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Abstract 

A range of solid-state NMR techniques is used to characterise a molecular host:guest 

complex consisting of a [5]polynorbornane bisurea host binding a terephthalate dianion 

guest.  Detailed information is obtained on the molecular dynamics and associations from 

the point of view of both the host and guest molecules.  The formation of the complex in 

the solid state is confirmed using 
1
H 2D exchange NMR, and the 180° flipping of the 

2
H-

labelled terephthalate guest and its eventual expulsion from the complex at elevated 

temperatures are quantified using variable-temperature 
2
H spin-echo experiments.  Two-

dimensional 
1
H-

13
C HETCOR spectra obtained under fast magic angle spinning conditions (60 

kHz) show a high resolution despite the poor crystallinity of the solid complex, and clearly 

reveal changes in the rigidity of the host molecule when complexed.  Short-range intra- and 

intermolecular 
1
H-

1
H proximities are also detected using 2D SQ-DQ correlation methods, 

providing insight into the molecular packing in the solid phase. 

Keywords: supramolecular chemistry, anion binding, molecular dynamics, solid-state NMR 
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1. Introduction 

Anion binding plays a critical role in biological systems, catalysis, medicine, environmental 

science, supramolecular chemistry and crystal engineering [1-4], and the design, synthesis 

and characterisation of anion receptors constitutes a rich and rapidly developing field of 

research [5,6].  For example, molecular receptors based on urea or thiourea moieties can be 

designed to selectively bind monatomic or molecular anions in solution through non-covalent 

interactions such as hydrogen bonds [7-9].  Probing anion complexation in the solid state 

allows these binding interactions to be studied in depth, providing detailed information on 

the hydrogen bonding arrangement and the conformational geometry of both the anion and 

the receptor molecule [10-14].  Single-crystal X-ray diffraction is often used to provide crystal 

structures that complement solution-state binding studies (most often based on 
1
H NMR 

titration experiments) [15-21].  Unfortunately, high quality crystals suitable for X-ray 

evaluation or other diffraction techniques are not easily obtained for the vast majority of 

host:guest combinations.  Furthermore, the host and guest molecules can potentially 

undergo significant dynamic processes in the solid state.  Diffraction methods, like solution-

state NMR studies, provide only a time-averaged picture of what may be a highly dynamic 

system, and any motional processes exhibited by the bound anion could affect the binding 

strength and are therefore of significant interest. 

 Solid-state NMR has the capability to provide detailed information on not just molecular 

structures but also intra- and intermolecular interactions and, in particular, molecular 

dynamics [22-28].  In their detailed NMR studies of a solid-state molecular tweezer complex, 

Spiess et al. demonstrated that the dynamics of a guest molecule can be quantified in terms 

of rotational rates and geometries, and also used Hartree-Fock calculations to study the 

effects of intermolecular ring-currents on the 
1
H chemical shifts [29-31].  These authors had 

the distinct advantage of a pre-determined crystal structure for their system, which was used 

to guide the NMR analysis and quantum chemical calculations.  In principle, however, solid-

state NMR can provide a wealth of information on supramolecular systems for which no 

crystal structure information is available, particularly when solution-state NMR results are 

incorporated to aid peak assignment and to identify potential binding arrangements.  Indeed, 
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even disordered (non-crystalline) systems can be studied in detail using this versatile 

technique. 

 Highly pre-organised, fused [n]polynorbornane frameworks have been used in a number 

of supramolecular settings [32-40] and hosts such as 1 (Figure 1) are well suited for study by 

NMR techniques as they are symmetric (C2V and σ), and their binding behaviour with a range 

of guest anions in solution has been studied in depth [41-45].  Indeed, terephthalate has 

been found to bind strongly to 1 (log K1:1 > 5) in DMSO [46,47], however, solid-state 

characterisation of the anion complex has thus far remained elusive, and very little is known 

about the dynamics of either the host or guest molecules when complexed.  In this study, a 

range of solid-state NMR techniques has been used to characterise this complex in the 

absence of a crystal structure, from the point of view of both the host and guest species.  

High resolution, two-dimensional 
1
H-

1
H and 

1
H-

13
C correlation spectra have been obtained 

using fast magic angle spinning, providing information on the structure and rigidity of the 

system, while 
2
H NMR reveals quantitative information on the dynamics of the bound 

terephthalate dianion. 

2. Experimental 

2.1 Sample preparation 

 The synthetic procedure previously described by Pfeffer and Lowe [46,47] was used in the 

synthesis of the [5]polynorbornane bisurea host 1 (see Supporting Information for details, 

including for the preparation of the bis(tetramethylammonium) (TMA) d4-terephthalate salt).  

The 1:(d4-)terephthalate complexes, in both unlabelled and 
2
H labelled form, were prepared 

by dissolving and stirring equimolar amounts of 1 and bis(TMA) (d4-)terephthalate in THF for 

24 h then removing the solvent under reduced pressure.  The resulting solid powder was 

further dried under high vacuum for 48 h prior to characterisation. 

2.2 X-ray powder diffraction 

 X-ray diffractograms were obtained from powder samples of the solid host 1, the 

1:terephthalate complex and the bis(TMA) d4-terephthalate salt using a Panalytical X’Pert 
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Powder diffractometer in Bragg-Brentano geometry (reflection mode).  It was set up using a 

Copper anode (CuKα, λ = 0.1542 nm), a graphite monochromator and a high-speed line PIXcel 

detector.  The diffractograms were collected over an angle range of 7-36° at a scan rate of 60 

s per step or over 7-70° at 15 s per step, with a step size of 0.013°. 

2.3 Solid-state NMR spectroscopy 

 
2
H solid-state NMR spectra were obtained from the 1:d4-terephthalate complex at 11.7 T 

(
2
H Larmor frequency = 76.8 MHz) using a Bruker Avance III NMR spectrometer and a 5 mm 

static double-resonance probe.  A solid echo (90 – τ – 90) pulse sequence was used with a 
2
H 

90° pulse width of 7 µs, τ = 20 µs and a 
1
H decoupling field of approximately 40 kHz.  The 

sample temperature was calibrated using the 
207

Pb signal from a powder sample of lead 

nitrate [48,49].  The recycle delays used were 2 s for the complex (1000 scans acquired per 

spectrum) and 20 s for bis(TMA) d4-terephthalate (80 scans per spectrum).  Due to the 

dominance of the first-order quadrupolar interaction, the 
2
H powder patterns are inherently 

symmetric, allowing the spectra to be added to their own mirror image (i.e., frequency scale 

reversed) after Fourier transformation and providing an increase in the signal to noise ratio 

of √2. 

 The 
2
H spectra were simulated using the NMR WEBLAB v5.0 [50].  Due to the symmetry of 

the d4-terephthalate dianon, the four 
2
H electric field gradient (EFG) tensors were assumed 

to be equivalent, axially symmetric and oriented parallel to the C-
2
H bond. The simulations 

therefore only involved a single 
2
H tensor oriented with the largest principal component at 

60° relative to the 180° flip axis, i.e., θ = 60° and φ = 180° in the WEBLAB’s cone model (see 

Fig 3a in Hansen et al. [51]).  Powder averaging was applied to account for all possible 

orientations of the flip axis.  A broad log-Gaussian distribution in the jump rate (4 decades 

FWHM) was necessary to include in all 
2
H simulations to accurately reproduce the 

experimental line shapes.  As discussed by Hansen et al. [51], such a distribution can reflect 

variations in the activation energy for the jump mechanism, e.g., due to the presence of 

structural disorder.  The slow motion limit 
2
H quadrupolar coupling constants were measured 

as CQ = 177 kHz for the 1:d4-terephthalate complex and 181 kHz for the bis(TMA) d4-

terephthalate salt, with the asymmetry parameter ηQ = 0.01 in both cases.  It should be 
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noted that the experimental spectra show reduced signal intensities at the outer edges (the 

“feet” of the powder patterns) due to the limited excitation bandwidth of the pulses used.  

This problem can potentially be circumvented through the use of frequency-swept pulses or 

piece-wise acquisition methods, however these methods can lead to line shape distortions 

[52] or significant increases in acquisition times.  When matching the simulations (which 

assume uniform excitation) to the experimental patterns, emphasis was therefore placed on 

the shape of the central regions, particularly the relative heights of the inner discontinuities. 

 
1
H-

13
C heteronuclear correlation and 

1
H-

1
H homonuclear correlation spectra were 

obtained from the 1:terephthalate complex at 16.4 T (
1
H and 

13
C Larmor frequency of 700 

MHz and 175 MHz respectively) using a Bruker Avance III NMR spectrometer and a 1.3 mm 

magic angle spinning (MAS) double resonance probe.  Approximately 5 mg of sample was 

packed in a 1.3 mm MAS rotor for measurement.  The spectra were acquired at 60 kHz MAS 

with temperature regulation of offset the MAS heating effects, which yielded a sample 

temperature of approximately 55 °C.  The 
1
H 90° pulse width was 1.7 µs and continuous wave 

1
H decoupling of 6 kHz was used.  For the HETCOR experiment, 

1
H to 

13
C cross polarization 

was achieved via a 3 ms contact pulse.  The contact pulse amplitude on the 
1
H channel was 

ramped from 70 to 100% to minimize variation in transfer efficiency due to mismatch of the 

Hartman Hahn condition. The cross-polarization conditions were optimized to a 200 kHz RF 

field strength on the 
1
H channel and a 120 kHz field on the 

13
C channel.  This would 

correspond closely to the zero-quantum cross-polarization (ZQCP) in the high power regime 

as described by Laage et al. [53].  The 2D dataset was acquired by collecting 32 transients in 

the indirect domain with increments of 50 µs in the 
1
H evolution time.  The 2D 

1
H-

1
H single 

quantum – double quantum (SQ-DQ) correlation spectra we acquired using the back to back 

(BABA) excitation scheme [54] with 4 rotor periods of double quantum excitation and 

reconversion.  The 2D data set was acquired by collecting 256 transients in the indirect 

domain with increments of one rotor period for the 
1
H evolution.  The 2D 

1
H-

1
H SQ-SQ 

correlation experiments (2D exchange) were acquired with 
1
H spin diffusion “mixing times” 

of  100 ms to 1 s.  Where needed, a 9 ms 
1
H-T2 filter period was inserted to spectrally “edit 

out” the rigid components prior to the 
1
H evolution in the indirect domain.  The data set was 

acquired by collecting 256 transients in the indirect domain with increments of 80 μs in the 

1
H evolution time. 
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3. Results and discussion 

3.1 Long range ordering in the host and complex 

 The X-ray powder diffraction patterns obtained from the solid host compound 1 and the 

1:terephthalate complex are shown in Figure 2, expanded around the low angle region (see 

Supporting Information for the full 2θ range as well as the pattern obtained from the 

bis(TMA) d4-terephthalate salt).  No peaks were observed at all for the pure host in the solid 

state, indicating an absence of long range ordering.  For the 1:terephthalate complex, a 

number of peaks were visible, indicating that the presence of the terephthalate dianion 

results in a greater extent of ordering in the solid phase.  However, these peaks are rather 

broad, suggesting either that the crystals are somewhat disordered, or that the dimensions 

of the crystalline domains are on the order of tens of nm or less.  In either case, such a 

sample is not amenable to study using diffraction techniques.  Other methods such as solid-

state NMR, which can identify intra- and intermolecular associations in disordered samples, 

are exceptionally valuable in such cases. 

3.2 Confirmation of 1:terephthalate complex formation 

 Evidence for the molecular-level mixing of 1 and the terephthalate dianion in the solid 

state is provided by the 2D 
1
H-

1
H spin diffusion NMR spectra shown in Figure 3.  In these 

spectra, off-diagonal peaks arise for two distinct 
1
H environments if magnetisation is 

exchanged between them during a variable spin diffusion time.  Increasing the spin diffusion 

time allows the exchange to occur between more distant sites.  The 2D spectrum without any 

spin diffusion time yields a diagonal ridge (i.e., only auto-correlation peaks) as shown in the 

Supporting Information (Figure S14). 

 For the case of the solid bisurea host 1, at 60 kHz MAS a 100 ms spin diffusion time is 

sufficient for complete exchange of magnetization among the different 
1
H sites with the 

cross-peaks observed between all the sites (Figure 3a).  In order to observe 
1
H spin diffusion 

between the host and the guest molecule in the complex, it is necessary to spectrally edit the 

overlapping 
1
H signals arising due to host-host and guest-guest correlations.  This is made 

possible by differences in the dynamics of the various species, as will be discussed in detail in 
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the following sections.  As the terephthalate and TMA ions are more mobile than 1, the 

signals from those species can be selected using a 
1
H-T2 filter (see Supporting Information, 

Figure S14).  With a 1 s spin diffusion time, cross-peaks appear between the TMA and 1 as 

seen in Figure 3b(iii), indicating their close proximity.  Interestingly, even at this long spin 

diffusion time a complete exchange of signals between the TMA and 1 is not observed, and 

no cross-peaks are observed between the terephthalate and the host molecule.  This can be 

explained on the basis of the difference in the mobility and size of the TMA and 

terephthalate ions.  As demonstrated in the following section, the terephthalate ion 

undergoes relatively fast rotational jumps in the binding cleft of host 1, suppressing the spin 

diffusion contact between itself and the host.  The bulkier TMA cations will exhibit slower 

dynamics while remaining in close proximity to the host to counter the charge on the 

terephthalate. 

3.3 Dynamics of the terephthalate dianion 

 Detailed and quantitative information on the molecular dynamics occurring in 

macromolecular supramolecular systems have been obtained by means of 
2
H solid-state 

NMR studies, primarily from the point of view of aromatic linker groups in porous host 

materials.  For example, Kolokolov et al. have used 
2
H NMR to observe correlations between 

linker group dynamics and the rigidity of the framework [55], as well as the pore opening size 

[56], and Loeb and co-workers studied the dynamics of interlocked components in metal 

organic frameworks [24-26].  Similarly, 
2
H NMR can be used to monitor the incorporation of 

guest molecules into a host structure, which can have a significant influence on the motional 

rates and their activation energies [57-59].  It is therefore surprising that apart from the 

previously mentioned work of Spiess and co-workers [29-31], 
2
H solid-state NMR studies of 

molecular host:guest complexes and anion binding systems are scarce. 

 The use of a deuterium-labelled terephthalate guest molecule as shown in Figure 1 

enables a direct probe of the temperature-dependent guest dynamics (with motional rates > 

10
4
 s

−1
) by 

2
H solid-state NMR.  Solution-state NMR titrations showed no apparent difference 

in the binding of deuterated and undeuterated terephthalate by 1 (see Supporting 

Information).  Selected 
2
H solid-state NMR spectra obtained from the 1:d4-terephthalate 
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complex at various temperatures are shown in Figure 4a (see Supporting Information for all 

2
H NMR spectra and simulations).  As the sample temperature increases, the shape of the 

broad 
2
H NMR powder pattern changes due to the presence of anisotropic 

2
H transverse 

relaxation induced by the reorientation of the C-
2
H bonds [60].  The presence of a non-axially 

symmetric 
2
H powder pattern in the fast motion limit implies that the molecule is not freely 

rotating but rather is undergoing flips between two or more fixed orientations.  The 

hydrogen bonding arrangement of the complex, combined with the planar nature of the 

terephthalate dianion, would suggest a 180° flip of the molecule about its long axis as the 

most likely mechanism.  The effect of this motion on the 
2
H NMR spectrum was simulated 

with a log-Gaussian distribution in jump rates required in order to accurately reproduce the 

experimental line shapes over the full range of temperatures studied (−40 to 100 °C).  This 

log-Gaussian distribution is a key indicator of the presence of structural disorder within the 

complex [51], consistent with the X-ray powder diffraction data discussed above. 

 The 
2
H simulations also allow the extraction of an activation energy of 61 ± 2 kJmol

−1
 for 

the terephthalate flipping mechanism within the complex via an Arrhenius plot (Figure 4b).  

The pure, solid bis(TMA) d4-terephthalate salt was also studied with no host present, and was 

found to exhibit the same 180° flipping process but with a significantly higher activation 

energy (87 ± 6 kJmol
−1

).  This difference can be attributed to a greater steric hindrance in the 

latter system.  While the crystal structure of the 1:terephthalate complex is unknown (and 

may be relatively disordered), it can be inferred that the terephthalate dianion positions 

within the relatively large cleft of the host molecule, and its rotation is therefore less 

sterically hindered than in the TMA salt form, in which the molecules are likely to be more 

closely packed.  Indeed, Spiess has described this experimental approach as a “probe of free 

volume” [60], and activation energies reported for terephthalate ring flips in polymers can 

vary between 24 and 77 kJmol
−1

 depending on the local structural environment [61,62].   

However, a more recent 
2
H NMR study of the metal organic framework MOF-5 containing d4-

terephthalate groups as the organic linkers, reported a flip activation energy of 47 kJmol
−1

, 

much higher than expected given the almost complete absence of steric hindrance in this 

structure [63].  The authors discussed this observation in terms of ordering.  The inherent 

disorder in a polymer can provide a distribution of high-energy conformations for the 

terephthalate groups (as well as other dynamic modes such as small angle flips), which can 
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lower the energy required for a flip to occur.  In contrast, the flipping in MOF-5 occurs 

between two very well-defined, low-energy conformations representing deep valleys in the 

energy landscape.  For the 1:terephthalate complex, the observation of a distribution in flip 

rates suggests that some variation in terephthalate conformations is present (again, 

consistent with the disordered nature of the sample), but the higher activation energy than 

for MOF-5 suggests that local steric hindrance dominates the energetics, presumably due to 

the packing of the complex units and TMA counterions. 

 The 
2
H NMR spectra obtained at higher temperatures also show a narrow peak (width ≈ 

1.3 kHz) in the centre of the spectra (Figure 4c).  This component arises from terephthalate 

molecules undergoing isotropic rotation [60].  The percentage of this component, measured 

by deconvolution of the NMR spectral intensities, is plotted against temperature in Figure 4d.  

While a very small isotropic component (< 1%) exists even at the lowest temperatures 

studied, a significant increase occurs at approximately 60 °C and by 100 °C this constitutes 

around 40% of the signal.  Crucially, upon cooling back to 20 °C this isotropic peak remains 

unchanged while the shape of the broad powder pattern returns to its original state.  

Exchange of the deuterons with the protons of the TMA cation (itself likely to be undergoing 

isotropic rotation) can be ruled out as this was not observed in the bis(TMA) d4-terephthalate 

salt even at 140 °C (see Supporting Information).  This isotropically rotating fraction likely 

corresponds to terephthalate molecules that are no longer bound within the host molecule, 

and that presumably exist within a separate phase that also contains the TMA co-cations to 

charge balance.  However, its 
2
H NMR signature does not match that of the pure bis(TMA) d4-

terephthalate sample (see Supporting Information).  As the dianion is undergoing isotropic 

rotational dynamics, this phase could be plastic crystalline in nature [64].  Nevertheless, 

these results clearly indicate that elevated temperatures cause a significant percentage of 

the guest population to become displaced from the host. 

3.4 Dynamics of the [5]polynorbornane host 

 Due to its much larger size, the solid-state dynamics of the [5]polynorbornane host 

molecule are expected to be significantly slower than those of the terephthalate ion and as a 

consequence are not as conveniently probed by 
2
H NMR.  However, motional dynamics 
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occurring on the order of kHz can have a significant impact on 
1
H-

13
C dipolar coupling 

interactions, which are readily probed by 2D 
1
H-

13
C heteronuclear correlation spectroscopy 

(HETCOR).  Under ultrafast (60 kHz) magic angle spinning (MAS) conditions, weaker (long 

range) dipolar couplings are averaged out, effectively amplifying the differences in 
1
H-

13
C 

dipolar couplings for proximate sites in the structure.  As a result, the efficiency of the 

dipolar-mediated (through space) polarization transfer from 
1
H to 

13
C can be strongly 

influenced by subtle changes in molecular motion. 

 The 
1
H-

13
C HETCOR solid-state spectra of the [5]polynorbornane host compound 1 alone 

and the 1:terephthalate complex are shown in Figures 5a and 5b respectively.  It is worth 

noting that these spectra were acquired without isotropic enrichment and using only 5 mg of 

sample.  In the case of the [5]polynorbornane host without the terephthalate guest present, 

correlation peaks from the norbornane backbone are well resolved, indicating relatively 

strong 
1
H-

13
C dipolar couplings as would be expected in this rigid section of the molecule.  

However, the signals from the thiourea and nitrobenzene groups (the arms of the molecular 

cleft) are much weaker, reflecting weak 
1
H-

13
C dipolar couplings indicative of greater mobility 

of these groups, likely a combination of aryl ring librations and bending of the molecular 

arms.  For the 1:terephthalate complex, strong signals from the nitrobenzene groups are 

visible in addition to the signals from the norbornane framework.  This clearly shows that the 

binding of the terephthalate suppresses the motion of the nitrobenzene groups, making the 

arms more rigid. 

 It should also be noted that the HETCOR experiments were performed at a sample 

temperature of 55 ± 5 °C due to the frictional heating caused by the fast sample rotation.  At 

this temperature, the guest molecules that are still bound within the complex (>90% 

according to Figure 4d) are undergoing ring flips at the rate of kavg ≈ 10
8
 s

−1
 and would have 

negligible 
1
H-

13
C dipolar couplings under the ultrafast MAS conditions.  This explains the 

absence of signals from the guest molecule in these spectra.  The combination of a highly 

dynamic guest ion inside a rigid host molecule can be understood by considering the 

structure of the complex in Figure 1.  The terephthalate dianion forms hydrogen bonds with 

the thiourea groups on either side, which lock the thiourea arms in place.  Due to the 

symmetry of the guest molecule, rapid 180° flips about the long axis of the terephthalate as 
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indicated by the 
2
H NMR will result in no net change to these hydrogen bonds.  However, as 

the 
2
H NMR clearly shows, higher temperatures can disrupt these interactions and cause the 

guest to be expelled from the complex. 

3.5 Local ordering within the complex 

 While information regarding the long range ordering of 1 and its complex in the solid state 

is challenging to obtain due to the lack of sharp diffraction peaks observed in Figure 2, it is 

possible to gain insight into the local ordering using high resolution 
1
H MAS NMR.  Figures 6a 

and 6b show 2D 
1
H

 
single quantum double quantum (SQ-DQ) correlation spectra for 1 and 

the 1:terephthalate complex respectively, with the 1D 
1
H NMR spectra shown at the top.  

Peak assignments are shown in Figure 6c.  Differences in the 1D 
1
H NMR spectra confirm the 

variation in the dynamics of the host molecules observed in the HETCOR experiment.  For 

example, the motionally narrowed 
1
H signals of the aromatic protons (B and D) and the CH2 

protons on the host arms (E) in 1 are broadened due to reduced mobility (and therefore 

increased dipolar couplings) in the 1:terephthalate complex.  Additionally, an intense peak (L) 

arising from the TMA cations in the complex is visible in Figure 6b.  This peak is relatively 

sharp, suggesting that these ions are dynamic. 

 The presence of SQ-DQ cross peaks in these 2D spectra (highlighted using red or blue 

dashed lines) reveal 
1
H-

1
H proximities in these systems by means of through-space dipolar 

couplings.  As this interaction only occurs for sites in close proximity, correlations observed 

for nuclei that are distant in the molecular structure must correspond to intermolecular 

associations.  The correlation peaks between 1 and 9 ppm along the DQ dimension represent 

the intramolecular 
1
H-

1
H proximities within the [5]polynorbornane backbone of 1.  Additional 

intramolecular proximities between A-D, B-D, C-E and E-E are also observed arising from the 

arms of the host molecule.  These correlations are illustrated with red dashed lines.  Inter-

molecular proximities between neighbouring molecules are also evident and are highlighted 

by blue dashed lines.  These provide insight into the local ordering in the system, i.e., the 

packing of the 1 or 1:terephthalate units.  In both systems, strong correlations are observed 

between B-G, B-H, D-J and D-K, indicating intermolecular proximities between the aromatic 

groups of the host arms and the [5]polynorbornane backbone. 

Page 11 of 24 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

12 
 

 There are also observable differences between the 
1
H-

1
H correlations in the two systems.  

For example, a strong A-A auto-correlation peak for the host compound 1 (Figure 6a) 

indicates inter-molecular hydrogen bond interactions for the thiourea NH species proximal to 

the aromatic ring.  This A-A auto-correlation peak is significantly weaker for the 

1:terephthalate complex, while the peaks for the A-E/F, B-G, B-H and D-J proximities are 

observed to be stronger in intensity than in the host system (Figure 6b).  The weakening of 

the A-A peak indicates disruption of the intermolecular N-H interactions due to the presence 

of the terephthalate guest, as one would expect, while the increased rigidity of 1 in the 

complex would be expected to enhance the intensity of the intermolecular correlation peaks.  

No clear correlation peak was observed between 1 and the TMA or terephthalate species, 

which is likely due to the dynamics of these molecules under the experimental conditions 

used (55 °C). 

4. Conclusions 

 The solid but poorly crystalline [5]polynorbornane:terephthalate host:guest complex was 

not amenable to diffraction studies but has been successfully characterised using a judicious 

choice of solid-state NMR techniques.  
1
H spin exchange experiments showed a transfer of 

magnetisation between the host molecule and the TMA counterions, providing direct 

evidence for the molecular-level mixing of the host and the ionic species.  
2
H NMR was used 

to probe the dynamics of the labelled guest molecule, allowing the measurement of the 

activation energy for the terephthalate’s 180° flipping mechanism (61 ± 2 kJmol
−1

).  This value 

is higher than that measured for the same mechanism in a metal organic framework but 

lower than that in a solid terephthalate salt, indicating an intermediate level of steric 

hindrance.  The 
2
H NMR also showed the irreversible expulsion of the guest molecule at 

higher temperatures.  Two-dimensional, high-speed MAS 
1
H-

13
C HETCOR spectra of the solid 

host with and without the guest molecule present were sufficiently sensitive to show that 

the binding of the guest molecule via hydrogen bonding with the thiourea groups results in 

the molecular arms of the host becoming more rigid.  Finally, insights into the packing of the 

host and complex units in the solid state was provided by 2D 
1
H-

1
H NMR spectra, which show 

intermolecular proximities between the molecular arms and polynorbornane backbone. 
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 This work has clearly demonstrated the utility of solid-state NMR spectroscopy as a means 

to characterise anion hosts interacting with their target guests, and as a means to probe the 

structure and dynamics of poorly crystalline supramolecular host:guest systems in general.  It 

is hoped that this will encourage more widespread use of solid-state NMR to probe 

intermolecular binding, motion and rigidity in solid supramolecular assemblies, particularly in 

systems that are not highly crystalline and are therefore unsuitable for diffraction methods. 
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Figures 

 

Figure 1 Structure of the [5]polynorbornane bisurea host (1) and d4-terephthalate guest (the 

two tetramethylammonium counterions are not shown). 
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Figure 2 X-ray powder diffraction patterns obtained from the host compound 1 (black) and 

the 1:terephthalate complex (red).  See Supporting Information for the full 2θ range. 
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Figure 3 2D 
1
H spin diffusion spectra of (a) the host compound 1 and (b) the 1:terephthalate 

complex.  The dotted boxes identify the spectral region for (i) the backbone of 1, (ii) the arms of 

1, (iii) the TMA counter ions and (iv) the terephthalate guest.  The spectrum in (a) was acquired 

with a 34 μs 
1
H-T2 filter and 100 ms spin diffusion time, while (b) was acquired with a 9 ms 

1
H-T2 

filter and 1 s spin diffusion time.  The TMA counter ion peak is labelled L, the water peak is 

labelled M and the terephthalate peak is labelled N.  The remaining peak assignments are as 

described in Figure 6.  The coloured circles indicate the cross peaks among the different sites.  

For spectrum (a), which is symmetric about the slope 1 diagonal, the correlation peaks below 

the diagonal are not marked. Spectrum (b) is asymmetric due to the 9 ms 
1
H T2filter, and only 

shows the cross-peaks from TMA (site L) to the host. 
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Figure 4 (a) 
2
H NMR spectra obtained from the 1:terephthalate complex at select 

temperatures shown (black) and line shapes simulated by modelling a 180° flip of the guest 

molecule about its long axis at the average jump rates kavg indicated (red).  (b) Arrhenius plots 

of kavg for the complex (red) and bis (tetramethylammonium) d4-terephthalate (black) with 

linear fits.  (c) 
2
H NMR spectra from the complex obtained at the temperatures indicated, 

with the isotropic peak visible.  (d) Percentage of isotropically rotating terephthalate 

component in the complex as a function of temperature (right-most 20 °C data point 

obtained after cooling from 100 °C). 
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Figure 5 
1
H-

13
C HETCOR solid-state NMR spectra of (a) the host compound 1 and (b) its 

complex with terephthalate, obtained at 16.4 T and 60 kHz MAS.  Peak assignments are 

shown in (b).  The 
1
H and 

13
C projections are plotted at the left and top of each spectrum.  Car 

= aromatic carbon sites. 
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Figure 6 2D 
1
H single-quantum double-quantum (SQ-DQ) correlation spectra of (a) the host 

compound 1 and (b) the 1:terephthalate complex.  Pairs of cross peaks are highlighted in red 

(intramolecular proximities) and blue (intermolecular proximities).  The 
1
H peaks shown at the 

top of each spectrum are assigned to the molecular sites as indicated in (c).  Peak L arises from 

the protons on the tetramethylammonium cation. 
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