction
of the signal with increasing A in one of the two sites.

The short average relaxation times T, (see Table I) indi-
cate a relaxation time 7,p, which is very short. Provided that
T,p<< 7, but on the other hand 7., <A, T,,, the present re-
gime can be qualitatively explained: Due to the short T,p,
only the free component A is detected in the PFG experi-
ment. With an exchange that is fast compared to A, however,
the spatial displacement of the free molecules is influenced
by exchange. Therefore the apparent diffusion coefficient is
reduced as compared to D4. The influence of the bound site
becomes more prominent as A increases, thus causing the
reduction of D, .. In this way the diffusion behavior, show-

app-
7.5<L
—
' 7.0 .
o FIG. 1. (a) Symbols: Echo decays of
e phenol in capsule dispersion for cy,
o 6.51 =0.6 wt%. Lines: Global fit. Note
T that, for clarity, only the data for a se-
9 6.0 lection of A values are displayed. (b)
ey Apparent diffusion coefficients. Sym-
Q 55 bols: D, extracted from monoexpo-
DN nential fits of single echo decays.
| ® o Solid line: D,,,(A) calculated from the
501 (b) e set of resulting parameters P,.
0 10 20 30 40 50 60 70 00 02 04 06 08 1.0

k /108 m2s!

Als
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ing monoexponential echo decays with apparent diffusion
coefficients D,,,(A) can be qualitatively explained by a re-
gime where Thp <7, <A, Tyy.

E. Quantitative analysis of diffusion echo decays

For a quantitative analysis of the diffusion decay data,
the model of intermediate exchange between two sites is em-
ployed. We point out that no assumptions about the time
scales or regimes of exchange are made in the analysis. The
diffusion coefficient and relaxation rates of the free site are
taken as identical to those determined in D,O, thus T,
=(15.6+0.2) s, T,4=(11.8+0.1)s, and D,=(7.5%0.1)
% 1071 m? s~!. For the diffusion coefficient of the phenol in
the bound site Dy, the diffusion coefficient of the capsule
itself is taken. It is calculated from the Stokes-Einstein rela-
tion (D=kgT/67nR). The radius of the capsule is assumed
to be that of the silica particle before dissolution, R
=200 nm, as given by the manufacturer and confirmed by
dynamic light scattering. Then, the calculated diffusion coef-
ficient of the capsule is Dg=(9.2+0.7) X 10713 m?s~!. T,z is
taken as a fixed input parameter as well; the value is deter-
mined by extrapolating spin-lattice relaxation rates obtained
for different concentrations of phenol ¢, (Fig.3) to ¢,;,=0,
which results in 7,3=2.8 s. This procedure is based on the
assumption that at infinitely low phenol concentration the
bound site is occupied and no free phenol is present. This
assumption might be questioned; however, the influence of
the value of Tz on the fit results is negligible. The set of
fixed input parameters is thus P;,=(Dy,Dp,T14,To4,Tp)-
By analyzing the echo decays for different A (Fig. 1) em-
ploying Egs. (8), (13), and (14), the unknown parameters
T»p, T4, and 7 are extracted. A global set of floating param-
eters P =(T»p,74,7p) is optimized to fit the whole set of
echo decay curves with the global set of fixed input param-
eters Py,

The influence of errors of the input parameters P;, on the
fit results is checked by varying the input parameters ran-
domly within their error range. For example, as the diffusion
coefficient of phenol in D,O is determined to be Dy
=(7.5+0.1) X 107 m? 57!, the input parameter D, is varied
from 7.4%X 10710 to 7.6 X 10710 m2 s~!. Similarly, the other
input parameters are varied in their error range. The fit re-
sults turned out to be very sensitive only to the parameter
D,, the diffusion coefficient of free phenol.

The solid lines in Fig. 1(a) show an example of the result
of global fitting for a selection of A values. The resulting
parameters P, are determined as the average of the results
obtained with the variation of input parameters. With these
values of the parameters P, and P;,, the apparent diffusion
coefficients are determined depending on diffusion time, see
the solid line in Fig. 1(b). The comparison to the values
extracted from monoexponential fits of single echo decays
(data points) yields a good agreement.

Diffusion data obtained for other phenol concentrations
are treated similarly, and the comparison of the results of the
global fit procedure to the single values of D, is given in
Fig. 2. From the resulting parameters 7, and 75, the bound
fraction fz and the exchange time 7., of phenol are calcu-
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0 200 400 600 800 1000
A/ms

FIG. 2. Apparent diffusion coefficient of phenol at different concentrations.
The symbols are values extracted from monoexponential fits of single echo
decays: [0 02 wt%, O 04 wt%, A 0.6wt%, V 0.75 wt%, and
<& 1.2 wt % phenol. The lines are the result of the global fit of each sample
with the input parameters as described in the text. Resulting parameters are
given in Table II.

lated for each concentration using Eqgs. (6) and (7), respec-
tively. The results are given in Table II with their respective
errors. These errors are fit errors including the effect of varia-
tion of all input parameters in their respective error range.

The values of the bound fraction are not strongly depen-
dent on the input parameters, thus they could be determined
with small errors. Less precision and a large error is obtained
for the parameters 7,5 and 7., due to strong correlations with
the input parameters.

F. Interpretation of diffusion results

The bound fraction fp is rather large, reaching almost
60% for the lowest phenol concentration. The major fraction
of phenol is thus associated with the capsule. fz shows a
monotonous decrease with increasing phenol concentration.
This is evidence of the onset of saturation of the capsule with
phenol. The spin-spin relaxation time of the bound phenol is
about T,p=~2 ms without any systematic dependence on
phenol concentration. It can be concluded that the dynamics
of the bound fraction of phenol is strongly reduced as com-
pared to free phenol, while it does not depend on concentra-
tion. The short 7,5 is an indication that the phenol observed
as bound fraction is not phenol freely diffusing in the interior
of the capsule, since such molecules are solvated in water
and should exhibit the same relaxation time 7,z as the free
fraction. Apparently the bound fraction is dominated by phe-
nol which is adsorbed in the capsule wall. This is consistent
with the effect of saturation, since for a distribution of mol-
ecules in two chemically identical environments, i.e., the in-
terior and the exterior of the capsules, no dependence of the
fractions on concentration should appear.

TABLE II. Results obtained from global fits to the diffusion data sets of
samples with different phenol concentrations.

Cpn (Wt %) T,y (ms) Tex (M) /3
0.20 1.9+0.3 23.9+2.9 0.58+0.01
0.40 2.1+04 25.2+4.0 0.54+0.01
0.60 2.4+04 24.3+2.5 0.44+0.01
0.75 2.1+04 18.1£2.8 0.38+0.01
1.20 2.6+0.4 31.2+2.9 0.26%0.01
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FIG. 3. Spin-lattice relaxation rate at different phenol concentrations. Tri-
angles: experimental values; solid line: linear extrapolation of the low con-
centration region to ¢, =0.

The exchange time 7., is on the order of 20 ms. Here,
the errors are too large to extract a systematic dependence on
phenol concentration. However, the qualitative argument
given above concerning the relevant time scales is well sup-
ported: The system clearly is in an intermediate exchange
regime where T,p < 7., <T,,, while 7, is on the order of A.
This explains the particular observation of monoexponential
echo decays in diffusion experiments, indicating fast ex-
change with respect to the diffusion time scale. On the other
hand, the exchange is intermediate on the relaxation time
scales: Due to a very short 7,5, the relaxation of the bound
fraction is rapid, and its magnetization does not contribute to
the signal in the diffusion echo decay. The apparent diffusion
coefficient is thus dominated by the free phenol. With in-
creasing A, however, an increasing fraction of exchanging
molecules can contribute to the averaged diffusion coeffi-
cient; consequently D,,, decreases with A. It appears to be
essential for this regime of exchange that the magnetization
of the bound fraction is not completely lost, since it is not
T>p << 7., but rather T,5< 7., such that a sufficient influence
of the bound fraction indirectly determines D,,, and thus
enables us to extract time scale information from the diffu-
sion experiment, though concerning diffusion, the system is
in fast exchange.

To extract more precise values for relaxation and ex-
change times, however, it is useful to analyze relaxation data
as well, which are described in the following section.

G. T, relaxation

The spin-lattice relaxation of phenol in capsule disper-
sions is single exponential and 7; is on the order of few
seconds. T shows a pronounced dependence on the phenol
concentration, see Fig. 3. Since exchange times of about
10 ms are extracted from the diffusion analysis above, the
exchange is fast compared to the 7| relaxation times in either
site, i.e., 7., <<T4, T1p. This explains the single exponential
behavior of the T relaxation.

With the fractions f4 and f extracted from the diffusion
measurements and the equation for the fast exchange aver-
age, Ri=fuR4+fpRp, it is possible to calculate Tpz. The
result is given in Table IIL. 7'z does not depend on c,,, thus
the local mobility of bound phenol is independent of the
amount of phenol present in capsules. The average value is

Phenol binding and exchange in hollow polyelectrolyte capsules
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TABLE III. Tp calculated in the fast exchange limit from experimental T
data (Fig. 3), employing f obtained from global fits of diffusion decays,
Table II.

Cph (Wt %) TIB (S)
0.20 2.1
0.40 2.3
0.60 2.5
0.75 22
1.20 2.3

T,5=2.2+0.2 s. The value of 7| which had been obtained by
the extrapolation of R; to ¢, =0 was 2.8 s. The discrepancy
is considered irrelevant for the data analysis, since 7,5 does
not have a significant influence on the fit results.

H. Analysis of T, relaxation data

As described above (Table I) and also in Fig. 4, T, ex-
periments of phenol in capsule dispersion yield single expo-
nential decays with apparent relaxation times of Ty,
~60—-100 ms, whereas T,4,=11.8 s for free phenol. Since
T,pp is similar to 7, this confirms that 7,5 < 7., <T»,.

Equations (8)—(11) were fitted by a Levenberg-Marquard
algorithm to data sets consisting of five spin-spin relaxation
experiments with different phenol concentrations. The indi-
vidual echo decays are described by different functions, each
with corresponding population fractions taken from the dif-
fusion data analysis. 7,4 is a fixed input parameter with a
global value of 11.8 s. The fractions f,;, f5; for each phenol
concentration ¢y ; are taken from the diffusion analysis and
treated as fixed parameters, too. A global set of parameters
P...=(T»p,74;), where (i=1-5), is optimized to fit the whole
set of echo decays. The optimized parameters are given in
Table IV; error bars again result from a variation of the input
parameters within their respective error range.

The results obtained from the 7, relaxation data confirm
the fit results obtained from the diffusion analysis: Both
analyses show that (i) the exchange time lies between the T,
relaxation times of bound and free phenol and (ii) the relax-
ation of bound phenol (T,p) is very fast. In addition, the
mean residence times 7,4; of phenol in the free site (Table IV)
are in very good agreement with the apparent relaxation
times 7; (Table I). Thus, Eq. (12a) is fulfilled and the system

00 0.1 02 03 04
time/s

FIG. 4. Phenol 'H echo decay curves from a CPMG experiment for differ-
ent ¢, The lines are the result of the global fit on all samples. Resulting
parameters are given in Table IV.
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TABLE IV. Results obtained from the global fits of spin-spin relaxation data for samples with different phenol
concentrations. Last column: 7 calculated under the assumption of diffusion controlled exchange, see text for

details.
Con (Wt %) T,z (ms) 7, (ms) 75 (ms) Tex (MS) 75 (=1/k_) (ms)
0.20 61.5+0.3 85.0+£0.2 35.7+0.2 1.2
0.40 75.9+0.2 89.3+0.2 38.7+0.2 1.0
0.60 1.6+0.3 81.8+0.3 64.3+0.2 36.0+£0.2 0.7
0.75 84.1+0.2 51.5£0.2 31.9+0.2 0.5
1.20 111.4+0.2 40.1+£0.2 29.7+0.2 0.3

is in the limit of 7,5 < 7., <<T,,, such that in principle 7, can
be extracted directly from the single echo decays employing
Eq. (12a). The limiting case described by Woessner>* holds,
though the fast relaxing component could not be detected in
the present system. The absence of this component may be
due to the fact that it decays too rapidly to be detected in the
CPMG experiment.

V. DISCUSSION

With the analysis of both diffusion and the relaxation
data sets, it is thus possible to quantify the distribution as
well as the equilibrium exchange dynamics of phenol in cap-
sule dispersions. Although the bound component is not di-
rectly observed in the diffusion experiment due to its very
fast relaxation, the exchange causes an indirect influence of
this site on the diffusion coefficient of the free component.
This influence allows the determination of population distri-
butions of phenol between the two sites, the different relax-
ation times, and the exchange time of the system. The fast 7,
relaxation of the bound phenol suggests that bound phenol is
absorbed in the capsule wall and not enclosed in the aqueous
phase in the capsule interior.

A. Third component

It is likely that a third component C of phenol is present
in the aqueous interior of the capsules. This fraction should
exhibit a diffusion coefficient D-=Dj, since the capsule size
is chosen small enough such that the spatial displacement of
the total capsule within A is large compared to the capsule
radius. A relative fraction f/(f4+f¢) of this component can
be assumed to be similar to the volume fraction occupied by
capsules, since the chemical potential and thus the concen-
tration of phenol should be identical in sites A and C. Then,
it follows that only a few percent of phenol is present in site
C. This fraction is too small to be separated from the two
major fractions A and B, which either have the same relax-
ation rate or the same diffusion coefficient, respectively.

B. Distribution of phenol

From the bound fraction fy the total amount of bound
phenol can be calculated. In Fig. 5, this adsorbed amount is
given depending on the total phenol concentration. At low
Cpn @ linear increase of the adsorbed amount with ¢, is ob-
served. At higher total phenol concentrations the onset of
saturation of the wall with phenol is apparent, since the ad-
sorbed amount converges towards a plateau.

The linear behavior at low concentration is easily ex-
plained by a partition coefficient of phenol between the aque-
ous phase and the capsule wall, which is independent of
concentration. Considering the capsule wall as a hydropho-
bic material, this partitioning can be compared to the
octanol-water partition coefficient P,y, which is commonly
employed to describe the hydrophilic/hydrophobic nature of
small solute molecules. For phenol log(P ) =1.46.%

With this value, the concentration of phenol in a hydro-
phobic (octanol) environment in equilibrium with water
would be 30 times higher than the concentration in the water
phase. Assuming a wall thickness of 10 nm and calculating
the ratio of the concentrations in the wall and the aqueous
phase for the initial linear region of the adsorption isotherm
yields a partition coefficient Py, between capsule wall ma-
terial and water of 190, corresponding to log(P ) =2.3. The
conclusion is that a particularly large fraction of phenol in-
corporates into the wall, much more than expected for a hy-
drophobic phase in equilibrium with water. Possibly hydro-
phobic interaction is not the dominant binding mechanism,
and the OH group might have a specific interaction with the
sulfonate groups.

At high total phenol concentrations saturation of the wall
is seen, and the phenol concentration in the capsule wall is
about one molecule per 150 A3, For pyrene in polyelectro-
Iyte multilayers, Tedeschi er al. observed a density of
1 molecule per 7000 A327 The much larger density of phe-
nol in multilayers can be attributed to the OH group in the
molecule, which might lead to direct interaction with free
sulfate groups. Thus, the binding mechanism of phenol into
the multilayers does not only involve hydrophobic interac-
tions. This fact is therefore clearly evident from both concen-
tration regions discussed here.

»
o

3.0

2.0

1.0

ads.amount / mg ml-!

0.0 T T r T
0.0 0.3 0.6 0.9 1.2

Cph / Wt%

FIG. 5. Adsorbed amount of bound phenol in 1 ml capsule dispersion de-
pending on total phenol concentration. The solid line is a guide to the eye.
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The precise concentration of capsules in the dispersion is
hard to determine, since losses of particles or capsules during
the preparation steps slightly reduce the initial amount. The
concentration given here is an upper limit of capsule concen-
tration and is c.p,=2 vol %. However, any corrections due
to a lower capsule concentration would imply even higher
phenol concentrations in the wall material.

C. Exchange mechanism

The exchange time scale extracted from the relaxation
experiments can give information about the mechanism of
exchange between free phenol and phenol bound in the cap-
sule wall. A simple comparison can be made by assuming an
exchange process controlled by the diffusive transport of free
phenol to the capsule surface. Under the assumption of im-
mediate incorporation of a phenol molecule encountering a
capsule surface by diffusion, a diffusion-controlled time
scale can be calculated.'® For example, for the lowest con-
centration, this results in 753=1.2 ms. Data for other concen-
trations are given in Table IV. This calculated residence time
is an order of magnitude faster than that found experimen-
tally. It is thus much more likely that the exchange is con-
trolled by the mobility of the bound phenol in the wall rather
than by transport of free phenol to the wall.

VI. CONCLUSIONS

The diffusion-exchange behavior of phenol in monodis-
perse hollow polymer capsule dispersion is found to be in a
particular regime of intermediate exchange, which was inter-
preted as intermediate exchange in a two-site system with a
very fast relaxation rate in the bound site, i.e., Trp<< Ty
<T,,, while 7, is on the order of A. Thus, the system is in
intermediate exchange concerning both relaxation and diffu-
sion, but due to the very fast relaxation time 7,5 only the free
site contributes to the signal, while the influence of exchange
with the bound site is indirectly evident by a A-dependent
diffusion coefficient.

This particular regime of intermediate exchange was
quantitatively analyzed by a two-site model taking into ac-
count the effect of relaxation in diffusion experiments. The
model explains the echo decays well and, in combination
with spin-spin relaxation experiments, yields relative frac-
tions and residence times of the probe molecules in either
site. We could show that single exponential decays deliver
sufficient information about the dynamics, provided that they
are combined with spin-spin relaxation experiments. Thus, a
quantification of the exchange dynamics becomes feasible.
This type of analysis is of relevance for adsorption dynamics
in colloidal systems or other systems where the standard dif-
fusion echo decay analysis is complicated by very fast relax-
ation in one site.

For phenol in polyelectrolyte capsule dispersion, the re-
sults of the diffusion-relaxation analysis imply that a large
fraction of phenol binds to the capsule wall. Specific inter-

Phenol binding and exchange in hollow polyelectrolyte capsules
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action of the OH group is a potential contribution to en-
hanced phenol incorporation. In addition, it can be assumed
that there is phenol present in the capsule interior as well;
however, due to the small volume fraction of capsule inte-
rior, this fraction is not apparent in the echo decay curves.
The time scale of phenol exchange between the capsule wall
and free phenol is much slower than the diffusion controlled
rate for free phenol incorporation. It is thus most likely con-
trolled by the mobility of phenol in the wall.
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