
Quantitative Determination of Threading in Rotaxanated Polymers by
Diffusion-Ordered NMR Spectroscopy

Tiejun Zhao and Haskell W. Beckham*

Polymer Education and Research Center, School of Textile and Fiber Engineering,
Georgia Institute of Technology, Atlanta, Georgia 30332-0295

Harry W. Gibson

Department of Chemistry, Virginia Polytechnic Institute & State University,
Blacksburg, Virginia 24061

Received December 12, 2002; Revised Manuscript Received April 10, 2003

ABSTRACT: Two-dimensional diffusion-ordered NMR spectroscopy (DOSY) was used to examine a
rotaxanated polymer and its blends with unthreaded macrocycles. The threaded macrocycles exhibit self-
diffusion coefficients similar to those of the polymer, while the diffusion coefficients for the unthreaded
macrocycles are much larger. For poly[(styrene)-rotaxa-(30-crown-10)], the method provided definitive
proof that the 30-crown-10 is threaded; for blends, the method allowed quantitative determination of the
threaded-macrocycle fraction. The DOSY technique is particularly useful for those rotaxanated polymers
in which weakly interacting macrocycle and polymer offer no other detectable spectroscopic signature.
Threading can be proven, and the fraction of threaded macrocycles can be determined.

Introduction

Molecular architectures that consist of cyclic mol-
ecules threaded onto linear polymer segments are called
polyrotaxanes when bulky end groups block dethreading
of the cyclic component and polypseudorotaxanes when
blocking groups are not present.1,2 We generally refer
to both types as rotaxanated polymers. Syntheses of
rotaxanated polymers are typically followed by experi-
ments to determine whether the macrocycles are
threaded or not. In some cases, threaded macrocycles
cause or experience changes in local electronic structure
that are detectable by various spectroscopic techniques.
For example, changes in NMR chemical shifts of mac-
rocycles are observed when there exists hydrogen bond-
ing, charge transfer, or dipolar coupling interactions
with the backbone.3-9

However, many rotaxanated structures have been
prepared for which threading is not accompanied by
changes in the local electronic structure. This is often
the case for rotaxanated materials with no specific
interactions between macrocycle and linear polymer. For
example, some polyrotaxanes based on aliphatic crown
ethers do not exhibit NMR chemical shift changes from
those of their respective unthreaded components.10-13

Many of these threaded architectures are created by
polymerization in macrocycle solvents or cosolvents.
Following polymerization, the product contains both
threaded and unthreaded macrocycles. It is dissolved
in a good solvent for both components and then precipi-
tated in a selective solvent for the unthreaded macro-
cycle. The macrocycle content of the product can be
followed spectroscopically. The dissolution/precipitation
procedure is repeated until the macrocycle content
becomes constant. At this point it is assumed that the
remaining macrocycles are threaded. However, a more
direct method to determine whether the macrocycles are

threaded is desired for (1) definitive proof of threading,
(2) quantification of threaded and unthreaded fraction,
and (3) examination of threading/dethreading kinetics
in polypseudorotaxanes.

Self-diffusion depends on molecular size. Since mac-
rocycles are typically much smaller than the polymers
on which they are threaded, the two components of a
rotaxanated polymer should exhibit vastly different
intrinsic self-diffusion behavior. When the two compo-
nents are threaded, the macrocycle self-diffusion should
be governed by the self-diffusion of the polymer. Diffu-
sion-ordered NMR spectroscopy (DOSY)14-18 can be used
to correlate diffusion coefficients with molecular struc-
ture via chemical shifts. It has been successfully applied
to study molecular association, which causes changes
in self-diffusion coefficients; the association constants
of several guest-host complexes, such as cyclodextrin
and various small molecules, have been determined.19-21

In fact, DOSY has been used to study pseudorotaxane
formation between R-cyclodextrin and a series of ho-
mologous R,ω-diaminoalkanes.22 The technique should
be useful also for quantitative determination of thread-
ing in rotaxanated polymers.

Experimental Section

The materials chosen for this study include polystyrene (PS),
30-crown-10 (30c10), and the rotaxanated polymer (see Figure
1) consisting of these components, poly[(styrene)-rotaxa-(30-
crown-10)] (PS-rotaxa-30c10). All materials were dried at 50
°C under vacuum for 2 days before use and then dissolved into
CDCl3 (Aldrich, 99.9%) at concentrations around 0.7% (w/w)
for NMR analysis. Physical blends of 30c10/PS and 30c10/PS-
rotaxa-30c10 were prepared by dissolving each component
directly in CDCl3. The PS, a commercial sample chosen
because of its molecular-weight similarity to the rotaxanated
polymer, was characterized by gel permeation chromatogra-
phy: Mn ) 7 × 104 g/mol and Mw ) 3 × 105 g/mol. The 30c10
and PS-rotaxa-30c10 were prepared according to published
methods.23,24 The PS-rotaxa-30c10 (molecular weight ∼ 104

g/mol) contains bulky tris(p-tert-butylphenyl)methyl groups at
the PS chain ends that prevent dethreading of 30c10 (see
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Figure 1). Threading of crown ethers onto non-end-blocked PS
can occur:24 A THF solution containing 16 wt % 42-crown-14
and 1.6 wt % PS (Mn ) 18 kg/mol) was refluxed for a week to
yield the rotaxanated PS containing 0.3 wt % 42-crown-14.
However, threading is not expected to occur to any significant
extent for the 30c10/PS blend prepared here due to the lower
concentrations of components in solution (0.7 wt % vs 17 wt
%) and the much shorter threading time (hours at 20 °C vs a
week at reflux).

All NMR experiments were performed on dilute solutions
in 5 mm NMR tubes at a constant temperature of 20 °C using
a Bruker DRX 500 spectrometer. The DOSY experiments
employed the bipolar pulse pair and longitudinal eddy current
delay (BPP-LED) sequence.25 Field gradient calibration was
accomplished using the self-diffusion coefficient of pure water
at 25 °C (2.299 × 10-9 m2 s-1).26 The gradients were applied
for 2 ms (δ/2), and the diffusion time (∆) was 80 ms. Gradient
settling times were 500 µs, and the eddy current elimination
duration was 5 ms. Homospoil gradients were applied for 1
ms during the diffusion and eddy current settling durations.
The gradients (g) were incremented 32 times from 1.7 to 63.0
G/cm, resulting in attenuation of the polystyrene resonances
to approximately 2% of their original intensities. A total of
128 free induction decays containing 64K points were collected
at each gradient amplitude. The delay between each scan was
2 s, and 120 dummy scans were applied before the first data
were collected.

For molecules experiencing Brownian motion, the echo
amplitude decay, I(g), can be described as

where w is a relaxation-weighted fraction with a specific
diffusion coefficient (D), spin-lattice relaxation time (T1), and
spin-spin relaxation time (T2), measured for a given gradient
duration (δ). k ) (γgδ)2(∆ - δ/3), where γ is the magnetogyric
ratio of the nucleus under observation (proton for this re-
search). To extract the diffusion coefficient distribution, an
inverse Laplace transform (ILT) is carried out along the first
dimension following Fourier transformation along the chemical
shift dimension. The ILT was performed using routines that
are part of the Bruker XWIN-NMR package. These routines
are based on the CONTIN algorithm.27,28 The data were also
processed by fitting to a bimodal exponential using MATLAB.

Spin-spin (T2) relaxation times were determined using a
standard Carr-Purcell-Meiboom-Gill (CPMG) sequence with
21 different delays from 0.03 to 4.5 s, 16 scans, and a 6 s
recovery time. Spin-lattice (T1) relaxation times were mea-
sured using an inversion-recovery pulse sequence with 16
different delays from 0.01 to 10 s, 16 scans, and a 10 s recovery
time.

Results and Discussion
The PS-rotaxa-30c10 (Figure 1) used in this study

contains 2 wt % 30c10, of which 100% is threaded. By
mixing the PS-rotaxa-30c10 with 4 and 10 wt % un-

threaded 30c10, blends were prepared in which 32% of
the macrocycles are threaded and 15% of the macro-
cycles are threaded, respectively. A 30c10/PS physical
blend was also prepared with 2 wt % 30c10, of which
0% is threaded. The 1H NMR spectra of these four
samples (phenyl proton region not shown) are presented
in Figure 2 and appear similar. From top to bottom, the
spectra represent materials with decreasing fraction of
threaded macrocycle. In addition to the peaks due to
the protons of the polystyrene repeat unit, peaks also
exist for water (1.58 ppm), tert-butyl-containing end
groups (1.33 ppm), and the solvent (spectral region not
shown).24 The small narrow peak at 1.29 ppm is due to
an initiator fragment or impurity. The H2O chemical
shift in the 30c10/PS physical blend (Figure 2d) is
slightly upfield from that for the threaded samples,
indicating the 30c10/water interaction may be influ-
enced by the physical state of the 30c10. The crown,
whether or not it is threaded, appears as a peak near
3.7 ppm. No significant change in the 30c10 chemical
shift occurs upon threading since no strong chemical
interactions exist between 30-crown-10 and polystyrene.
However, the peak for the threaded 30-crown-10 (Figure
2a) is noticeably broader than the peak for the un-
threaded 30-crown-10 (Figure 2d). For the physical
blends, the 30c10 peak contains a larger narrow com-
ponent as the fraction of unthreaded macrocycle in-
creases. The broadening observed for the threaded 30-

Figure 1. Structure of the rotaxanated polymer, poly[(styrene)-rotaxa-(30-crown-10)], also referred to as PS-rotaxa-30c10. The
30-crown-10 content of the sample used in this study is 2 wt %, corresponding to a threading ratio (m/n) of 0.005.

I(g) ) I(0)∫0

∞
w(D,T1,T2,δ) exp(-kD) dD (1)

Figure 2. 1H NMR spectra for (a) PS-rotaxa-30c10 (2 wt %
30c10, 100% of the crowns are threaded), (b) a (4/96, w/w)
30c10/PS-rotaxa-30c10 physical blend in which 32% of the
crowns are threaded, (c) a (10/90, w/w) 30c10/PS-rotaxa-30c10
physical blend in which 15% of the crowns are threaded, and
(d) a (2/98, w/w) 30c10/PS physical blend (0% of the crowns
are threaded).
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crown-10 is due to a decrease in dynamic conformational
averaging; for an unthreaded macrocycle, such averag-
ing reduces chemical shift dispersion and residual
dipolar couplings to yield a narrow NMR peak.

While a broad 30c10 NMR peak provides evidence
that the 30c10 is threaded, it is not definitive proof.
Peak broadening in NMR spectra of polymers can often
be related to overall solution viscosity. Thus, for samples
in which both threaded and unthreaded macrocycles
exist, it may not be straightforward to quantify their
relative proportions by deconvolution of the NMR peak
into broad and narrow components, respectively (see
Figure 2). An alternative approach is diffusion-ordered
NMR spectroscopy (DOSY). The DOSY spectrum of the
pure PS-rotaxa-30c10 is shown in Figure 3 as a 2D plot
of self-diffusion coefficients vs proton chemical shift. The
self-diffusion coefficients (D) of the PS backbone (CH
and CH2) and side groups (C6H5) are similar (D ∼ 10-10

m2 s-1) to each other and agree with previously reported
D values for random-coil polystyrene in dilute solution.29

The threaded 30c10 exhibits a diffusion coefficient that
is slightly larger than the average, but within the
diffusion coefficient distribution of the polystyrene
resonances. The threaded 30c10 and PS backbone of this
rotaxanated polymer are self-diffusing as single entities
in solution.

The 2D DOSY spectrum of a physical blend of
polystyrene and 30-crown-10 was also measured (not
shown). The PS backbone and side-chain diffusion
coefficients are equivalent to each other and similar to
those of the rotaxanated PS shown in Figure 3, which
is expected due to the similarity in molecular weights
(∼104 g/mol). However, as opposed to the threaded 30c10
in the rotaxanated PS, the unthreaded 30c10 in the
30c10/PS physical blend exhibits much larger diffusion
coefficients than the PS, as might be expected on the
basis of their differences in molecular sizes. The un-
threaded 30c10 also exhibits a larger diffusion coef-
ficient [log(D/m2 s-1) ) -9.4] than the threaded 30c10
[log(D/m2 s-1) ) -9.9] of PS-rotaxa-30c10 shown in
Figure 3.

Thus, threaded and unthreaded macrocycles should
be distinguishable using such spectra. To test this
hypothesis, 2D DOSY spectra were measured on physi-

cal blends of the rotaxanated PS with unthreaded 30-
crown-10; these samples contained known concentra-
tions of threaded and unthreaded macrocycles. The
DOSY spectrum of the physical blend made with 4 wt
% unthreaded 30c10 (32% of the total crown content is
threaded) is shown in Figure 4 and appears quite
similar to the spectrum of the pure rotaxanated sample
shown in Figure 3. One important difference is the
presence of two separate peaks along the diffusion axis
at 3.7 ppm, representing the threaded and unthreaded
crown. The line widths along the diffusion dimension
are related to the choice of contour levels in these 2D
plots. The data are perhaps best presented in a 1D slice
taken along the diffusion dimension at 3.7 ppm. This
slice is displayed in Figure 5 for the two DOSY spectra
shown above, along with the slices from the 2D DOSY
spectra of the 30c10/PS and 30c10/PS-rotaxa-30c10 (10/
90, w/w) physical blends. The threaded crown exhibits
a smaller diffusion coefficient than the unthreaded
crown. Two peaks, corresponding to threaded and un-

Figure 3. 2D DOSY spectrum of poly[(styrene)-rotaxa-(30-
crown-10)]. All of the 30-crown-10 is threaded in this sample
and cannot dethread due to bulky tert-butyl-containing end
groups (labeled in spectrum as t-Bu).24 T ) 20 °C, 0.7 wt % in
CDCl3.

Figure 4. 2D DOSY spectrum of a 30c10/PS-rotaxa-30c10 (4/
96, w/w) physical blend. Of the total 30c10 content, 32% are
threaded. Note the two peaks along the diffusion axis for the
threaded (near the horizontal dashed line) and unthreaded
30c10. T ) 20 °C, 0.7 wt % in CDCl3.

Figure 5. Diffusion coefficient distributions obtained by
extracting slices at 3.7 ppm (30c10) along the diffusion
dimension of 2D DOSY spectra for (a) PS-rotaxa-30c10 (2 wt
% 30c10, 100% of the crowns are threaded), (b) a (4/96, w/w)
30c10/PS-rotaxa-30c10 physical blend in which 32% of the
crowns are threaded, (c) a (10/90, w/w) 30c10/PS-rotaxa-30c10
physical blend in which 15% of the crowns are threaded, and
(d) a (2/98, w/w) 30c10/PS physical blend (0% of the crowns
are threaded).
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threaded 30c10, are observed for both 30c10/PS-rotaxa-
30c10 physical blends. For the sample in which 15% of
the 30c10 is threaded (Figure 5c), the threaded 30c10
is represented by a relatively broad distribution.30

To quantify the fraction of threaded vs unthreaded
macrocycles in a given sample, the relative peak inten-
sities shown in Figure 5 should depend only on the
amount of each component. However, these peak inten-
sities also depend on NMR relaxation times (see eq 1).
If the relaxation weighting of the peaks is similar, or
corrected, the relative peak intensities should be quan-
titative. For high-molecular-weight polymers, relaxation
rates are typically governed by segmental motions. It
was suggested that the 30-crown-10 segmental motions
are affected by threading as evidenced by the NMR peak
broadening (see Figure 2). Thus, differential relaxation
weighting for the threaded and unthreaded 30c10
signals could preclude quantitative analysis. Relaxation
times were therefore measured for the rotaxanated PS
and the 30c10/PS physical blend. The T1 and T2 for the
threaded and unthreaded 30c10 are shown in Table 1.
Shorter T2 for the threaded 30c10 is consistent with a
broadened line compared to the unthreaded 30c10.
Assuming the relaxation weighting was sufficiently
similar, the peaks were integrated to estimate the
relative fraction of threaded crown in each sample. The
results, shown in Table 2, are close to the actual values
for the two blends of 30c10 with PS-rotaxa-30c10. Some
of the deviation from the actual values may be due to
the different relaxation rates of a threaded vs un-
threaded macrocycle. For macrocycles larger than 30-
crown-10, relaxation rate differences are expected to
diminish as threading-induced perturbations to seg-
mental dynamics become increasingly insignificant.

In Figures 3 and 4, peaks exist for the NMR solvent
(CDCl3) and H2O, which exhibit significantly larger
diffusion coefficients than the polymer due to their much
smaller molecular sizes. The log(D/m2s-1) for pure water
is -8.6, which is very close to the values observed in
the DOSY spectra of Figures 3 and 4. For all other
samples, the water diffusion coefficient was also similar
or slightly smaller than that of pure water. Further-
more, while small molecules such as water and solvent
might be expected to exhibit discrete diffusion coef-
ficients, they have rather broad D distributions in the
2D DOSY spectra. Some of the broadening and de-
creased D is due to the various associations of solvent,
water, macromolecule, and macrocycle, while some of
it is an artifact of the data processing scheme. Overlap-
ping signals in the chemical shift dimension lead to
impure decay curves and diffusion coefficients that

represent some average of the components, and the
CONTIN algorithm applied here includes a smoothing
feature that often overbroadens peaks for monodisperse
components.30

A number of processing schemes exist in addition to
using the CONTIN analysis to calculate diffusion coef-
ficients from DOSY data.31 In fact, when the number of
components in a sample is known, the relative propor-
tions of each may be calculated with greater precision
using one of the other methods.32 Such is the case for
the physical blends containing threaded and unthreaded
macrocycles. Following collection of a DOSY data set,
Fourier transformation along the chemical shift dimen-
sion yields a stacked plot of spectra for different gradient
strengths. The intensity of the 30c10 peak can then be
plotted vs k (see eq 1) to provide a diffusion decay curve.
The diffusion decay curve is then fit to a biexponential
expression:

where wu and wt are the weight fractions of unthreaded
and threaded 30c10, respectively (wu + wt ) 1). In this
case, the fraction of unthreaded and threaded 30c10 can
be determined by simple least-squares fitting. The
diffusion decay curves for the PS-rotaxa-30c10 (100%
threaded 30c10) and the 30c10/PS physical blend (0%
threaded) were assumed to be monoexponential (wu or
wt ) 0). Equation 2 was used to fit the decay curves for
the 30c10/PS-rotaxa-30c10 physical blends. The fitting
results are listed in Tables 2 and 3 along with results
obtained using the CONTIN analysis from the DOSY
experiment. Fitting the data to a biexponential gave
values similar to those obtained using the inverse
Laplace transform.

In Figure 3, it was noted that the 30c10 of the
rotaxanated PS exhibits a diffusion coefficient that is
slightly larger, but within the diffusion coefficient
distributions of the PS resonances. The faster-than-
average diffusion behavior of the noncovalently bound
macrocycles has also been observed for a rotaxanated
polymer prepared from cyclic dimethylsiloxanes threaded
onto poly(methyl methacrylate).33 A related observation
is the slightly larger diffusion coefficients for the
polymer chain ends, signified by the t-Bu peaks in
Figures 3 and 4. Faster apparent chain-end diffusion
has been noted before and recognized as a consequence
of the higher concentration of the end groups on shorter
chains of a polydisperse sample.34 Thus, the faster
apparent diffusion behavior observed for threaded mac-
rocycles simply indicates the macrocycles exist on the
smaller chains of these polydisperse samples. These
heterogeneous rotaxanated polymers have no enthalpic
driving force for threading and are prepared by trapping
the macrocycles on the backbones during polymeriza-

Table 1. NMR Relaxation Times for 30c10

sample T1/s T2/s

30c10/PS 2.7 1.5
PS-rotaxa-30c10 2.2 1.0

Table 2. Fraction of Threaded 30c10 in 30c10/
PS-rotaxa-30c10 Physical Blends

30c10/PS-rotaxa-30c10 blend/%

4/96 (w/w) 10/90 (w/w)

actuala 32.4 15.3
CONTIN 29 11
bimodal model 35 14
a Actual values were calculated from the weight fraction of

30c10 and PS-rotaxa-30c10 in each blend and the fact that there
are 2 wt % threaded 30c10 in the PS-rotaxa-30c10.

Table 3. Self-Diffusion Coefficients of 30c10 in Blends
with PS

CONTINa bimodal

threaded 30c10
fraction/%

log(Dt/
m2 s-1)

log(Du/
m2 s-1)

log(Dt/
m2 s-1)

log(Du/
m2 s-1)

0 -9.42 -9.36
15 -10.0 -9.44 -9.73 -9.32
32 -9.97 -9.47 -9.84 -9.30
100 -9.90 -9.90

a Peak values of diffusion coefficient distribution are used. Dt
) diffusion coefficient for threaded 30c10; Du ) diffusion coefficient
for unthreaded 30c10.

I(g)/I(0) ) wu exp(-kDu) + wt exp(-kDt) (2)
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tion. Even if macrocycles are soluble in liquid mono-
mers, phase separation can occur as polymer chains
form, after which time no more threading takes place.
In such cases, since the driving force for phase separa-
tion increases as molecular weights increase, macro-
cycles are more likely to be trapped on the chains that
terminate earlier in the polymerization.

Threading of non-end-blocked polymers can occur and
has been reported.4,24,35 For polypseudorotaxanes, mac-
rocycles can dethread due to the absence of bulky
blocking groups at the chain ends; for polymers threaded
with very large macrocycles, end blocking to prevent
dethreading may be impractical.33 DOSY can be used
to follow these threading and dethreading processes. If
the threading/dethreading is slower than the time
required to measure the DOSY spectrum, then thread-
ing/dethreading kinetics may be determined. Such
experiments should be helpful in efforts to improve
threading efficiencies, design processing strategies, or
determine whether end blocking is necessary for pro-
cessing of rotaxanated polymers.33

Summary
2D DOSY NMR is a useful technique for proof of

threading in rotaxanated polymers if diffusion coef-
ficients of the unthreaded backbone and macrocycle are
sufficiently different. This method is especially valuable
when threading does not lead to easily measurable
changes in standard spectra. While GPC has been used
to indicate proof of threading,36 peak overlap has often
impeded quantification.3,4,24 The diffusion coefficient
distributions for the macrocycle can be integrated to
determine threaded fraction, as long as the relative
NMR relaxation weighting of threaded and unthreaded
components is similar or corrected. An alternative data
processing scheme to the use of the inverse Laplace
transform is to fit the diffusion decay curves to a
biexponential since samples consist of two components,
threaded and unthreaded macrocycles.
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