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ABSTRACT: PFG-NMR was used to study the chemical exchange of linear PHEMA having a range of molecular
weights with water in DMSO containing varying quantities of water. The aim was to investigate the use of
PFG-NMR to study chemical exchange between a polymer with exchangeable protons and a small fast diffusing
molecule to provide insight into the conformation adopted by a polymer in solution. The experimental data were
simulated closely for the two-site exchange case using the Bloch equations modified for chemical exchange and
diffusion. The exchange rate could be used to detect changes in polymer conformation resulting from changes in
the solvent. PHEMA of MW 10 000 showed significant time-dependent changes in exchange rate, resulting from
preferential solvation of the OH sites by water, and subsequent conformational changes which altered accessibility
of the OH sites to water. This behavior was not observed for larger MW PHEMA, which adopted a stable
conformation immediately. Large changes in the exchange rate were not reflected in changes to the hydrodynamic
radius, suggesting that a minimaloVerall change in the chain dimensions occurred. DMSO was found to be a
poor solvent for PHEMA, which adopts a compact conformation in DMSO. This work has demonstrated that
PFG-NMR is a sensitive method for detecting subtle changes in polymer conformation in polymers with
exchangeable protons.

The recent advent of facile routes to well-defined polymer
architectures is leading to a renewed focus on methods of
polymer characterization. Since a large focus of the synthetic
effort is toward polymers for use in the human body, an
important field of endeavor will be the development of methods
for measurement of the interaction of small molecules with
polymers.

PFG-NMR spectroscopy is a well-established, reliable method
for obtaining diffusion coefficients of molecules or complexes
in solution. Interactions between a particular molecule and the
components of a solution will influence the diffusion coefficient
measured for that molecule; high-resolution PFG-NMR experi-
ments can therefore provide detailed information about inter-
molecular interactions in solution.1 Applications include the
analysis of polymer mixtures,2 affinity/binding studies,3 and the
study of chemical exchange.1 These experiments are usually
referred to as diffusion-ordered spectroscopy (DOSY); the
components of a mixture are separated as a function of their
respective diffusion coefficients.1,4 The data can be displayed
as a pseudo-2D NMR spectrum with chemical shifts in one
dimension and diffusion coefficients in the other.

The measurement of chemical exchange can provide insight
into the conformational and dynamic characteristics of a
macromolecule,5 and numerous NMR experiments have been
developed to measure this property, e.g., exchange spectroscopy
(EXSY),6 time-resolved measurements in D2O, and PFG-NMR
methods.5 It has been demonstrated that PFG-NMR can be used
to provide information on exchange rates for systems in fast or
slow exchange with respect to chemical shift.8-11 Slow exchange
in chemical shift refers to an NMR spectrum in which the two
exchanging components are resolved in chemical shift; fast
exchange in chemical shift describes the situation where a
population-weighted average signal is observed. Moonen et al.9

originally explored the concept that a proton exchanging
between sites on two different molecules with unequal diffusion
coefficients would exhibit a diffusion coefficient between the
two values at the fast exchange limit in diffusion. The actual
value observed would be a population-weighted average of the
lifetimes in the two states. In the limit of slow exchange in
diffusion, the diffusion coefficients would be those observed
in the absence of exchange. For observations in the diffusion
dimension the variable is the square of the gradient area rather
than time. Time has an influence in the form of the selected
diffusion time, and this parameter can be varied in some cases
to observe the fast and slow exchange limits without altering
the physical state of the sample.1

Poly(2-hydroxyethyl methacrylate) (PHEMA) is a hydrogel
widely used in biomedical applications since 1960.12-14

PHEMA is insoluble in water but swells considerably due to
the affinity of water for the hydrophilic hydroxyl sites. In a
DMSO-water mixture, PHEMA dissolves and the exchangeable
proton hydroxyl site and water are well separated in the chemical
shift dimension, enabling the individual peak areas to be
integrated (see Figure 1). Chemical exchange between the
PHEMA OH sites and water can therefore be easily monitored
in the diffusion dimension. The large difference between the
diffusion coefficients of PHEMA and water means that exchange
between these sites will produce a significant effect on the OH
signal magnetization decay. In this paper the chemical exchange
properties of a series of linear, low polydispersity index (PDI)
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PHEMA of molecular weight range 10 000-230 000 were
studied using PFG-NMR. The PHEMA was dissolved in
DMSO-d6 containing varying quantities of water to determine
the effect of water concentration on the chemical exchange rate.

The aim of this work was to investigate the use of PFG-
NMR for the study of chemical exchange between a polymer
with exchangeable protons and a small fast diffusing molecules
in this case water. The results show that the method is unusually
sensitive to subtle changes in polymer conformation and
interactions of the polymer exchangeable sites with water. A
range of molecular weights were studied in order to determine
the effect of chain length on behavior of PHEMA in solution.
The experimental data were simulated using the Bloch equations
modified for chemical exchange and diffusion for the case of
two-site exchange.1

Experimental Section

Materials. All synthetic reagents were analytical grade or higher
and used as received unless stated otherwise. HEMA (Aldrich) was
distilled under reduced pressure (65°C, 3.5 mmHg) and stored at
-20 °C until use. PHEMA was prepared by reversible addition-
fragmentation chain transfer (RAFT) polymerization inN,N-
dimethylformamide (DMF) using cumyl dithiobenzoate (CDB) as
RAFT agent. For example, to prepare a target molecular weight of
10 000, a stock solution of HEMA (2 M), AIBN (3.5× 10-3 M),
and cumyl dithiobenzoate (2.6× 10-2 M) in DMF was prepared.
Generally, 0.5 mL aliquots of the stock solution were transferred
to 2 mL tubes and deoxygenated by four freeze-evacuate-thaw

cycles and flame-sealed under vacuum. Polymerization was con-
ducted at 60°C in a constant temperature water bath, and samples
removed at regular intervals to determine conversion using FT-
NIR. Dried PHEMA was dissolved in a 50:50 methanol/THF
mixture followed by precipitation in hexane; this method provided
polymers of acceptable purity as determined by1H NMR.

PHEMA was dissolved in DMSO-d6 at a concentration of 10
mg mL-1, and 20, 40, or 60µL of Millipore water was added using
a micropipet. Samples were placed on a shaker for 5 min and then
equilibrated for 2 h prior to measurement. All solutions were stored
in a tightly sealed jar containing desiccant to prevent changes in
the water content of the solutions (storage temperature was 25°C).
Parafilm was used to seal between the NMR tube and cap to prevent
moisture being absorbed during experiments.

NMR Measurements.All experiments were conducted at 298
K. NMR spectroscopy was carried out using a Bruker Avance DRX
500 spectrometer operating at 500.13 MHz for protons and equipped
with a 5 mm triple-resonance (1H, 13C, 15N) z-gradient probe
equipped with actively shielded gradients. Thez-gradient was
calibrated at 298 K with a HDO sample containing 0.1 mg mL-1

GdCl3. The maximumz-gradient amplitude was 50 G/cm. A 90°
pulse calibration was performed for each new sample for DOSY
experiments. A bipolar pulse longitudinal eddy current delay
(BPPLED)1 pulse sequence or, if convection was a problem, a
bipolar pulse pair double stimulated echo pulse sequence (BPPD-
STE)15 pulse sequence was used. The pulse sequences included a
5 ms delay to allow residual eddy currents to decay. Sine-shaped
gradient pulses were utilized to further minimize eddy currents.
The pulse gradient durationδ was chosen for each diffusion time

Figure 1. 1H NMR spectrum of 10K PHEMA in DMSO-d6. Aromatic signals originate from end groups of the RAFT agent cumyl dithiobenzoate.
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in order to obtain the minimum residual signal for each component
at maximum gradient strength. The pulse gradients were incre-
mented from 2 to 95% of the maximum gradient strength in a linear
ramp (24 steps). A spectral window of 6000 Hz was accumulated
in an acquisition time of 2.7 s. A relaxation delay of 5T1 of the
slowest relaxing signal was used (7 s). The FIDs were collected
into 16K data points; 16-32 scans and 4 dummy scans were
acquired on each sample. Following acquisition the FIDs were
Fourier transformed applying zero-filling to 16K data points and
an exponential window function with line broadening factor 1-5
Hz.

Data were processed using Bruker XWIN NMR software; the
diffusion coefficients were obtained from a single- or double-
exponential nonlinear least-squares fitting of the echo attenuation
decay. Peak intensities were monitored for all diffusion analyses.
The diffusion coefficients for PHEMA were obtained from a single-
exponential fit of the echo attenuation decay of the methyl protons,
which do not undergo chemical exchange. Diffusion coefficients
were obtained by monitoring the signal attenuation as a function
of the applied magnetic field gradient amplitude (g), and fitting eq
1 or 2 to the results, for monoexponential or biexponential decays,
respectively.16

whereI is the resonance intensity measured for a given gradient
amplitude,g, I0 is the signal intensity with no gradient applied,γ
is the gyromagnetic ratio,δ is the gradient length, and∆ is the
diffusion time.

Simulations.Experimental diffusion curves were simulated using
the Bloch equations modified for diffusion and exchange in order
to estimate the relative rates of chemical exchange for HEMA and
PHEMA. A simulation of the two-site exchange case was compared
to the experimental data for the decay of water and hydroxyl signals
for the HEMA and PHEMA samples. Values ofkA and kB were
varied iteratively to mimic the experimental decay curves in each
case. It was assumed that all OH sites were available to exchange
in the HEMA system. The monomer was therefore used to
characterize the case of unhindered exchange. The simulations of
the HEMA data were performed first, and the values ofkA andkB

obtained were used as starting values in the simulations of the data
for PHEMA in solution.

Results and Discussion

Exchange Behavior of HEMA. As a first experiment the
diffusion and exchange behavior of HEMA monomer was
measured in order to characterize the exchange behavior of the
hydroxyl sites in small molecules. The diffusion coefficients

obtained for HEMA and water in DMSO-d6 and the molar ratios
of water to HEMA hydroxyl groups, determined by integration
of the 1H NMR spectrum, are shown in Table 1. Figure 2
compares the logarithmic normalized hydroxyl signal intensity
of HEMA as a function of the squared gradient intensityγ2δ2g2-
(∆ - δ/3) (known as a Stejskal-Tanner plot) for diffusion
times, ∆, of 50-500 ms. Data for both HEMA-0 (no added
water) and HEMA-20 (20µL of added water) cases are shown.
The data for the methyl signal of HEMA are included as a
reference for the case of zero chemical exchange. The curves
for the hydroxyl signals show excellent linearity for all∆ values,
indicating fast exchange in the diffusion dimension. The addition
of 20µL of water mL-1 of DMSO-d6 resulted in a small increase
in the slope of the curve for the 500 ms data shown in Figure
2a. The system is close to the fast exchange limit in diffusion,
so the addition of extra water would not be expected to result
in a significant increase in exchange rate, but rather the small
increase observed reflects the increased probability of water
molecules encountering a hydroxyl site.

The Stejskal-Tanner plots for both the hydroxyl and water
signals of HEMA for∆ values of 50 and 500 ms are shown in
Figure 2b. The data illustrate that the system is approaching
the fast exchange limit in diffusion at 50 ms; at 500 ms both
the hydroxyl and water curves coincide, and the population-
weighted average diffusion coefficient is observed. At this point
the system can be considered to be at the fast exchange limit in
diffusion. Because of fast exchange of HEMA hydroxyl groups
with water in the diffusion dimension, the slow exchange limit
was not observed in the range of diffusion times used for the
experiments. The mean residence lifetime of a proton on a
hydroxyl site of HEMA can therefore be estimated as<50 ms
(the shortest value of∆ used), and the exchange ratek > 20
s-1. It is reasonable to assume that the case of HEMA represents
the situation where most of the OH sites are exchanging, so
HEMA was used as a benchmark to estimate changes in the
accessibility of OH sites in the PHEMA polymers reported in
the following sections.

Exchange Behavior of 10 000 MW PHEMA. Table 2
summarizes the diffusion coefficients of water and 10K PHEMA
and the molar ratios of water and hydroxyl groups for the
samples of 10K PHEMA in DMSO-d6 solutions. Logarithmic
normalized hydroxyl signal intensities of 10K PHEMA as a
function of the squared gradient intensity are shown in Figure
3a-d. The intensity of the signal due to the methyl group of
PHEMA is shown in each plot to show the behavior in the
absence of exchange.

Figure 3a shows the results for 10K-0 where no water was
added to the DMSO-d6, and only the water initially present in

Table 1. Diffusion Coefficients and Molar Ratios of H2O:OH for HEMA and 10K PHEMA Solutions

sample sample code
DH2O ) DA

(10-10 m2 s-1)
DCH3 ) DB

(10-11 m2 s-1)

OH:H2O
integrated

area (NMR) OH (M) H2O (M)
molar ratio
H2O:OH

HEMA no added water time)
0 days

HEMA-0 8.2 41.1 1:4 0.077 0.154 2

HEMA 20 µL water added time
) 0 days

HEMA-20 8 39.3 1:30 0.077 1.16 15

10K PHEMA no added water
time ) 0 days

10K-0 7.71 4.19 1:5 0.077 0.194 2.5

10K-0 time) 12 months 10K-0-12M
10K PHEMA 20µL added water

time ) 0 days
10K-20-0D 7.32 4.21 1: 32 0.077 1.23 16

10K PHEMA 20µL added water
time ) 21 days

10K-20-21D 7.61 4.14 1: 32 0.077 1.23 16

10K-20-21D time) 6 months 10K-20-6M
10K PHEMA 40µL water added

to 10K-20-21D time) 0 days
10K-60-21D 7.17 4.02 1:90 0.074 3.34 45

I ) I0 exp(-Dγ2δ2g2(∆ - δ/3)) (1)

I ) I0A exp(-DAγ2δ2g2(∆ - δ/3) +

I0B exp(-DBγ2δ2g2(∆ - δ/3)) (2)
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the polymer/DMSO-d6 is involved in exchange with the polymer
hydroxyl groups. In this sample the ratio of water to OH groups
is 2.5. In contrast to the plots for HEMA monomer, the decay
curves for 10K-0 are obviously biexponential in nature. The
rapidly decaying component (fast diffusion) is associated with
water diffusion (DA) and the slow diffusing component with
the polymer diffusion (DB). The initial slope isD ) pADA +
pBDB, wherepA andpB are the probability of occupation of site
A or B; the slope at high values of gradient strength approaches
DB.1 The data in Figure 3a reveal that in the range of values of
the diffusion time∆ from 50 to 750 ms the system is in the
intermediate exchange regime in diffusion; the slow and fast
exchange limits are not observed, but the proportion of the slow
diffusing component is very small at∆ values> 200 ms.

With a diffusion time of 750 ms the system is approaching
the fast exchange limit but still exhibits a slight degree of
biexponential behavior. TheT1 relaxation times for the PHEMA
protons spanned the range 600-1200 ms, so in order to maintain
good signal-to-noise ratios for the signals of interest,∆ values
longer than 750 ms were not used. The slow exchange limit is
not observed, so the mean residence time of a proton on a
hydroxyl site of PHEMA in the 10K-0 sample can be estimated
as<50 ms, corresponding to an exchange ratek of > 20 s-1.

Figure 3b demonstrates the effect of adding 20µL of water
mL-1 of DMSO-d6 and measuring the exchange behavior of
the polymer solution after equilibration for 2-4 h, i.e.,10K-
20-0D. The addition of water produces a small change in the
exchange properties; there appears to be slower exchange
occurring for a given diffusion time compared with the case
for 10K-0, but an exchange ratek of > 20 s-1 can only be
estimated since the slow exchange limit is not observed.

The data in Figure 3c show the results for the same sample
stored for a period of 21 days: 10K-20-21D. The sample was

stored in a desiccator, so the amount of additional water
absorbed over this time period was negligible (see Table 1). In
this case there is a dramatic decrease in the rate or number of
sites undergoing exchange compared with the freshly prepared
sample. The slopes of all of the curves are very similar to that
for the nonexchanging methyl signal, indicating very slow or
negligible exchange is occurring. The mean residence time of
protons on hydroxyl sites of 10K-20-21D can still only be
estimated as<50 ms, or an exchange ratek of > 20 s-1. This
is because at a diffusion time of 50 ms the curve is quite linear,
but the diffusion coefficient extracted from this curve is still
larger thanDCH3, indicating that the slow exchange limit has
not been attained. Figure 3d shows the effect of adding 40µL
of extra water to the 10K-20-21D sample; the exchange
properties of the 10K-60-21D sample returned to levels similar
to the freshly prepared sample containing 20µL of added water
mL-1 of DMSO-d6.

The exchange behavior observed for the 10K PHEMA
samples with added water is very different to that observed for
the monomer. The addition of water resulted in a small increase
in the exchange rate for HEMA monomer, which is expected
given the higher probability of an exchange encounter, but
caused adecreasein the exchange rate for PHEMA. The
addition of water is either causing a change in the conformation
of the polymer or affecting the interactions of the OH sites with
water. Furthermore, the effect is time dependent. The 10K-0
sample shows similar behavior to the HEMA-0 sample, and the
exchange properties do not change with time. This indicates
that a large proportion of 10K-0 OH sites are exchanging with
water and that the sample rapidly equilibrates and remains stable.

The Stejskal-Tanner plots for the water signal in each of
the 10K PHEMA samples are shown in Figure 4a,b for diffusion
times∆ ) 50 and 200 ms. The data illustrate that the amount
of slow diffusing component resulting from exchange with the
polymer hydroxyl sites is very small, i.e.,pB is low. This is a
result of the large number of water molecules relative to OH
sites; only a small percentage of the total water pool is involved
in exchange with polymer OH sites. The 10K-0 sample contains
the least amount of water, and the intensity of the slow diffusing
component is therefore highest in this sample. As expected, the
proportion of the slow diffusing component in the 10K-20-0D
and 10K-20-21D samples is much smaller than for 10K-0, but
the 10K-60-21D sample has a higher proportion of the slow
diffusing component than 10K-20-0D or 10K-20-21D. This is
surprising considering that 10K-60-21D contains the largest
amount of water; this may be due to experimental error, since
signal-to-noise is poorest at high gradient, or could reflect
interactions between fast and slow diffusing water (discussed
later).

Analysis of the Stejskal-Tanner plots for the water signal
can be misleading because of the possibility of H2O-H2O
exchange following OH-H2O exchange during the diffusion
time. This type of exchange is more likely as the concentration
of water increases. It is detected as a decrease in the amount of
slow diffusing component with increasing∆ (compare parts a
and b of Figure 4); the opposite behavior would be expected if
only OH:H2O exchange were possible. It is therefore difficult
to compare the water decay curves of the different samples,
since the amount of H2O-H2O exchange will vary between
samples containing different quantities of water.

An exchange ratek > 20 s-1 was estimated for all the 10K
PHEMA samples discussed above, but it is obvious from Figure
3 that the amount of exchange varied considerably under the
different solvent conditions. Unlike HEMA monomer, the

Figure 2. Logarithmic normalized signal intensity as a function of
γ2δ2g2(∆ - δ/3). (a) HEMA hydroxyl signals: HEMA-0∆ ) 50 and
500 ms and HEMA-20∆ ) 50 and 500 ms; HEMA CH3 signal∆ )
500 ms. (b) HEMA-0∆ ) 50 and 500 ms hydroxyl and water signals.
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polymer hydroxyl sites will be in a range of different environ-
ments, so a distribution of exchange rates is expected. Even at
short values of the diffusion time∆ the fastest exchanging
protons will still be detected, and the observed signal attenuation
will be biexponential. Therefore, when the slow exchange limit
is not observed, estimates ofk obtained from inspection of
Stejskal-Tanner plots will be less accurate. If relative changes
are to be detected, however, comparison of the Stejskal-Tanner
plots is sufficient to detect changes in macromolecular behavior
as demonstrated for 10K PHEMA.

More Accurate Estimation of the Exchange Rate.The
point of intersection of the asymptote characterizing the slow
diffusing component and the ordinate (ln(intensity)) exp(-
∆/τB)) corresponds to the fraction of nonexchanging protons
(for which 1/τB ) kB).17 A plot of ln(slow intensity) vs diffusion
time ∆ has a linear dependency, so if data are obtained using a

range of ∆ values, linear regression gives the value of the
nonexchanging population (intercept) and the value ofkB

(slope).12 This type of analysis only works for situations where
the exchange is intermediate/slow because otherwise there is a
large error in the intensity of the slow diffusing component.

It should also be possible to simulate the experimental
diffusion curves using the Bloch equations modified for
diffusion and exchange1 in order to estimate the relative rates
of chemical exchange for HEMA and PHEMA. The results
could then be compared with the values obtained using the
graphical method. The experimental decay curves for the water
and hydroxyl signals of HEMA and PHEMA samples were
simulated for the two-site exchange case using the modified
Bloch equations, as described in the Experimental Section. The
values of the exchanging population were obtained by compar-
ing the exchange rates of the polymer to the average value

Table 2. Comparison ofkB Values and % Exchanging Sites Obtained Using Graphical Analysis and Simulations for HEMA and 10K PHEMA
Samples

sample
kB (s-1)
graph

kB (s-1)
simulation

kB (s-1)
meana

τB (s)
meana

% exchanging OH
sites graphical

% exchanging OH sites
relative to HEMA

1 HEMA-0 20 0.05 100
2 HEMA-20 25 0.04 100
3 10K-0 11.7 14 12.9 0.078 63 64
4 10K-20-0D 7.1 10 8.6 0.116 32 34
5 10K-20-21D 0.96 1 0.98 1.02 3.2 4
6 10K-60-21D 6.9 9 7.95 0.126 14 32
7 10K-0-12M 7.6 10.5 9.1 0.11 36
8 10K-20-6M 25 25 0.04 100

a Mean of thekB andτB values obtained for graph and simulation.

Figure 3. Logarithmic normalized signal intensity as a function ofγ2δ2g2(∆ - δ/3): (a) 10K-0 hydroxyl signals∆ ) 50-750 ms; (b) 10K-20-0D
∆ ) 50-750 ms; (c) 10K-20-21D∆ ) 50-750 ms; (d) 10K-20-21D after addition of 40µL of H2O. PHEMA CH3 signal∆ ) 500 ms shown for
each sample as reference for the zero exchange case.
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obtained for HEMA. The values ofkB obtained from simulations
of experimental attenuation curves at different values of the
diffusion time ∆ were very consistent for∆ > 200 ms; the
average values are listed in Table 2. Analysis of the data
acquired using short values of the diffusion time∆ produced
variable results due to the short observation time relative to the
rates of exchangesthese values were not included.

A representative example is shown for each sample in Figure
5a-f; the simulated data for the case of no exchange (kA and
kB f 0) are included for reference. The experimental data are
simulated quite closely using the two-site exchange model; plots
of the residuals of each fit gave very similar trends to those
obtained by fitting the experimental data using the Bruker
diffusion software. The estimated exchange rates obtained using
the graphical method and data simulations are compared in Table
2, entries 1-6.

The values ofkB obtained from the simulations for 10K
PHEMA are in good agreement with the values measured using
graphical analysis. The values obtained for the exchanging
populations are also very similar using either method; the only
discrepancy was the value obtained for the sample containing
60 µL of water. The monomer undergoes the fastest exchange
as expected, and the rate increased by around 20% when 20µL
of water was added to the sample. The 10K-0 sample has the
highest proportion of exchanging sites among the polymers,
estimated to be 63-64% relative to HEMA. Not all potentially
exchangeable sites on a polymer necessarily participate in
chemical exchange because they may be inaccessible to solvent
due to the folded or partially collapsed conformation adopted
by the polymer. Also, it is expected that a distribution of
exchange rates would exist due to varying accessibility of
solvent to the exchanging sites; the calculated value is therefore
an average. The meankB value obtained for the PHEMA

samples was somewhat smaller than the original estimate of
>20 s-1 obtained from inspection of the Stejskal-Tanner plots.
The addition of water causes a decrease in the number of
exchanging sites which is reflected in a reduction of the
exchange rate to 8.6 s-1 for 10K-20-0D. After 21 days the
sample containing 20µL of added water has only 3-4% of
sites undergoing exchange; the apparent exchange rate has
reduced dramatically, suggesting most of the hydroxyl sites are
inaccessible to water molecules. Addition of a further 40µL of
water to the 21-day sample then produces an increase in the
hydroxyl exchange rate to a value similar to that observed when
the water was first added.

Long-Term Changes in Chemical Exchange Properties of
10K PHEMA Samples.The exchange properties of the 10K-
20-21D and the 10K-0 samples were measured again after 6-
and 12-month storage periods. The values ofkB obtained for
the stored samples are compared with the original values in
Table 2. In the case of the 10K-20-21D sample, a vast increase
in the rate of exchange occurred after 6 months (entry 8 Table
2); the exchange rate became similar to HEMA and was much
faster than 10K-0. No further change occurred after a total
storage time of 12 months. The amount of water in the 10K-
20-21D sample increased from an OH:H2O ratio of 1:32 to 1:45
after 6 months and to 1:60 after 12 months, even though the
storage vessel contained desiccant. The 10K-0 sample was also
measured after a 12-month storage period (entry 7, Table 2)
and had also absorbed water. The OH:H2O ratio had increased
from 1:5 to 1:30; the exchange rate for this sample was slightly
less than when freshly prepared and similar to the 10K-20-0D
sample which contained a similar amount of water (see Table
1). The1H NMR spectra of all the stored samples were carefully
examined for evidence of polymer degradation, and none could
be detected.

It appears that over an extended time period the polymer
conformation changes to form a structure which enables
practically all of the OH sites to exchange with water. Since
the exchange rate of 10K-20-6M became very similar to the
exchange rate obtained for HEMA, close to 100% of available
OH sites must be exchanging. The 10K-0-12M sample must
be in an intermediate stage of conformational change; a certain
water concentration and time period may be necessary to reach
a conformation similar to 10K-20-6M. These aspects are
discussed in more detail below.

1H NMR spectra of the 10K-0-12M and 10K-20-6M samples
revealed a significant broadening of the OH signal (data not
shown). Initially, it was thought that cross-linking of the polymer
chains had occurred, though peak area integration showed the
expected ratios for all signals. The other polymer signals were
unaffected by broadening; the side-chain CH2 signal closest to
the OH site was overlapped by the large water peak, so it was
difficult to detect whether this signal was affected. The
broadening of the OH signal indicates a shorterT2 relaxation
time for the OH spins and may reflect reduced flexibility of
the PHEMA side chain in the vicinity of the OH site.

A Model for the Observed Behavior. The significant
sensitivity of the exchange behavior of the 10K PHEMA
samples to changes in the water concentration and with time
suggests that changes in polymer conformation and the details
of the interaction of hydroxyl sites with water are occurring.
The existence of “bound” water is a well-known phenomenon
with polymer hydrogels such as PHEMA and has been detected
using a variety of methods, including DSC, NMR relaxation
measurements, and small molecular probes.18-20 It is generally
accepted that water initially binds to the most polar hydrophilic

Figure 4. Logarithmic normalized water signal intensity as a function
of γ2δ2g2(∆ - δ/3): (a) 10K-0, 10K-20-0D, 10K-20-21D, and 10K-
60-21D water signals∆ ) 50 ms; (b) 10K-0, 10K-20-0D, 10K-20-
21D, and 10K-60-21D water signals∆ ) 200 ms.
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sites (primary bound water) and then interacts with the
hydrophobic polymer backbone (secondary bound water).18 If
water molecules become bound to a hydroxyl site as a result of
strong hydrogen bonding, a water layer of reduced mobility
could be formed, and the apparent diffusion coefficient of water
diffusing within the layer would be less than the bulk water.
Such behavior has been observed in aqueous solutions of the
disaccharide trehalose.21 The apparent rate of exchange between
OH sites and bound water would be reduced compared with
exchange involving freely diffusing water; the significant
decrease in the exchange rate of 10K-20-21D may reflect a
situation similar to this.

Water must have an affinity for the hydroxyl sites of PHEMA
because exchange is fast when no water is added to the polymer
DMSO-d6 solution, even though the molar ratio H2O:DMSO is
≈1:67. The water may therefore preferentially solvate the
hydroxyl groups of PHEMA, forming a water-rich phase in the
vicinity of the polymer. Preferential solvation by one solvent
in mixed solvent systems has been reported for a number of
polymers.22-24 Differences in affinity of each solvent for the
polymer lead to variation in the composition of the mixed
solvent in proximity to the polymer.23

If exchange between polymer OH sites and bound/slow
diffusing water is to affect the apparent exchange rate, a water

Figure 5. Simulations of experimental data using the Bloch equations modified for diffusion and exchange. Experimental OH and water signals,
simulated OH and water signals, OH and water signals for the case of zero exchange, andkA andkB values obtained are shown on each plot. (a)
HEMA-0 ∆ ) 500 ms; (b) HEMA-20∆ ) 500 ms; (c) 10K-0∆ ) 400 ms; (d) 10K-20-0D∆ ) 400 ms; (e) 10K-20-21D∆ ) 400 ms; (f)
10K-60-21D∆ ) 400 ms.
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molecule must remain in the slow diffusing water layer for most
of the diffusion period. Proton NMR experiments have shown
that exchange of water between free and bound states for
hydrogels is very fast, i.e., one H2O molecule every 10-9 s.18

The system under study here is DMSO containing a small
quantity of water, so the solution behavior may be very different.
DMSO-water systems show a number of unusual interactions,
which are not yet completely understood.25,26

If significant numbers of slow diffusing water molecules exist
as a layer around the polymersand do not exchange rapidly
with freely diffusing water on the diffusion time scalesthe water
signal magnetization decay should reflect the larger contribution
of the slow diffusing component. As discussed earlier, it is
difficult to detect the effect of exchange on the water decay
curves because of the large excess of free water and the
possibility of H2O-H2O exchange. A significant slow diffusing
component was not observed in the water decay curves for the
stored samples (data not shown).

A change in polymer conformation could also cause a
reduction in the exchange rate of PHEMA samples with added
water. PHEMA swells in water but is not water-soluble;27 the
addition of water to the DMSO would make the solvent poorer
and result in OH-H2O and CdO-H2O bonds being broken
and the formation of OH-OH or OH-CdO bonds. The result
would be a decrease in the exchange rate because of reduced
access of water to exchangeable sites on the polymer.

The 10K-0 sample undergoes relatively fast exchange com-
pared with HEMA and therefore does not fit the bound water
scenario described above. The 10K-0 exchange properties are
also stable for long periods as long as the water concentration
does not change significantly. It is only after addition of 20µL
of water and a period of 21 days that the exchange properties
are significantly changed. This suggests that if a bound/slow
diffusing water layer forms in the vicinity of the polymer as a
result of preferential solvation, the process is quite slow. In the
presence of added water the polymer must adopt a conformation
where access of bulk water to the slow diffusing layer around
the OH sites is restricted. The 10K-0 chain conformation may
be more expanded because DMSO without added water is a
better solvent, so if a bound/slow diffusing layer does form in
this sample, access of bulk water is not restricted. It is also
possible that a certain concentration of water is required before
a slow diffusing or bound water layer can form. It has been
calculated that the average number of water molecules that bind
to each hydroxyl site on a PHEMA hydrogel is∼4.20,28 In the
case of the sample with no water added there may be insufficient
numbers of water molecules to form a stable slow diffusing
layer (via a hydrogen-bonding network), so the water diffuses
as free water, and the fast exchange between OH and water
sites produces an average diffusion coefficient for the exchang-
ing spins. The vast increase in OH exchange rate of the 10K-
20-6M sample could indicate that more water molecules are
“locked in” around the OH sites; this may force a conformational
change to occur which permits rapid exchange between bound/
slow diffusing water and freely diffusing water.

To clarify whether a hydration layer or conformational change
affected the hydrodynamic properties of the polymer, theDCH3

was corrected for the effects of viscosity by monitoring the
diffusion coefficient of residual DMSO in DMSO-d6. TheDDMSO

obtained for the PHEMA with no added water was used to
correct for changes in the viscosity of the polymer solutions
containing added water. Once the corrected values were
obtained, the hydrodynamic radius of the polymer for each of
the solutions was calculated using the Stokes-Einstein
relation:16

Here k is the Boltzmann constant,T is the temperature,η is
solution viscosity, andRH is the hydrodynamic radius (for the
simple case of a spherical particle).

The hydrodynamic radii calculated from the corrected dif-
fusion coefficients are shown in Table 3. No significant changes
in RH were observed for the 10K-0, 10K-20-0D, 10K-20-21D,
or 10K-60-21D samples. The small volume changes observed
even with large changes in the exchange properties of these
10K PHEMA samples suggest that a change in the accessibility
of the OH sites involves relatively small changes in chain
conformation or that conformational rearrangements can occur
with minimal oVerall change in the chain dimensions. The
samples stored for periods of 6 and 12 months showed a 6%
increase in radius, corresponding to a 19.5% increase in volume.
As mentioned earlier, after 6-12 months the polymer OH sites
may be preferentially solvated by water, resulting in an expanded
conformation where most of the OH sites are exposed to the
solvent. The 10K-20-6M and 10K-0-12M samples are the same
size, even though the apparent exchange rate of 10K-0-12M is
lower than 10K-20-6M and has even decreased slightly relative
to 10K-0. The volume increase for 10K-0-12M of around 20%
with only a slight change in exchange rate may indicate that
insufficient water is present to preferentially solvate enough OH
sites to force the polymer to adopt a conformation where all
OH sites are accessible.

Solutions of DMSO-water have been shown to exhibit
unusual behavior; both thermodynamic and transport properties
of DMSO-water solutions have demonstrated that a strong
intermolecular attraction exists between the two compounds.26

The addition of water to liquid DMSO has been shown to result
in a decrease in the diffusion coefficient of DMSO; the addition
of DMSO to pure water also produced a decrease in the diffusion
coefficient of water.26 Strong hydrogen bonding is believed to
be the cause of the decreased mobility of DMSO and water in
mixtures of the two solvents. Water-DMSO hydrogen bonds
have been shown to be stronger than water-water hydrogen
bonds and are thus more difficult to break.30 Self-diffusion
coefficients for both DMSO-d6 and water in the 10K PHEMA
solutions are shown in Table 4. It is clear thatDDMSO andDH2O

are initially decreased upon addition of 20µL of water but
increaseonce again after 21 days; another decrease occurs upon
addition of a further 40µL of water.DDMSO andDH2O are further

Table 3. Hydrodynamic Radii for Corrected Values of DCH3 for 10K PHEMA Samples

sample DCH3 (10-11 m2 s-1) DDMSO (10-10 m2 s-1)
DCH3 (10-11 m2 s-1)

corrected RH (10-9 m) % changeRH % vol change

10K-0 4.16 6.07 4.16 2.62
10K-20-0D 4.06 5.81 4.24 2.57 -1.9 -5.6
10K-20-21D 4.18 6.02 4.22 2.59 -1.1 -3.4
10K-60-21D 3.84 5.49 4.25 2.57 -1.9 -5.6
10K-20-6M 3.96 6.11 3.92 2.78 +6.1 19.5
10K-0-12M 3.97 6.13 3.93 2.78 +6.1 19.5

D ) kT/(6πηRH) (3)
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increased in the 10K-20-21D sample after 6 months storage.
This behavior supports the concept that a water-rich phase forms
around the polymer as a result of preferential solvation of the
hydrophilic OH sites by water. The 10K-0 sample has a low
amount of water, and it appears that preferential solvation of
the OH sites occurs rapidly. Addition of 20µL of water causes
DMSO and water diffusion coefficients to decrease due to
formation of strong intermolecular attractions between the two
solvents. After 21 days a significant fraction of the water has
migrated to preferentially solvate the polymer, andDDMSO and
DH2O increase. Addition of 40µL of extra water disrupts the
water-rich phase, and the formation of strong DMSO-water
interactions causesDDMSO andDH2O to decrease again. After 6
months, the 10K-20-21D sample shows a further increase in
DDMSO andDH2O to values similar to the 10K-0 sample. This
indicates practically all of the water is preferentially solvating
the polymer at this stage. Combined with the chemical exchange
data, the behavior observed for the 10K PHEMA solutions could
be interpreted as follows:

10K-0. The polymer-solvent interactions are strong, the
polymer chain is relatively expanded, and an estimated 63% of
OH sites are exchanging. Water preferentially solvates the
polymer OH sites and may be bound to the OH sites but is able
to exchange freely with water within the DMSO solution (bulk
water).

10K-20-0D.Initially, the addition of 20µL of water reduces
the goodness of the solvent; polymer-polymer interactions
increase, and a conformational rearrangement of the polymer
chain occurs to decrease the accessibility of the OH sites to
water. There is a corresponding small decrease inRH. Access
to polymer OH sites is reduced, and a 33% decrease in the rate
of OH exchange is observed relative to 10K-0.DDMSO andDH2O

decrease, indicating the water is interacting with DMSO, and
preferential solvation of PHEMA by water has not yet occurred.

10K-20-21D.A slower conformational change as a response
to binding of water molecules to OH sites occurs with time;
water preferentially solvates the OH sites, and a water-rich
solvent phase is formed in the vicinity of the polymer. This is
reflected in the increase inDDMSO andDH2O, indicating weaker
interactions between the two solvents. The apparent rate of
exchange of the OH sites is very low, indicating that exchange
of slow diffusing or bound water with the bulk water is slow
on the diffusion time scale. An 88% decrease in the rate of
exchange is observed relative to 10K-20-0D. This may reflect
the polymer conformation adopted at this stage; water is
preferentially solvating the OH sites, and this forces the chain

to rearrange in order to minimize interactions between the
hydrophilic water-bound OH sites and the hydrophobic polymer
backbone. The resulting conformation may restrict access of
bulk water to the OH sites, and exchange of bound and bulk
water would therefore be slow on the scale of the diffusion time.
There is no detected increase in theRH compared with the 10K-
20-0D sample (see Table 3), but as discussed above, this does
not mean that no change in conformation has occurred.

10K-60-21D.Addition of 40µL of water to the 10K-20-21D
sample produces a decrease inDDMSO andDH2O, indicating the
formation of strong intermolecular attractions between the two
solvents. An increase in the OH site exchange rate from 0.98
to 7.95 s-1 suggests that access of bulk water to polymer OH
sites has increased significantly. The increase in water concen-
tration should reduce the goodness of the solvent, but in this
case the change in solvent quality must force a change in
polymer conformation which allows increased access of bulk
water to the water-bound OH sites. Minimizing interactions
between the hydrophilic water-bound hydroxyl sites and the
hydrophobic polymer backbone may drive the change in
conformation. No change was detected in theRH of the polymer,
so the change in polymer conformation does not produce a
significant expansion of the polymer chain.

10K-20-21D after 6- and 12-month Storage Periods.The
significant increase in the OH site exchange rate after 6 months
may be explained by a slow change in polymer conformation
in response to a buildup of water around the OH sites. A further
increase inDDMSO and DH2O to values similar to the 10K-0
sample indicates a large proportion of the water is preferentially
solvating the polymer at this stage. It is apparent from the
broadening of the OH signal in the1H spectra that the OH site
mobility is reduced in the samples after 6 and 12 months.
Combined with the increased exchange rate, the OH peak
broadening indicates that the OH sites are strongly hydrated.
The bound water is able to exchange rapidly with the bulk water,
suggesting that the conformation adopted allows free access of
water to all OH sites. There is an increase inRH which is
indicative of chain expansion; an increase in bound water around
the hydroxyl sites, combined with hydrophobic hydration of the
polymer backbone, forces the polymer chain into an extended
conformation, and this increases the accessibility of the OH sites
to the bulk water. The conformational change is revealed by
the significantly increased OH exchange rate. This process
occurs slowly with time; adding water to the 10K-20-21D
sample may have accelerated the early stages of this transforma-
tion, since the exchange rate in 10K-60-21D was increased
relative to 10K-20-21D, but not to the extent observed for 10K-
20-21D after 6 or 12 months.

The 10K-60-21D sample was not stored, so no long-term data
were available for this sample. As discussed above, the 10K-0
sample was kept and absorbed water during storage; a reduction
in exchange rate would have been expected since the OH:H2O
had increased from 1:5 to 1:30, but the OH exchange rate did
not decrease significantly. This indicates that the sample has
undergone some conformational transformation, and it is likely

Table 4. Diffusion Coefficients of Residual DMSO in DMSO-d6 and
Water in 10K PHEMA Samples

sample DDMSO (10-10 m2 s-1) DH2O (10-10 m2 s-1)

10K-0 6.07 7.71
10K-0-12M 6.13 7.42
10K-20-0D 5.81 7.32
10K-20-21D 6.02 7.61
10K-60-21D 5.49 7.17
10K-20-6M 6.11 7.63

Table 5. Diffusion Coefficients and Molar Ratios of H2O:OH for 40.8K, 87K, and 230K PHEMA Solutions

sample
DA

(10-10 m2 s-1)
DB

(10-11 m2 s-1)
OH:H2O integrated

area (NMR) OH (M) H2O (M)
molar ratio
H2O:OH

40.8K-0 8.1 2.4 1:2.5 0.077 0.096 1.25
40.8K-20-0D 7.72 2.24 1:40 0.077 1.54 20
40.8K-40-0D 7.28 2.11 1:68 0.077 2.62 34
40.8K-60-0D 7.16 2.05 1:115 0.077 4.43 57.5
87K-0 8.08 1.81 1:5 0.077 0.194 2.5
87K-20-0D 8.0 1.69 1:38 0.077 1.46 19
230K-0 8.06 1.1 1:2 0.077 0.154 2
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that with time this sample would resemble the 10K-20-21D
samples after 6- and 12-month storage periods. It seems likely
that all samples of 10K PHEMA containing sufficient water
would show similar time-dependent exchange behavior.

The conformational rearrangement of 10K PHEMA resulting
from preferential solvation of the OH sites by water molecules
could explain the changes observed in the exchange properties
of 10K PHEMA in DMSO-d6 upon addition of water both
initially and over longer time periods. Initial conformational
changes in response to added water are most likely due to a
reduction in the goodness of the solvent. The number of water
molecules associating with the OH sites increases over time
and forces the polymer to adopt a conformation to minimize
interactions between the hydrophilic water-bound OH sites and
the hydrophobic polymer backbone. These changes in polymer
conformation and the corresponding changes in access of the
bulk water to the bound/slow diffusing water around the OH
sites are reflected in the OH site exchange rate. Monitoring the
exchange rate of the OH sites with water thus enables changes
in polymer conformation to be detected using PFG-NMR. The
concentration of bound water increases slowly over a period of
months and results in an extended conformation where all
polymer OH sites exchange rapidly with water, and the exchange
rate is similar to the HEMA monomer. This appears to be a
stable conformation; the only difference between the 10K-20-
6M and 10K-20-12M samples was a broader OH signal in the
1H NMR spectra; exchange properties were identical, indicating
the exchange rate had reached a maximum.

Exchange Properties of Higher MW Linear PHEMA.
Table 5 summarizes the diffusion coefficients and molar ratios
of water to hydroxyl groups for PHEMA samples of MW
40 800, 87 000, and 230 000 in DMSO-d6 solutions.

40 800 MW PHEMA.Logarithmic normalized hydroxyl signal
intensities of 40.8K-0 and 40.8K-20-0D as a function of the
squared gradient intensity are shown in Figure 6a,b. Similar to
the situation with 10K PHEMA, the fastest exchange was
observed in the sample with no added water. The 40.8K
PHEMA also exhibited a significant reduction in exchange rate
after the addition of 20µL water. In contrast to the 10K
PHEMA, the effect of adding water was immediate; the
experiment was conducted 2 h after preparing the sample, and
the reduction in exchange was similar to the 10K sample after
21 days. The 40.8K PHEMA was monitored weekly for 6
weeks, and the exchange properties were invariant, indicating
no further changes in the details of the interactions between
the hydroxyl groups and water were occurring over time. After
12 months 40.8K-20-0D was checked, and the exchange
properties had not changed; this suggests that the 40.8K PHEMA
immediately forms a conformation with long-term stability. To
assess the effect of adding further quantities of water to the
40.8K sample, 40µL of extra water was added in 2× 20 µL
increments. The diffusion decay data are shown in Figure 7.
The experimental data were simulated as described for 10K
PHEMA, and the simulations matched the experimental data
closely. The estimates ofkB obtained graphically and from
simulating the experimental data are shown in Table 6.

The exchange rate for 40.8K-0 is∼60% less than observed
for 10K-0; the number of exchanging sites is estimated to be
23% (relative to HEMA). The actual number of OH sites
involved in exchange is quite low, indicating many of the OH
sites have a reduced accessibility to water. A decrease in the
mean value ofkB occurred upon addition of 20µL of water,
followed by an increase after addition of a further 40µL of
water. The estimated number of exchanging sites in this sample

was<5%. The increase in exchange rate observed is small when
compared to that observed for 10K where the addition of 40
µL of extra water produced a significant increase in hydroxyl
group exchange. Adding a further 20µL to bring the total water
added to 60µL resulted inkB returning to a level of exchange
similar to the sample containing 20µL of water. Only slight
changes in the exchange rates were observed with time; even
after 12 months the 40.8K-60-0D sample exchange rate had only
increased from 1.05 to 1.75 s-1 (Table 6).

On the basis of the reduction in OH exchange rate relative
to 10K PHEMA, it can be concluded that the 40.8K PHEMA
chain must adopt a more compact conformation in solution. An
equivalent number of hydroxyl sites are present in all polymer
solutions (0.077 M), so differences in exchange rates can be
viewed as molecular weight dependent conformation changes.

Figure 6. Logarithmic normalized OH signal intensity as a function
of γ2δ2g2(∆ - δ/3): (a) 40.8K-0∆ ) 100-500 ms; (b) 40.8K-20-0D
∆ ) 100-750 ms. CH3 ∆ ) 500 ms shown to represent zero exchange
in each plot.

Figure 7. Logarithmic normalized OH signal intensity as a function
of γ2δ2g2(∆ - δ/3): 40.8K-20-0D, 40.8K-40-0D, and 40.8K-60-0D.
OH signal∆ ) 500 ms, CH3 ∆ ) 500 ms shown to represent zero
exchange.
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If the 40.8K PHEMA adopts a more compact coil conformation
in which polymer-polymer interactions are strong, and therefore
hydration of the OH sites is low, a reduction in the OH exchange
rate is expected.

The diffusion coefficients for DMSO-d6 and water in the
40.8K PHEMA solutions are shown in Table 7. In contrast to
the 10K PHEMA samples, it is apparent thatDDMSO andDH2O

do not show time-dependent changes. This is reasonable, since
the 40.8K PHEMA samples do not show any significant time-
dependent changes in OH exchange rates; the samples equili-
brate quickly and remain stable for long periods. Preferential
hydration of the OH sites is not extensive, and the composition
of the solvent remains constant as illustrated by the diffusion
coefficients in Table 7. The changes in OH exchange rate
observed upon addition of water most likely involve confor-
mational changes in response to the solvent goodness. The
changes in exchange rate with addition of water reflect the
change in polymer conformation in response to a reduction in
the goodness of the solvent. The polymer will adopt the most
stable conformation possible for a particular solvent composi-
tion. The conformation adopted in order to minimize interactions
between OH sites with bound water and the hydrophobic
polymer backbone allows increased access of bulk water to the
water-bound OH sites, and an increase in the rate of exchange
is observed.

87 000 and 230 000 MW PHEMA.The estimates ofkB

obtained graphically and from simulating the experimental data
for these polymers in solution are shown in Table 6; similar to
the 10K and 40.8K PHEMA samples, the simulations matched
the experimental data closely. The 87K-0 and 87K-20-0D
samples exhibited very similar exchange behavior to the 40.8K-0
and 40.8K-20-0D samples. The exchange properties of the
87K-0 and 87K-20-0D remained stable from the time of
preparation and over a period of months. The similar exchange
behavior suggests the 40.8K and 87K polymers adopt similar
conformations in solution. The largest polymer used in this study
had a MW of∼230K from1H NMRsthe estimate may contain
a significant error as it is reliant on integration of a very small
end-group signal. The Steskjal-Tanner plots comparing 10K,
40.8K, 87K, and 230K linear PHEMA samples with no water
added for∆ ) 500 ms are compared in Figure 8. The exchange

rate of the 230K-0 sample was very slow compared with the
lower MW polymers, suggesting a very compact conformation
where very few OH sites are solvent accessible.

Scaling Law. The dependence of the diffusion coefficient
on the polymer molar mass can be described by a scaling
relation:

D is the diffusion coefficient,M is the number-average MW,
andR is a scaling constant. The scaling constantR is predicted
to be between-0.6 and-0.5 for a fully solvated polymer chain
in a good solvent and-0.33 for a collapsed polymer chain.31,32

A fully solvated chain occurs in a solvent when the polymer-
solvent interactions predominate over polymer-polymer inter-
actions; a collapsed chain occurs in a poor solvent where
polymer-polymer interactions dominate.

Table 6. Comparison ofkB Values and % Exchanging Sites Obtained Using Graphical Analysis and Simulations for 40.8K, 87K, and 230K
PHEMA Samples

sample
kB (s-1)
graph

kB (s-1)
simulation kB (s-1) mean τB (s) mean

% exchanging
OH sites

molar ratio
H2O:OH

1 40.8K-0 4 6.3 5.2 0.19 23 1.25
2 40.8K-20-0D 0.76 0.9 0.83 1.2 3.4 20
3 40.8K-20-42D 0.85 1.2 1.03 0.97 4.1 21.5
4 40.8K-40-0D 1.49 1.4 1.45 0.69 6.4 34
5 40.8K-40-21D 1.4 1.1 1.25 0.8 5 35
6 40.8K-60-0D 1.1 1 1.05 0.95 4.2 57.5
7 40.8K-60-12M 1.5 2 1.75 0.57 7 70
8 87K-0 6 7.5 6.75 0.148 30 2
9 87K-20-0D 0.32 0.3 0.31 3.2 1.4 19

10 230K-0 0.74 1 0.87 1.15 3.9 1.1

Table 7. Diffusion Coefficients of Residual DMSO in DMSO-d6 and
Water in 40.8K PHEMA Samples

sample DDMSO (10-10 m2 s-1) DH2O (10-10 m2 s-1)

40.8K-0 6.36 8.1
40.8K-20-0D 6.0 7.72
40.8K-20-42D 6.0 7.8
40.8K-20-12M 5.86 7.61
40.8K-40-0D 5.7 7.28
40.8K-40-21D 5.64 7.42
40.8K-60-0D 5.3 7.16
40.8K-60-12M 5.35 7.08

Figure 8. Logarithmic normalized OH signal intensity as a function
of γ2δ2g2(∆ - δ/3): 10K-0, 40.8K-0, 87K-0, and 230K-0 samples∆
) 500 ms.

Figure 9. Dependence of self-diffusion on molar mass for linear
PHEMA of 10K, 40.8K, 87K, and 230K. Data for no added water and
20 µL of added water are shown.

D ∼ Mn
R
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Figure 9 shows a plot of logDCH3 vs log MW for the 10K,
40.8K, and 87K-0 samples and 10K, 40.8K, and 87K-20-0D
samples; it is clear thatDCH3 follows a scaling law. The value
of the slope obtained from linear regression providedR values
for the exponent in the scaling law of-0.41 and-0.38 for the
0 and 20µL of added water cases, respectively. DMSO is
therefore a poor (worse thanθ for which R ) -0.5) solvent
for PHEMA, and the addition of water further reduces the
goodness of the solvent; the polymer chains must exist in a
compact, almost collapsed state. This may explain why larger
changes inRH are not observed in the 10K PHEMA samples
even though the exchange properties vary significantly compared
with the larger MW PHEMA.

Conclusions

PFG-NMR has been applied to study chemical exchange rates
of OH sites on linear PHEMA of MW 10 000-230 000 in
DMSO-d6 containing varying quantities of water. The experi-
mental data were simulated closely for the two-site exchange
case using the Bloch equations modified for the effects of
chemical exchange and diffusion. The exchange rate could be
used to detect both subtle changes in polymer conformation
resulting from changes in the solvent and MW-dependent
conformational differences. Linear PHEMA of MW 10K
showed significant time-dependent changes in exchange rate
resulting from preferential solvation of the OH sites by water
and subsequent conformational changes which altered acces-
sibility of the OH sites to water. A significant increase in
exchange rate was observed with time for 10K PHEMA with
added water. This behavior was not observed for larger MW
PHEMA; these samples exhibited much lower exchange rates
than the 10K PHEMA and did not change as a function of time.
An equivalent number of hydroxyl sites were present in all
polymer solutions, so differences in exchange rates were
attributed to molecular weight dependent conformation changes.
Access of water to OH sites on larger polymers was hindered
and became most hindered in the largest PHEMA studied. Only
small changes in hydrodynamic radius were observed for most
samples, even with large changes in OH site exchange rates.
This suggests that a change in the accessibility of the OH sites
involves relatively small changes in chain conformation or that
rearrangements can occur with minimal overall change in the
chain dimensions. DMSO was found to be a poor solvent for
PHEMA, and the addition of water further reduced the goodness
of the solvent; PHEMA therefore exists in a compact, almost
collapsed state in DMSO. It has been demonstrated that the use
of PFG-NMR for the measurement of chemical exchange rates

is a powerful technique for detecting subtle changes in polymer
conformation in polymers with exchangeable protons, in addition
to providing a diffusion coefficient for the polymer. Experiments
take only 20-30 min depending on sample concentration and
provide an abundance of information in one experiment.
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