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ABSTRACT: We have studied the self-diffusion of a series of end-capped ethylene glycol and oligo(ethylene
glycol)s in poly(vinyl alcohol) aqueous solutions and gels by pulsed-gradient spin echo NMR spectroscopy.
The end groups of the diffusants include small flexible groups (methyl, ethyl, hexyl) and bulky rigid
groups (tert-butyl and aromatic groups). The effect of the size and geometry of the end groups on the
self-diffusion coefficients of the derivatives of ethylene glycol and of oligo(ethylene glycol)s is investigated.
The diffusion data are analyzed with several physical models of diffusion based on different physical
concepts to test their applicabilities. The variation of the parameters used in these diffusion models with
the size and geometry of the diffusants is also discussed.

Introduction

The diffusion of small molecules in polymer solutions
and gels has been a subject of increasing research
interest in the past decade.l~1° The understanding of
the diffusion of small molecules in polymers is useful
and important for the processes involving the devol-
atilization of monomer and solvent from polymer
products,!! controlled release of drugs,’? membrane
permeation,’2 transport in porous medium,*15 electro-
phoresis and gel filtration,’®17 etc. With the develop-
ment of more convenient experimental techniques such
as pulsed field gradient NMR spectroscopy,'®1° more
diffusion data have become available.12412 The inter-
pretation of the results has not been always easy*20-22
even with the availability of numerous physical models
of diffusion in the literature.2334 In fact, there remains
disagreement regarding the applicability of the models
for various polymer systems. Due to the origin of the
physical concepts considered, including the obstruction
effect,2324 the free volume effect,?6732 or hydrodynamic
interactions,?>=27 limitations of the models to the dif-
ferent circumstances are bound to occur. It would be
useful to verify the applicability of some pertinent
diffusion models in the analysis of the diffusion results
of relatively small molecules in polymer systems.

The diffusion in polymers may be influenced by
various factors such as the concentration or the cross-
linking of the polymer matrix, the temperature, and the
size of the diffusants.19-21.3536 \We have studied the effect
of the size of the diffusant on its self-diffusion in poly-
(vinyl alcohol) (PVA) aqueous solutions and gels by
using a series of linear diffusants based on ethylene
glycol with increasing molecular weights.36 It was found
that at a given concentration of the polymer the size of
the diffusant has the most significant effect on its
diffusion.3® However, the hydroxyl groups of ethylene
glycol (EG) in these diffusants were found to interact
strongly with the polymer system by the formation of
hydrogen bonds. This was clearly shown in another
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Figure 1. Chemical structure of the diffusants 18-crown-6

and 2-[3-(6-methyl-2-pyridyl)propoxyl]ethanol (MPPE) used in
this study.

report where the interaction of EG with PVA was
studied by monitoring the changes in chemical shifts,
self-diffusion coefficients, and relaxation times.3’ There-
fore, we would like to examine the effect of molecular
size and geometry of the diffusant by the use of end-
capped ethylene glycol and derivatives. To do this, we
have studied the self-diffusion coefficients of a series of
ethylene glycol derivatives as well as a crown ether in
PVA—aqueous systems by pulsed-gradient spin echo
(PGSE) NMR spectroscopy. Several pertinent models of
diffusion are used in the analysis of the diffusion data,
and the physical significance of the parameters used in
these models is evaluated as well. The results are also
compared with those obtained with oligo- and poly-
(ethylene glycol) diffusants in the same system.

Experimental Section

Materials. The diffusants used in this study are shown in
Table 1 and Figure 1. These diffusants include ethylene glycol,
oligo(ethylene glycol)s and their end-capped derivatives, a
crown ether (18-crown-6), and 2-[3-(6-methyl-2-pyridyl)pro-
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Table 1. Structure and Molecular Weight (M) of the End-Capped Oligo(ethylene glycol)s Used in This Study

RIO CHZ—CHZ_O R2

n
diffusant abbreviation n R1 R2 M (g/mol)
ethylene glycol EG 1 —H —-H 62
ethylene glycol methyl ether (2-methoxyethanol) EG-Me 1 —H —CHjs 76
ethylene glycol dimethyl ether EG-Me; 1 —CHs —CHs 90
ethylene glycol tert-butyl methyl ether EG-tBuMe 1 —CHgs —C(CH3)3 132
(1-tert-butoxy-2-methoxyethane)
di(ethylene glycol) methyl ether DEG-Me 2 —H —CHs 120
di(ethylene glycol) ethyl ether DEG-Et 2 —H —CyHs 134
di(ethylene glycol) hexyl ether DEG-He 2 —H —CeH13 190
diethylene glycol tert-butyl methyl ether DEG-tBuMe 2 —CHs —C(CHz3)3 176
tri(ethylene glycol) methyl ether TEG-Me 3 —H —CHs 164
tri(ethylene glycol) dimethyl ether TEG-Me;, 3 —CHgs —CHs 178

Table 2. Measured Do Values and the Do, kf?, and v Values Obtained as Free Parameters from Fits to Eq 1 and the Dg
and kf? Values Obtained from Fits to Eq 1 with v Fixed to 0.58

Do x 10710 Do x 10710 Do x 10710
diffusant Rnh (A) (m2/s)a (m2/s)b kB2 x 1010b b 72 P (m2/s)e kB2 x 1010¢ 22°
EG 2.79 8.59 8.48 0.93 0.65 0.020 8.68 1.16 0.033
EG-Me 3.07 7.88 7.83 1.16 0.60 0.004 7.89 1.24 0.005
EG-Me; 3.24 7.56 7.55 1.27 0.55 0.008 7.49 1.18 0.009
EG-tBuMe 4.38 5.58 5.52 0.65 0.59 0.009 5.54 0.67 0.008
DEG-Me 3.83 6.46 6.32 0.87 0.59 0.025 6.33 0.89 0.022
DEG-Et 4.18 577 5.72 0.66 0.62 0.010 5.80 0.76 0.011
DEG-He 5.45 4.43 4.42 0.38 0.60 0.003 4.45 0.41 0.003
DEG-tBuMe 5.05 4.80 4.74 0.48 0.62 0.009 4.80 0.55 0.013
TEG-Me 4.65 5.23 5.21 0.65 0.58 0.003 5.21 0.65 0.002
TEG-Me; 4.75 5.15 5.10 0.64 0.58 0.004 5.10 0.63 0.005
18-crown-6 5.54 4.37 4.37 0.36 0.58 0.005 4.37 0.35 0.004
MPPE 5.55 4.39 4.40 0.40 0.56 0.005 4.38 0.38 0.004

a Measured experimentally.  Obtained from fits to eq 1 with free parameters. ¢ Obtained from fits to eq 1 with v = 0.58.

poxy]ethanol (MPPE). These compounds and poly(vinyl alco-
hol) (My, = 52 000, My/M,, = 2.09, degree of hydrolysis 99%)
were all purchased from Aldrich (Milwaukee, WI) and used
as received. D,0 (99.9%) was purchased from C.I.L. (Andover,
MA).

NMR Measurements. The samples were prepared as
described previously.?>3¢ The measurements of the self-diffu-
sion coefficients were carried out on a Bruker Avance AMX-
300 NMR spectrometer operating at 300.13 MHz for protons.
The temperature was set at 25 °C. The PGSE pulse sequence
developed by Stejskal and Tanner® was used. A Bruker
magnetic resonance imaging probe, Micro 2.5 Probe, was used
in conjunction with a gradient amplifier (BAFPA-40). Gradient
pulses were applied only in the z direction. The calibration of
the gradient strength and the temperature was described
elsewhere.'8193° The gradient strengths, G, used in this study
ranged between 0.1 and 1 T/m. The other parameters were
kept constant, and their values are those noted in the
parentheses depending on the experiments: gradient pulse
duration (1—4 ms), gradient pulse interval (30—80 ms), recycle
delay (10—25 s), number of acquisitions (1—8), 90° pulse (23—
29 us), spectral width (3—8 kHz), line broadening (5—10 Hz).

The fitting procedure of the experimental diffusion data to
the physical models of diffusion was the chi-square (x?)
minimization procedure available with Microcal Origin 3.5
(Northampton, MA), and the %2 values are listed in the tables.

Rheological Measurements. Rheological experiments
were carried out in order to characterize the PVA solutions
and gels. A Bohlin VOR rheometer equipped with a couette
for dilute solutions and with a cone for more concentrated
solutions was used. Calibration of the rheometer was achieved
with poly(dimethylsiloxane) standards. PVA concentrations
were similar to those of the samples used for NMR measure-
ments ([PVA] = 0—0.38 g/mL) but without the diffusant.

Results and Discussion

The rheological experiments of the PVA samples have
shown that the PVA—water systems are Newtonian
solutions for a PVA concentration between 0 and 0.12
g/mL. But for samples with PVA concentrations above
0.26 g/mL, the elastic modulus (G') was higher than the
viscous modulus (G"), which is characteristic of a gel.
The samples of intermediate PVA concentrations lie
between these two cases.

The measured self-diffusion coefficients of the solutes
molecules in the PVA systems have been analyzed with
several physical models with varying degree of success.
The self-diffusion coefficient values, D, are those of the
free diffusant (especially in the case of EG).

The Model of Petit et al.?® In this model, the
polymer network is considered as a transient statistical
network characterized by a mesh size, &. The diffusant
is considered to reside temporarily inside a cavity until
it has enough energy to diffuse to the next one.
Therefore, the diffusion process is a succession of jumps
over equal potential barrier.?® The self-diffusion coef-
ficient D is given as

Do

D=—2°
1+ ac®

@)

where D is the self-diffusion coefficient, Dy is the self-
diffusion coefficient without the matrix polymer, a and
v are the parameters of the model. The parameter v
depends on the solvent quality and should be a constant
for a given system. In a previous study,3® » was found
to be equal to 0.58 in PVA aqueous systems. The
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parameter a is given by

Do

D%

where k is the jump frequency of the diffusant and
can be regarded as a constant for a given system. The
parameter kj3? depends on the size of the diffusant, such
as the hydrodynamic radius (Ry), and on the tempera-
ture.®® Ry, can be calculated with the Stokes—Einstein
equation from the Dy values listed in Table 2:

a=

)

_ kg T
B 67717,D¢

®3)

h

where kg is the Boltzmann constant, T the temperature,
and 7o is approximated as the viscosity of the solvent
without the polymer. The Stokes—Einstein equation is
applicable to spherical diffusants. Ry is used as an
indication of the relative size of the diffusants, but the
Rp value calculated from eq 3 does not necessarily take
into account the effect of the molecular shape. Therefore,
precautions should be taken when Ry, is used to indicate
the molecular size of the diffusants, as discussed previ-
ously.36

Figure 2 shows the self-diffusion coefficients of EG
and its end-capped derivatives as a function of PVA
concentration with fits to eq 1. The modification of the
hydroxyl groups of EG by the addition of one or two
methyl group(s) does not change to any significant
extent the self-diffusion coefficients at a given PVA
concentration (Figure 2A). The most important differ-
ence is that for the end-capped EG derivatives monoex-
ponential decrease of the spin echo attenuation was
observed, unlike in the case of EG, where both free and
bond molecules were clearly evidenced.3” This indicates
that the methyl groups reduced or prevented the bind-
ing of EG to PVA. A bulky tert-butyl end group, however,
affects much more the diffusion behavior of EG over the
entire range of polymer concentrations. For the end-
capped di(ethylene glycol) derivatives, the data are
shown in Figure 2B. At a given PVA concentration D
decreases with increasing size of the end alkyl group
(Dmethyl > Dethyl > Dnexy1)- A large linear hydrophobic end
group such as a hexyl group seems to have a greater
effect than a more spherical end group such as a tert-
butyl. For the derivatives of tri(ethylene glycol), D
values for TEG-Me and TEG-Me; are quite the same
over the entire range of PVA concentrations, which is
similar to the results observed for EG, EG-Me, and EG-
Me, in concentrated PVA solutions. If the self-diffusion
coefficients of EG-tBuMe (M = 132 g/mol) and DEG-Et
(M = 134 g/mol) are compared, we notice that the
diffusant with a bulkier end group (tert-butyl) diffuses
less rapidly than the diffusant with a linear end group
(ethyl) over the entire range of polymer concentrations.
Similar differences can also be observed between DEG-
tBuMe and TEG-Me,. Obviously, the geometry of the
diffusant seems to be quite important in the diffusion
process. Similarly, the self-diffusion coefficient of TEG-
Me; is always higher than that of MPPE (Figure 2C).
The difference can be explained by the fact that MPPE
has a bulky aromatic end group. The cyclic molecule 18-
crown-6 behaves similarly as MPPE in the concentra-
tion range studied (Figure 2C).

Good fits are obtained for all the diffusants in Figure
2 over the entire range of polymer concentrations. The
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Figure 2. Plot of the self-diffusion coefficient of (A) ethylene
glycol and its end-capped derivatives, (B) end-capped di-
(ethylene glycol)s, and (C) other end-capped oligo(ethylene
glycol)s as a function of the PVA concentration at 25 °C.
Dashed lines are fit to eq 1.

fitting parameters are listed in Table 2. When the data
are fitted with free parameters of Do, kf?, and v, the
average value obtained for v is equal to 0.59 (Table 2),
which is almost identical to the average value of 0.58
reported previously for the same polymer—water sys-
tem.36 This confirms that the parameter v is an indica-
tion of the quality of the solvent.3® Table 2 also lists the
values obtained for the parameters Dy and k32 when v
is fixed to 0.58. Dy is found in good agreement with the
experimental values. The kj? values are similar to those
obtained with free v values.

In Figure 3A, the logarithm of the parameter k3?2
(obtained with floating v) is plotted as a function of Ry,
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Figure 3. Semilogarithmic plot of the parameter kj3? as a
function of (A) the hydrodynamic radius and (B) the molecular
weight of the diffusants.

of the diffusants. The data are combined with the data
obtained previously with a series of linear poly(ethylene
glycol)s.3¢ For both series, the jump frequency k de-
creases when the size of the diffusant is increased. Some
of the linear PEG diffusants, especially the oligomers,
were found to interact strongly with PVA via hydrogen
bonding as mentioned previously. In the presence of
hydrogen bonds in the PEG series, the jump frequency
k is lower because of the hindrance caused by the
interaction, and the decrease of the jump frequency with
Ry is also more gradual as shown by the slope of the
line (kB? ~ R,70:936), With end-capped EG derivatives,
even when the molecular size are similar to the PEGs,
the jump frequency is still higher since the interactions
are not as strong because of the capped ends that screen
the interaction with PVA. The decrease of the jump
frequency with Ry, is also more abrupt as shown by the
steeper slope (kf? ~ Ry791%). When the PEG chain is
sufficiently long, the effect of the end group is no longer
as significant and may even be negligible. In Figure 3B,
the parameter kp3? is plotted as a function of the
molecular weight (M) of the diffusants. The general
trend of the data is similar; i.e., the jump frequency
decreases when the size of the diffusant is increased.
Two distinct regions can also be identified, correspond-
ing to low molecular weight diffusant and high molecular
weight diffusant, with an inflection point approximately
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Table 3. Measured Do Values, Calculated Hydrodynamic
Radius (Rn), and Dy, a, and v Obtained as Free
Parameters from Fits to Eq 4

Do x 101° (m?/s)

diffusant exptl fitted o v Va
EG 8.59 8.60 3.40 0.95 0.010
EG-Me 7.88 7.92 2.83 0.90 0.006
EG-Me; 7.56 7.61 2.60 0.83 0.009
EG-tBuMe 5.58 5.52 3.32 0.88 0.013
DEG-Me 6.46 6.40 2.94 0.86 0.010
DEG-Et 5.77 5.80 3.22 0.90 0.010
DEG-He 4.43 4.81 3.53 0.89 0.006
DEG-tBuMe 4.80 4.47 3.67 0.83 0.005
TEG-Me 5.23 5.27 3.06 0.84 0.004
TEG-Me; 5.15 5.16 3.06 0.84 0.003
18-crown-6 4.37 4.41 3.84 0.80 0.088
MPPE 4.39 4.42 3.69 0.80 0.007

around M = 500. The first part of the line seems quite
linear; the decrease becomes much less abrupt in the
second part.

The Model of Phillies.?” Phillies proposed a uni-
versal equation to describe the self-diffusion of one
macromolecule in another over a wide range of concen-
trations.?’ In this model, the hydrodynamic interactions
between the diffusants (solvent or solute) and the
polymer are taken into account, and the polymer chains
are considered to be mobile. This approach provided
good fits to the experimental data in many polymer
systems.*0=42 |t also provided good results in the treat-
ment of the diffusion data of small molecules.?24344 The
equation is given as

D = D, exp(—ac") (4)

where o and v are scaling parameters. The scaling
parameter o is predicted to depend strongly on the
hydrodynamic radius (o ~ Rp) for small diffusants,*® as
proposed by Mustafa et al.*6

Equation 4 was used to fit the diffusion data of EG
and its end-capped derivatives as a function of PVA
concentration in Figure 4. The fitting parameters are
listed in Table 3. A very good correlation is observed
between the fits and the experimental data for all the
diffusants over the entire range of polymer concentra-
tions.

Park et al.*” and Gibbs and Johnson*® reported o =
3.08RK%% and a = 3.2Ry%5%3, respectively, for small
probes (water, tetramethylammonium iodide, tetra-
methylethylenediamine, tetrahexylammonium, benzo-
spiropyran, and bovine serum albumin) in polyacryl-
amide gels. In the present study, the estimates obtained
from these empirical relationships tend to be higher
than the o values obtained from the fits. However, the
parameter o listed in Table 3 seems to depend some-
what on the hydrodynamic radius of the diffusant as
shown in Figure 5A. A more or less linear relationship
is observed (a ~ 0.28Rp).

According to Phillies, v should scale between 1 for low
molecular weight diffusants and 0.5 for high molecular
weight diffusants.#9~#2 Inside these limits the scaling
follows v ~ M~Y4, The » values listed in Table 3 are
found to be more or less a constant and always less than
1. These values are plotted as a function of the hydro-
dynamic radius of the diffusants (Figure 5B). An aver-
age value of 0.86 is found. Gibbs and Johnson“® reported
values for the parameter v between 0.89 and 1.13,
slightly higher than the values obtained here.



Macromolecules, Vol. 32, No. 16, 1999

10 Y r T
. A * EG
S * EGMe 1
%‘ NN 4+ EG-Me,
e v  EG-tBuMe i}
o 6 x\:::\.
- Al
= p \":I A
: 4 v v -::‘ 2.
L N x:!::\. E
[=] . v . -::\,&;
WY ~:\~="$:__‘:-‘.-
2| T, L
v .
0 1 L n
10 r T .
B * DEG-Me
8 + DEG-Et 7
Q s+ DEG-tBuMe
NE 61 v DEG-He
s U
R A
e 4'_ T . :! i
Q X el el R
e AL el
e
2t v .
0 i 1 i -
10 Y ™ T
C *  TEG-Me
8 » TEG-Me, 1
@ 4 18-crown-6
ey
%E 6} v MPPE j
Sb .
e
: 4 -'-‘\ “z"“ <
a L e
“( L 29
T ey
L e, Tt i
2 Ty S, -
ek b
*Waaea, ., .
0 L 1 1
0.0 0.1 0.2 03 0.4
[PVA] (g/mL)

Figure 4. Plot of the self-diffusion coefficient of (A) ethylene
glycol and its end-capped derivatives, (B) end-capped di-
(ethylene glycol), and (C) other end-capped oligo(ethylene
glycol)s as a function of the PVA concentration at 25 °C.
Dashed lines are fits to eq 4.

The Model of Yasuda et al.?® The free volume
models consider the diffusion process as a succession of
jumps into voids created by the thermal motion of the
molecules. The diffusion of a solute is a function of the
probability to find a void large enough to allow the
diffusion of the solute. The free volume model of Fujita?®
is not suitable to describe diffusion in aqueous systems.
The model of Vrentas—Duda3%3! can be used for the
diffusion in binary polymer—solvent systems. Because
of the numerous physical parameters needed, it is
difficult to use it in the more complicated ternary
systems. Yasuda et al.?® assumed that the contribution
to the free volume is mainly contributed by the solvent
in binary and ternary systems when the solute probe is
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R, 4

Figure 5. (A) Plot of the parameter a as a function of the
hydrodynamic radius of the diffusants. (B) Plot of v as a
function of the molecular weight of the diffusants.

present in low concentration (pseudobinary system). The
following expression was obtained:

B
InD = In Do—f—f(ﬁ) ()
w

where Bs is the minimum hole size required for the
diffusant displacement and f,, is the free volume of
water in the polymer—water system.

The semilogarithmic of the normalized self-diffusion
coefficient of selected solutes as a function of ¢/(1 — ¢)
is shown in Figure 6A. The dashed lines are fits to eq
5, which seems to be linear for EG-Me and DEG-tBuMe
at lower PVA concentrations, but deviations are ob-
served at higher PVA concentrations, where the free
volume contribution by the polymer may no longer be
negligible. The deviation of the diffusion data of a larger
diffusant such as MPPE from linearity is much more
significant, which clearly shows that the use of the
model is limited to relatively small diffusants in rela-
tively dilute solutions. This is consistent with the
previous studies with similar systems.223449 We tried
to use Do and B4/f,, as free parameters in the fitting to
eq 5. The Dy values obtained for the diffusants from the
fits are similar to the measured Dy. If the parameter f,,
is a constant as assumed by Yasuda et al.,3° Bg/f,, should
reflect the variation of the minimum hole size (Bs)
required for diffusant displacement to take place. The
values obtained for Bg/f,, from the fits of the linear part
of the curves are plotted as a function of the hydrody-



5388 Masaro and Zhu

9.0 . . .
T » EG-Me
+ DEG-tBuMe
Tl s MPPE
. -
—JECE] SN . . j
O o e ) .
=2 a v
S N N
. Ao Te.
e
100} s -
0.0 0.1 0.2 03 0.4
o/(1-¢9)
4 T T T
B
3 = e -
F
;ﬂ 24 . . . " ® e, ° 1
1+ ]
0 1 1 'l
2 3 4 5 6
R, (A)

Figure 6. (A) Plot of the logarithmic self-diffusion coefficient
of selected diffusants as a function of ¢/(1 — ¢) at 25 °C. (B)
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radius of the diffusants. Dashed lines are fits to eq 5.

namic radii of the diffusants in Figure 6B. B¢/f,, is found
to be quite constant for the smaller diffusants and
increases for the large ones in this series. The minimum
hole size required for diffusant displacement should
increase with increasing size of the diffusant.

The Model of Mackie and Meares.23 In this model,
the polymer chains are regarded as motionless relative
to the diffusing molecules. Therefore, they impose a
tortuosity or an increase in the path length for the
molecules in motion. The self-diffusion coefficient of the
diffusants is related to the volume fraction of the
polymer according to the following equation

Do 1 + (P] ©)

where ¢ the volume fraction of the matrix polymer.
Figure 7 shows the normalized self-diffusion coef-
ficient of selected diffusants (EG-Me, EG-Me;, EG-
tBuMe, and 18-crown-6) as a function of the volume
faction of the polymer matrix. The self-diffusion coef-
ficient decreases with increasing volume fraction of the
polymer and with increasing size of the diffusant. This
is consistent with the results reported in previous
studies.??:3¢ The dotted line in Figure 7 represents the
fit to eq 6. The fit can be regarded as acceptable for the
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Figure 7. Plot of the normalized self-diffusion coefficient of
selected diffusants as a function of the volume fraction of PVA
at 25 °C. Dotted line and dashed lines are fits to eq 6 and eq
7, respectively.

diffusion data of EG-Me and EG-Me, especially at low
PVA concentrations, but the deviation becomes obvious
for higher polymer concentrations. The deviation be-
tween eq 6 and the data is more pronounced for the
larger diffusants such as EG-tBuMe and 18-crown-6.
Petit et al.?? studied the self-diffusion of solvents and
solute probes in PVA—water systems and found that
this model can only be used for the description of the
diffusion data of water and methanol, whereas the fits
for larger diffusants significantly deviate from the
experimental data. Waggoner et al.* also studied the
self-diffusion coefficients of different solvents (toluene,
ethylbenzene, cumene, tert-butyl acetate, chloroform,
and methyl ethyl ketone) in polystyrene (PS) and in
poly(methyl methacrylate). They found that the model
of Mackie—Meares described fairly well the data, but
they noticed that the subtle differences between the
various systems were not taken into account by the
model.

The Model of Ogston et al.?* In this model the
diffusing particle is considered as a hard sphere and the
polymer as randomly oriented fibers. The diffusion
process is assumed to correspond to the average dis-
placement of a hard sphere in a lattice of long fibers of
negligible width according to

D re+re 4p0

B, exp[ — )
where rs is the hydrodynamic radius of the diffusant
and r; the hydrodynamic radius of the fiber.

Dashed lines in Figure 7 are fits to eq 7. The model
of Ogston et al.2* takes into account the volume fraction
of the polymer matrix, the hydrodynamic radius of the
polymer fiber, and the hydrodynamic radius of the
diffusant. Therefore, the model provides different fits
for each diffusant, which seems to be an improvement
compared with the model of Mackie and Meares.?*
However, the fits to eq 7 still deviate significantly from
the experimental data, indicating the limitation of this
model in handling the diffusion data in such a system.

The Model of Amsden.®* This diffusion model
combines the free volume theory with the obstruction
and scaling concepts. It takes into account several
structural properties of the polymer such as the polymer
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Figure 8. Plot of the normalized self-diffusion coefficient of
selected diffusants as a function of the volume fraction of PVA
at 25 °C. Dashed lines are fits to eq 8.

Table 4. Parameters Dy, ry, and k; Obtained by Fitting
the Diffusion Data to Eq 8 While Fixing rs to the Ry
Values Reported in Table 2

Do x 1010
diffusant (m?/s) ri (A) k1 %2
EG 8.56 0.404 —-7.14 0.015
EG-Me 7.93 0.051 —51.68 0.013
EG-Me; 7.53 0.019 —137.95 0.013
EG-tBuMe 5.46 0.264 —14.35 0.007
DEG-Me 6.32 0.160 —21.00 0.009
DEG-Et 5.77 0.225 —16.26 0.006
DEG-He 4.39 0.017 —217.67 0.008
DEG-tBuMe 4.77 0.269 —15.73 0.007
TEG-Me 5.20 0.020 —178.82 0.004
TEG-Me; 5.09 0.026 —144.53 0.007
MPPE 4.30 0.010 —196.17 0.004
18-crown-6 4.31 0.019 —367.43 0.005

chain stiffness, the chain radius, the volume fraction,
and the size of the diffusant.®* The motion of a molecule
through a hydrogel matrix depends on the probability
of finding holes larger than the diffusant diameter. The
distribution of the holes is described by the expression
given by Ogston et al.>* Amsden evaluated the distance
between polymer chains with the help of scaling con-
cepts, and the following equation was given

_[rs e @
ﬂ( It ) (k, + 2¢1’2)2] (®)

D _
D, P

where rs and rf are the same as in eq 7, and k; is a
constant for a given polymer—solvent system.

The normalized self-diffusion coefficient D/Dg of se-
lected diffusants is plotted as a function of the volume
fraction of the PVA in Figure 8. Dashed lines are fits to
eq 8 with floating parameters, including rs, rs, and kj.
Equation 8 provides relatively good fits to the data.
Similar results are observed with the other diffusants.
The fits provided values of rs of 3.99, 5.42, 3.02, 284.0
and values of rf of 0.033, 0.050, 0.031, 2.29 for EG-Me>,
EG-tBuMe, and 18-crown-6, respectively, which does not
seem to be coherent. Therefore, we have fixed rs to the
Rnh values listed in Table 2 during the fittings, but
systematically lower values of rs were obtained for each
diffusant, while k; was found negative as shown in Table
4. The various r; values obtained can be hardly related
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to the hydrodynamic radius of the polymer chain. The
physical significance of k; remains unclear.

Conclusion

This study confirms that the self-diffusion coefficient
depends on the size and geometry of the diffusant,
evidenced by the effect of bulky end groups. Diffusants
with a bulkier end group diffuse less rapidly than those
with a smaller linear end group even though the
molecular weights of the molecules are comparable. A
hydrophobic hexyl group also restrains the diffusion
more than the shorter alkyl groups.

The diffusion model of Mackie—Meares is strictly
limited to very small diffusants since it does not take
into account the differences of the diffusants. The
diffusion model of Ogston et al. improved in this regard
but still deviates significantly from the experimental
data. The model of Amsden solved this problem by
combining this obstruction model with other concepts
such as the free volume concept, but the numerical
values of the parameters are inconsistent with their
original physical significance. The free volume model
of Yasuda et al. is limited to the diffusion of small-sized
diffusants and in dilute polymer solutions. The experi-
mental data for this group of relatively small diffusants
all fitted very well to the diffusion model of Phillies. The
parameter a was found to increase as a function of the
hydrodynamic radius of the diffusants, while a slight
decrease is observed for the parameter v.

The model of Petit et al. was used successfully in the
fitting of the experimental data of all the diffusants over
the entire range of polymer concentrations. As predicted,
the parameter v was found related to the solvent quality
and remained a constant for the PVA—water system.
The parameter k3?2 reflects the jump frequency of the
diffusants and was found to decrease with increasing
size of the diffusing molecules. By comparing these
parameters with those obtained for oligo- and poly-
(ethylene glycol) diffusants, we are able to confirm the
usefulness of this model in the analysis of both small
and large diffusants in the PVA—water systems.
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