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Abstract

We describe the application of the microscopic-order-macroscopic-disorder (MOMD) approach, 

developed for the analysis of dynamic 2H NMR lineshapes in the solid state, to unravel 

interactions among the constituents of metal–organic frameworks (MOFs) that comprise mobile 

components. MOMD was applied recently to University of Windsor Dynamic Material (UWDM) 

MOFs with one mobile crown ether per cavity. In this work, we study UWDM-9-d4, which 

comprises a mobile 2H-labeled phenyl-ring residue along with an isotopically unlabeled 24C8 

crown ether. We also study UiO-68-d4, which is structurally similar to UWDM-9-d4 but lacks the 

crown ether. The physical picture consists of the NMR probe—the C–D bonds of the phenyl-d4 
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rotor—diffusing locally (diffusion tensor R) in the presence of a local ordering potential, u. For 

UiO-68-d4, we find it sufficient to expand u in terms of four real Wigner functions, D0 ∣ K ∣
L , 

overall 2–3 kT in magnitude, with R∥ relatively fast, and R⊥ in the (2.8–5.0) × 102 s−1 range. 

For UWDM-9-d4, u requires only two terms 2–3 kT in magnitude and slower rate constants R∥ 
and R⊥. In the more crowded macrocycle-containing UWDM-9-d4 cavity, phenyl-d4 dynamics is 

more isotropic and is described by a simpler ordering potential. This is ascribed to cooperative 

phenyl-ring/macrocycle motion, which yields a dynamic structure more uniform in character. The 

experimental 2H spectra used here were analyzed previously with a multi-simple-mode (MSM) 

approach where several independent simple motional modes are combined. Where possible, 

similar features have been identified and used to compare the two approaches.

Graphical Abstract

1. INTRODUCTION

NMR lineshape analysis is a powerful method for studying internal molecular mobility in 

the solid state.1-12 The carbon-bonded 2H nucleus is a particularly useful probe. Invariably, 

the internal motion of the C─D bond is restricted spatially by its immediate molecular 

surroundings. There are three key elements characterizing restricted motions: the rates 

at which they occur (the kinetic component), the spatial restrictions they experience 

(the structural component), and associated features of local geometry (the geometric 

component).9

We have developed the microscopic-order-macroscopic-disorder (MOMD) approach13 for 

the analysis of 2H lineshapes from polycrystalline samples.9,14-18 MOMD is based on 

the stochastic Liouville equation (SLE) developed by Freed and co-workers for generally 

treating restricted motions.19-21 The three major elements mentioned above are treated 

for the entire motional range with due consideration to their three-dimensional tensorial 

properties.

The motion is expressed in MOMD by a diffusion tensor, R. The spatial restrictions are 

represented by a local potential, u, expanded in the real Wigner functions, D0 ∣ K ∣
L , which 
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are closely related to the real spherical harmonics, YLK. The local geometry is given 

by the relative orientation of the MOMD-related R tensor frame and the NMR-related 

quadrupolar tensor frame, taken to be the same as the electric field gradient (EFG) tensor 

frame, as only C─D bonds and axially symmetric quadrupolar tensors are considered 

here. Model improvement is accomplished by enhancing the local potential and/or lowering 

the symmetry of the diffusion, ordering, and/or magnetic tensors. The potential, u, is an 

approximation to the potential of mean force (POMF) determined with molecular dynamics 

(MD) simulations.

MOMD has been applied so far to several different systems.9,14-18 In all of these cases, 

MOMD spectra obtained with axial R, u given by the terms D00
2  and D0 ∣ 2 ∣

2 , and the local 

geometry being largely standard in character, provided good fits to the experimental 2H 

lineshapes. In a recent study,18 we reported the application of MOMD to metal–organic 

frameworks (MOFs) which comprise mobile mechanically interlocked molecules (MIMs) 

prepared at the University of Windsor,22-25 hence called University of Windsor Dynamic 

Materials (UWDMs). The mobile MIMs, consisting of crown-ether macrocycles, were 2H-

labeled.

The basic UWDM design is depicted in Figure 1a.26 The MOF is made of linking struts 

(green) and metal nodes (brown), and the MIM consists of an axle (blue) and a mobile 

crown ether (i.e., a [2]rotaxane linker) (red wheel). In ref 18, several different UWDMs, 

comprising several different mobile 2H-labeled crown ethers, were studied. The goal has 

been to identify common chemical and/or physical characteristics that might help in the 

rational design of MOF/MIM-based molecular machines. This requires consistent analysis 

of the systems to be compared by using appropriate selections of R, u, and standard local 

geometry, as described above.

MOMD pointed to considerable differences between MIMs located in loose versus tight 

spaces; in the latter cases, changes in both the symmetry of the local potential and the 

coordination character of the deuterium-bonded carbon atom were detected.18 Herein, 

we examine the effect of a 2H-unlabeled crown ether on the restricted motion of a 

second mobile component, a 2H-labeled phenyl-ring residue. The exceptionally stable MOF 

UiO-68-d4 (Figure 1b)27 and the MOF UWDM-9-d4 are considered. UiO-68-d4 comprises 

terphenyldicarboxylate (TPDC) as the primary linker, in which the central phenyl ring 

is mobile. The authors of ref 28 labeled this phenyl ring with deuterium, creating the 

“phenyl-d4 rotor”, on which we focus herein as a probe. UWDM-9-d4 is structurally similar 

to UiO-68-d4 except that it also comprises a [2]rotaxane linker with a mobile 24C8 crown 

ether (Figure 1c,d). 28 Thus, we are in a position to use MOMD to study the restricted 

motion of the mobile phenyl-d4 ring both in the absence (UiO-68-d4) and in the presence 

(UWDM-9-d4) of the mobile crown ether. Figures 2a and 2b (ref 28) show the schematics of 

UiO-68-d4 and UWDM-9-d4, respectively, with the mobile components depicted.

2H NMR spectra of UiO-68-d4 and UWDM-9-d4 acquired in ref 28 over the −100 to 175 

°C temperature range are used as experimental data. The main objective is to quantify 

all of the key elements of the MOMD model: local potential, local diffusion tensor, and 

relevant features of local geometry. Of particular interest are differences between the internal 
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motions of the phenyl-d4 rotor with and without the macrocycle. We aim at determining the 

form of the POMF, u, and of the associated equilibrium probability distribution for bond 

vector orientation, exp(−u), at typical C–D sites. Features not set as objectives at the start 

but rather revealed over the course of this study include local structural changes in UiO-68-

d4. Likewise, our results point to cooperative motion of the two dynamic components of 

UWDM-9-d4.

The same experimental data were analyzed in ref 28 with a different method, which we 

call the multi-simple-mode (MSM) approach.9 There are no limitations to the number 

and character of the simple (noncollective) motional modes employed. Typically, different 

overall models are used for different systems and often for different temperatures associated 

with a given system.

The MOMD theory is summarized briefly in Section 2. Section 3 is devoted to the results 

and discussion. Our conclusions appear in Section 4.

2. THEORETICAL BACKGROUND

The MOMD theory as applied to 2H NMR has been described previously.9,14-18 For 

convenience, its basics are outlined below. Figure 3a shows the MOMD frame scheme for 

the deuterium nucleus involved in restricted local motion. L is the space-fixed laboratory 

frame, and C is the local director frame fixed in the molecule, given in this case by the 

equilibrium orientation of the C─D bond. M denotes the principal axis system (PAS) of 

the local ordering tensor, S, defined in terms of the restricting/ordering potential, u. For 

simplicity, the PAS of the local ordering tensor and the PAS of the local diffusion tensor, R, 
are taken as the same. Q denotes the PAS of the quadrupolar tensor. The M and Q frames are 

fixed in the probe, in this case the C─D bond attached rigidly to the phenyl-d4 ring.

The Euler angles ΩCM are time-dependent due to the molecular motions. The Euler angles 

ΩMQ = (αMQ, βMQ, γMQ) are time-independent. Given that here the Q frame is axially 

symmetric, as our NMR probe is the C─D bond, one has γMQ = 0. For convenience, the 

angle αMQ is set equal to zero. Thus, the orientation of ZM (main ordering/diffusion axis) 

relative to ZQ (the principal axis of the quadrupolar tensor pointing along the C─D bond) is 

given by the polar angle, βMQ, called the “diffusion tilt” angle.20

The stochastic Liouville equation (SLE) for a particle diffusing in an anisotropic medium, 

for the special case where the director is parallel to the applied magnetic field (ΩLC = 0), is 

given by19

∂
∂t ρ(Ω, t) = [ − iℋ(Ω)X − ΓΩ] ρ(Ω, t), with ΓΩP0(Ω)

= 0
(1)

The Euler angles Ω → (α, β, γ) are the same as ΩCM in the notation above. ΓΩ is a 

Markovian operator for the rotational reorientation of the spin-bearing moiety (the physical 

probe, in this case the C─D bond). ℋ(Ω)X is the quantum Liouville operator, i.e., the 

commutator superoperator defined in terms of ℋ(Ω), the probe spin Hamiltonian describing 
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the magnetic interactions. P(Ω, t) is the probability of finding Ω at the particular state at time, 

t, and P0(Ω) is the unique equilibrium probability distribution of P(Ω, t) defined by ΓΩP(Ω, t) 
= 0. ρ(Ω, t) is the density matrix operator describing the joint evolution of the quantum spin 

degrees of freedom and the classical motion coordinates, Ω.

A simple form of the diffusion operator, ΓΩ, is19

−ΓΩ = R∇Ω
2 P(Ω, t)

− (R ∕ kT)(sin β)−1∂ ∕ ∂β[sin β TP(Ω, t)]
(2)

where R is the isotropic rotational diffusion rate, ∇Ω
2  is the rotational diffusion operator 

in the Euler angles, Ω, and T is the restoring torque. The latter is equal to ∂u/∂β for an 

axial restoring potential, e.g., u ≅ −3/2 c0
2 cos2 β (u is given in units of kT; i.e., it is 

dimensionless). The expression of ΓΩ for rhombic diffusion tensor and rhombic potential is 

given in ref 20. Reference 21 comprises the extension of the theory to arbitrary ΩLC.

In polycrystalline morphologies discussed herein, there is no “macroscopic order” aligning 

the molecules. Therefore, one has to calculate 2H NMR spectra for a large enough number 

of director orientations (i.e., ΩLC values) and sum the individual lineshapes according to 

random distribution; this completes the MOMD model. 9,13

In this study, we are using an axial diffusion tensor, R, associated in the absence of a 

restricting potential with three decay rates, τK
−1 = 6R⊥ + K2(R∥ − R⊥), where K = 0, 1, 2 (K is 

the order of the rank-2 diffusion tensor). R∥ and R⊥ are the principal values of R; one may 

also choose to define τ∥ = 1/(6R∥) and τ⊥ = 1/(6R⊥).20

For a uniaxial local director, one may expand the potential in the complete basis set of the 

Wigner rotation matrix elements with M = 0, D0, K
L (ΩCM). One has19-21

u(ΩCM) = U(ΩCM)
kT = − ∑

L = 1

∞
∑

K = − L

+L
cK

LD0, K
L (ΩCM) (3)

with cK
L being dimensionless. If only the lowest L = 2 terms are kept, one obtains the real 

potential:20,21

u(ΩCM) = − c0
2D0, 0

2 (ΩCM) − c2
2[D0, 2

2 (ΩCM)
+ D0, − 2

2 (ΩCM)]
(4)

Note that we did not consider the lowest L = 1 terms. They could be considered29 but are 

typically omitted in view of the second-rank (L = 2) nature of the quadrupolar tensor.30

The order parameters for L = 2 are defined as20
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〈D0, K
2 (ΩCM)〉 = ∫ dΩCMD0, K

2 (ΩCM)exp[ − u(ΩCM)] ∕

∫ dΩCMexp[ − u(ΩCM)], K = 0, 2
(5)

For at least threefold symmetry around the local director, C, and at least twofold 

symmetry around the principal axis of the local ordering tensor, ZM, only the irreducible 

tensor components S0
2 ≡ 〈D0, 0

2 (ΩCM)〉 and S2
2 ≡ 〈D0, 2

2 (ΩCM) + D0, − 2
2 (ΩCM)〉 survive.20 

The Cartesian order parameters relate to S 0
2 and S 2

2 as Sxx = ( 3 ∕ 2 S2
2 − S0

2) ∕ 2, 

Syy = − ( 3 ∕ 2 S2
2 + S0

2) ∕ 2, and Szz = S0
2.

In this study, the potential of eq 4 is enhanced to also comprise the L = 4, K = 0 and L = 4, K 
= 2 terms; the enhanced form is given by

u(ΩCM) = − c0
2D00

2 (ΩCM) − c2
2D0 ∣ 2 ∣

2 (ΩCM) − c0
4D00

4 (ΩCM)
− c2

4D0 ∣ 2 ∣
4 (ΩCM)

(6)

The implementation of the MOMD approach in terms of an effective computer program 

is described in refs 13 and 31. Reference 31 is a user’s guide for the calculation of slow-

motional magnetic resonance spectra (here, 2H spectra) for given values of ΩLC. Reference 

13 is the article where MOMD was originally described; the superposition of individual 

slow-motional (EPR) lineshapes according to random distribution of ΩLC is discussed in 

some detail in that article.

To carry out a MOMD calculation, one has to specify the external magnetic field; the 

quadrupolar coupling constant, CQ; the intrinsic linewidth, (1/T2*); the number of ΩLC 

values for which slow-motional lineshapes are to be calculated; and the technical parameters 

associated with the calculation of slow-motional (NMR or ESR) spectra.31 The physical 

parameters to be specified and varied include, e.g., the coefficients c0
2 and c2

2 for the potential 

of eq 4 and the diffusion rate constants R∥ and R⊥. Typically, the “diffusion tilt”, βMQ, is 

fixed at its standard value, but when necessary, it is allowed to vary.

It is of interest to relate the MOMD frame structure of Figure 3a to the MSM framework 

to be able to compare the two approaches. This requires identifying common features in 

the respective approaches; an attempt to do so is illustrated in Figure 3. The item colored 

in cyan in Figure 3b illustrates the four-site-exchange mode that is one of the constituents 

of the overall MSM model for UiO-68-d4 dynamics. For UWDM-9-d4, this would be 

six-site exchange and different additional motional modes. The axis around which four- or 

six-site exchange takes place is the longitudinal symmetry axis of the phenyl-d4 ring, called 

“pseudo-C2 axis” in the MSM formalism.28

Let us ignore for the present the additional (different) sets of motional modes that contribute 

to the overall MSM models for UiO-68-d4 and UWDM-9-d4 dynamics. In this case, the 

pseudo-C2 axis in MSM may be considered to be the formal analogue of (ZM)eq, the 
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equilibrium orientation of the main ordering/diffusion axis, ZM, in MOMD. “Equilibrium 

orientation” means in this context “most probable orientation”, i.e., the orientation where 

the corresponding POMF has minimum value. In addition to this analogy, all of the vector 

quantities in both MOMD and MSM are defined with respect to the equilibrium/average 

orientation of the C─D bond, (C─D)eq, which is the Z axis of the local director frame, 

C, in Figure 3a. Within a reasonably good approximation, (C─D)eq is pointing along the 

transverse symmetry axis of the phenyl-d4 ring.

The POMFs (related to spherical harmonics) are given in spherical coordinates, θ and φ; 

the probability distributions are given (for convenience and simple insight32) in Cartesian 

coordinates. θ and φ define the orientation of the main ordering/diffusion axis, ZM, in the 

director frame; this is illustrated in Figure 3c. As specified above, (ZM)eq and (C─D)eq are 

approximately perpendicular to one another in the C-frame; so are ZM and C─D in the 

M-frame (Figure 3c).

3. RESULTS AND DISCUSSION

3.1. Qualitative Description of the Experimental Spectra.

3.1.1. The UiO-68-d4 System.—Figure 4a shows the experimental 2H spectra of 

UiO-68-d4 as a function of temperature.28 At –100 °C, the rigid-limit (RL) spectrum is 

observed, with the perpendicular divergences separated by approximately 128 kHz (ideally, 

this parameter is 180 × 3/4 = 135 kHz). At −75 °C, an abrupt change in the 2H spectrum 

occurs: the perpendicular divergences are preserved with reduced intensity, and a new pair 

of inner divergences with an unusual rounded-peak appearance, separated by approximately 

27 kHz, emerges.28 Except for a decrease in the intensity of the outer (perpendicular) 

divergences, the 2H spectrum changes to a small extent up to 75 °C. Then it alters again 

considerably around 100 °C to the extent that, at 125 °C, the inner divergences assume 

the usual sharp-peak appearance, and their separation is augmented by approximately 12% 

(Figure 4a). Virtually no further change occurs above 125 °C until the sample starts to 

decompose above 200 °C.28

3.1.2. The UWDM-9-d4 System.—Figure 4b shows the experimental 2H spectra of 

UWDM-9-d4 as a function of temperature.28 At −75 °C, the RL powder-pattern is observed, 

with the perpendicular divergences separated by approximately 128 kHz. At −50 °C, the 

weak inner pair of divergences separated by approximately 27 kHz, also seen for UiO-68-d4 

(Figure 4a), becomes visible. While the −75 °C spectrum of UiO-68-d4 is very different 

from the RL spectrum, the −50 °C spectrum of UWDM-9-d4 was found to evolve gradually 

from the RL spectrum. In the −50 to 75 °C range, the intensity ratio between the inner 

and outer divergences increases, with the separation of the outer divergences decreasing 

somewhat. Around 75 °C, intensity starts building up in the region between the inner and 

outer divergences. This process continues beyond 125 °C.
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3.2. Relevant Parameter Ranges.

The local diffusion tensor, R, is taken as axially symmetric; its principal values are R∥ and 

R⊥ (in s−1), reported in many cases as log R∥ and log R⊥. On the logarithmic scale, the 

dynamic window extends from 2.1 to 6.2.

As discussed above, the local potential, u, is expanded in the basis set of the Wigner 

functions, which are the real combinations, D0 ∣ K ∣
L = [D0 − K

L + ( − 1)KD0K
L ], of the Wigner 

rotation matrix elements, DMK
L , with M = 0. This expansion has to be truncated prior 

to applying MOMD to actual experimental spectra. The lowest-even-L axial potential 

is u = − c0
2D00

2 , and the lowest-even-L rhombic potential is u = − c0
2D00

2 − c2
2D0 ∣ K ∣

2  (eq 

4). Adding the next terms of the expansion, D00
4  and D0 ∣ 2 ∣

4 , yields the potential 

u = − c0
2D00

2 − c2
2D0 ∣ 2 ∣

2 − c0
4D00

4 − c2
4D0 ∣ 2 ∣

4  (eq 6). Thus far we found that the local potential 

at the site of the motion of methyl and phenyl moieties in proteins is weak. 9,13-18

The Euler angles ΩMQ = (αMQ, βMQ, γMQ) underlie the transformation from M, the PAS 

of the local diffusion/local ordering tensor, to Q, the PAS of the quadrupolar tensor. As 

pointed out in the theoretical background (Section 2), αMQ = γMQ = 0°. The diffusion 

tilt, βMQ, specifies the orientation of the main local diffusion/local ordering axis with 

respect to the C─D bond. Schadt et al.33 have shown that diffusion with βMQ = 64° is the 

diffusive-motion analogue of the π-flip model for benzene and phenyl moieties. Thus, the 

value of βMQ ~ 64°, potential coefficients of 2–3 kT, and diffusion rate constants in the 2–6 

range on a logarithmic scale are considered. Extensive MOMD simulations were performed 

to narrow the parameter ranges of the diffusion rate constants: log R⊥ is expected to reside 

in the 2.3–2.9 range; and log R∥, in the 5.5–6.2 range.

Figure 5 illustrates the effect of the diffusion tilt angle, βMQ, in the vicinity of 64° for typical 

values of c0
2, c2

2, R∥, and R⊥. Diffusion tilt values in the 62–66° range can yield, together 

with appropriate potential coefficients and diffusion rate constants, experimental divergence 

separations of ca. 128 kHz and ca. 27 kHz for the outer and inner peaks, respectively.

Keeping βMQ fixed at 64°, we show in Figure 6 the 2H spectra for log R⊥ in the 2.2–2.7 

range, log R∥ in the 5.5–5.7 range, c0
2 in the 2.2–2.4 range, and c2

2 in the 2.7–2.9 range. These 

are the parameter ranges where the separations between the inner and outer divergences 

match well with experiment. The main difference among the Figure 6 spectra is a change 

in the relative intensities of the two divergence pairs (in ref 28, this feature is considered 

to represent for UWDM-9-d4 a change in the relative weight of two superposed temperature-

invariant spectral components).

Figure 7 shows efforts to reproduce the UiO-68-d4 lineshapes, which represent phenyl-d4 

dynamics in the absence of the macrocycle. The traditional potential u = − c0
2D0

2 − c2
2D0 ∣ 2 ∣

2

was used. The diffusion rate constants, R⊥ and R∥, and the potential coefficients, c0
2 and c2

2, 

were varied within the parameter ranges determined above, even exceeding them. Although 

the inner and outer divergence separations were largely preserved, the overall shapes of 
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the 2H lineshapes were poorly reproduced. They could be improved considerably using 

u = − c0
2D00

2 − c2
2D0 ∣ 2 ∣

2 − c0
4D00

4 − c2
4D0 ∣ 2 ∣

4  instead of u = − c0
2D00

2 − c2
2D0 ∣ 2 ∣

2  (cf. Figure 8). 

Within the scope of reproducing major trends, UWDM-9-d4 does not require the more 

elaborate potential form.

Figure 8a,b suggests parameter ranges wherein the best-fit parameters are to be sought for 

UiO-68-d4 (cf. the region extending from −50 to 50 °C in Figure 4a) and for UWDM-9-d4 

(cf. the region extending from −25 to 50 °C in Figure 4b).

3.3. Analysis of the Experimental 2H Spectra.

MOMD is a more phenomenological approach that describes the structural dynamics in 

terms of an effective/collective mode. The MOMD parameters are inherently effective in 

their nature. Let us expand on this feature focusing on βMQ, the angle between the diffusion 

axis for phenyl-ring motion and the C■D bond, to be determined in this section. For a 

diffusion axis pointing along the C2 symmetry axis of the phenyl ring, one has βMQ = 64° 

(ref 33) and ξ = 60°, where ξ is the angle between C─D and C2; we call this “standard local 

geometry” (see above). For an effective diffusion axis not pointing along C2, one has βMQ 

≡ 64° and ξ = 60°; we call this “digression from standard local geometry”. Average (i.e., 

effective) jump axes are used routinely in MSM models.22-24

The NMR lineshapes analyzed in this section quantitatively are inherently complex, 

requiring a detailed set of adjustable MOMD parameters for precise reproduction. Such 

a set could be created by lowering tensor symmetries and adding terms to the local potential. 

However, insightful comparison among sites and instances, including comparison between 

MOMD and MSM, would be difficult because many different parameters are involved. 

Given that comparison is important here, we opted for limited and consistent sets of 

adjustable MOMD parameters. These sets reproduce the main spectral features and exhibit 

physically relevant temperature dependence of the various parameters. As shown below, 

with this approach similar characteristics could be identified for MOMD and MSM and used 

to compare the two approaches.

The experimental and calculated MOMD spectra are displayed similar to the manner in 

which the experimental and calculated MSM spectra are displayed in ref 28, i.e., side-by-

side. To make possible assessing more conveniently the quality of the MOMD fits, we show 

in Figure S1 for UiO-68-d4 and in Figure S2 for UWDM-9-d4 corresponding experimental 

and calculated spectra aligned vertically, with the inner and outer divergences marked.

3.3.1. UiO-68-d4.—At −75 °C (Figure 4a), the 2H spectrum changes abruptly.28 This 

is interpreted as a local structural change that results in the onset of different symmetry 

of one or more parameters and/or the sudden emerging of new features of the dynamic 

structure. Increasing the temperature from −75 to 75 °C has a limited effect on the dynamic 
2H powder pattern, except for the outer divergences losing intensity in comparison with the 

inner divergences. We have selected for detailed analysis the spectra acquired at –75, 0, and 

75 °C (Figure 9a).
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The smallest set of parameters that reproduces the features delineated above is as follows. 

Based on Figures 5-8, the four-term potential u = − c0
2D00

2 − c2
2D0 ∣ 2 ∣

2 − c0
4D00

4 − c2
4D0 ∣ 2 ∣

4  is 

used (cf. Figure 9b). At –75 °C, we find that c0
2 = 1.6, c2

2 = 2.3, c0
4 = 1.7, and c2

4 = − 1.5 are 

the best-fit potential coefficients, and R⊥ = 2.8 × 102 s−1 and R∥ = 1.0 × 106 s−1 are the 

best-fit diffusion rate constants (cf. Table 1). The standard value of βMQ, associated in this 

case with diffusive motion of the phenyl-d4 ring around the pseudo-C2 axis, is 64°.33 At 

−75 °C, the best-fit value of βMQ is 63° (within the scope of data fitting, the difference 

from 64° is significant). At higher temperatures, βMQ is smaller, gradually decreasing to 

61° at 75 °C. In general, the potential coefficients decrease in proceeding from −75 to 75 

°C, indicating that, in this temperature range, both the magnitude and the rhombicity of the 

potential decrease with increasing temperature. The parallel diffusion rate constant, R∥, is 

already in the extreme motional narrowing limit at −75 °C, so no change can be observed 

with increasing temperature. The perpendicular diffusion rate constant, R⊥, increases from 

2.8 × 102 s−1 at −75 °C to 5.0 × 102 s−1 at 75 °C.

The outer (perpendicular) divergences in the experimental −75 °C spectrum are more intense 

than those in the corresponding MOMD spectrum. This experimental lineshape was also 

challenging for the MSM approach,28 which to reproduce it considered three different 

exchange processes with rate constants on the order of 103–104 s−1. Nevertheless, the 

central parts of experiment and simulation do not agree well (cf. Figure 3A of ref 28). 

MOMD adequately reproduces the central part of the experimental −75 °C spectrum but 

encounters difficulties with the outer divergences (Figure 9). In ref 28, it was suggested that 

additional motional modes are most likely present, generally with minor spectral effect but 

with noticeable effect for some features.

As pointed out in Section 3.1, a sudden change in the 2H lineshape of UiO-68-d4 occurs 

around 100 °C (cf. Figure 4a). This is ascribed to yet another local structural change, 

or the emergence of a new feature of the dynamics, also found by MSM.28 Quantitative 

reproduction of the experimental 125 °C lineshape (and the 150 °C lineshape, which is 

virtually the same) required a change in the polar angle, βMQ, and in the form and strength 

of the potential, u. Figure 10a shows that βMQ = 66° is appropriate, and Figure 10b shows 

that the L = 2, ∣K∣ = 0, 2 potential suffices. We offer the black trace in Figure 10b as a 

reasonable calculated counterpart of the experimental 125 °C spectrum (Figure 4a). Detailed 

analysis will have to await the acquisition of additional experimental 2H spectra in the 100–

125 °C temperature range.

The best-fit MOMD parameters for the representative experimental UiO-68-d4 spectra 

chosen for analysis are given in Table 1.

A future prospect is to combine mesoscopic MOMD with atomistic MD simulations to 

determine POMFs in proteins. Once this is available, better reproduction of the experimental 
2H spectra in Figure 9a might be achievable. Note that our current MOMD simulations 

do reproduce the unusual rounded-peak appearance of the inner divergences. The MSM 

analysis accounts for the key discontinuities at all temperatures, including the increased 

spacing between the inner discontinuities with increasing temperature. However, the shape 
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of the inner divergences could not be well reproduced; it was ascribed to residual 

signals arising from intermediate motional regime motions and/or distributions of motional 

rates.28,34 The quality of the fit can be conveniently assessed by inspecting Figure S1 of the 

Supporting Information.

3.3.2. UWDM-9-d4.—The representative experimental 2H spectra acquired at 0, 50, and 

125 °C shown in Figure 11a have been selected for analysis. The best-fit MOMD spectra 

are shown in Figure 11b. The potential u = − c0
2D00

2 − c2
2D0 ∣ 2 ∣

2  suffices for reproducing the 

main features of the experimental spectra. All four parameters, c0
2, c2

2, R⊥, and R∥, change as 

a function of temperature. βMQ is equal to 64° at 0 and 50 °C and to 63° at 125 °C. In the 0 

to 125 °C range, R⊥ increases from 3.0 × 102 to 4.5 × 102 s−1 and R∥ from 3.2 × 105 to 1.3 

× 106 s−1; c0
2 decreases from 2.4 to 1.7 and c2

2 from 2.9 to 2.4 (Table 2). The quality of the fit 

can be conveniently assessed by inspecting Figure S2 of the Supporting Information.

The MOMD spectra in Figure 11b are not as resolved as their experimental counterparts 

in Figure 11a. They are also not as resolved in the MSM analysis, although in that 

study two contributing components were considered.28 We ascribe this feature to fast local 

fluctuations.

3.4. Comparison between UiO-68-d4 and UWDM-9-d4.

For a detailed comparison, we focus on the 0 °C spectra. The set of UiO-68-d4 spectra do 

not vary much with temperature; the 0 °C spectrum may be considered representative. A 

UWDM-9-d4 spectrum acquired at the same temperature is available. Thus, the 0 °C pair 

may be considered to be typical for comparison. The pertinent best-fit MOMD parameters 

are shown in Table 3.

Figure 12a shows the best-fit MOMD potential that reproduces (together with the 

corresponding R-tensor and βMQ angle) the 0 °C 2H spectrum of UiO-68-d4. Figure 

13a shows the analogous potential for UWDM-9-d4. Both are given in spherical polar 

coordinates, (θ, φ), in the director frame (C frame in Figure 3a). The UiO-68-d4 potential is 

given by eq 6 and the UWDM-9-d4 potential by eq 4. Key features of these potentials will be 

discussed shortly.

One may define second-rank order parameters in terms of the coefficients of the MOMD 

potential either in irreducible tensor notation, S0
2 and S2

2, or in Cartesian tensor notation, 

Sxx, Syy, and Szz. The two sets relate to one another as Sxx = ( 3 ∕ 2 S2
2 − S0

2) ∕ 2, 

Syy = − 3
2 S2

2 + S0
2 ∕ 2, and Szz = S0

2 (cf. eqs 4 and 5 and section after eq 5). These 

quantities, calculated from the coefficients given in Table 3, are given in Table 4.

For both UiO-68-d4 and UWDM-9-d4, the Cartesian order parameter with the largest 

absolute value is Syy, indicating that the main ordering axis (of the M frame in Figure 

3a) is y (cf. Figure 3c). In both cases, Syy is negative, indicating that y orients preferentially 

perpendicular to the local director. This situation is termed “perpendicular y-ordering”. The 

data in Table 4 are consistent with the main local ordering axis being identified with the 
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longitudinal symmetry axis of the phenyl-d4 ring and the Z axis of the local director frame 

being identified with the equilibrium orientation of the C─D bond.

Figures 12b and 13b show the equilibrium probability distributions, Peq = exp(−u), derived 

from the potentials illustrated in Figures 12a and 13a. They illustrate the spatial distribution 

of the main ordering axis, ZM (hence also the probe, C─D; cf. Figure 3c) in the director 

frame, C. Cartesian coordinates (x = sin θ cos φ, y = sin θ sin φ, z = cos θ) are used in 

this representation.32 The blue “lines” depict the most probable (equilibrium) M frames; the 

principal axes of these frames, (ZM)eq, are specified.

For UWDM-9-d4, Sxx ≅ Szz, and both are positive. Accordingly, Peq in Figure 13b is nearly 

disk-shaped. The corresponding POMF, shown in Figure 13a, has a minimum at φ = ±π/2, 

in agreement with y ordering; it is nearly invariant along the θ coordinate, in agreement 

with nearly axial y ordering. For UiO-68-d4, Sxx ≠ Szz, and both are positive. In accordance, 

Peq in Figure 12b is asymmetric. The corresponding potential, shown in Figure 12a, has a 

minimum at φ = ±π/2, in agreement with y ordering; it varies along the θ coordinate in a 

manner determined by the shape of the corresponding local potential.

The POMF of UWDM-9-d4 is stronger (larger c0
2), broader, and more symmetrical than the 

POMF of UiO-68-d4 (cf. Figures 12a and 13a). The local motion of the phenyl-d4 rotor is 

slower in UWDM-9-d4 as compared to UiO-68-d4 (Table 3). Stronger potential and slower 

motion in the presence of a mobile macrocycle may be ascribed to limited free volume. 

On the other hand, the POMF of UWDM-9-d4 is also smoother, has higher symmetry, and 

is more extensively dispersed than the POMF of UiO-68-d4 (cf. Figures 12a and 13a). In 

addition, the local motion is more symmetrical in the presence of the macrocycle, with 

R∥/R⊥ being 1.1 × 103 for UWDM-9-d4 and 3.2 × 103 for UiO-68-d4 (Table 3). Finally, the 

diffusion tilt, βMQ, assumes the standard value of 64° (63° at the high temperature of 125 

°C) in UWDM-9-d4, in evidence of the straightforward local geometry, while it digresses 

from this value in UiO-68-d4 (Tables 1 and 2).

The features delineated in the previous paragraph are not likely to be caused by limited free 

volume. They could be caused by cooperative phenyl-ring/macrocycle dynamics, stimulated 

by the high porosity and periodic crystalline nature of the MOFs studied. Independent 

phenyl-d4 dynamics in the UiO-68-d4 cavity is more elaborate; it suits optimally the 

character of the phenyl ring and its immediate surroundings. Cooperative phenyl-ring/

macrocycle dynamics in the UWDM-9-d4 cavity has a simpler potential; it suits reasonably 

well the character of both constituents and their surroundings, with the benefit of enhanced 

stability due to dynamic-structure uniformity.

It is of interest to also compare activation energies for local motion. Only three data points 

are available for every rate constant, the changes with varying temperature in R⊥ are small, 

and R∥ of UiO-68-d4 is already in the extreme motional narrowing limit. Hence, only 

limited information is expected. Figure S3 of the Supporting Information shows the relevant 

Arrhenius plots that yield Eact(UiO-68-d4, R⊥) = 2.2 ± 0.01 kJ/mol, Eact(UWDM-9-d4, 

R⊥) = 2.1 ± 0.3 kJ/mol, and Eact(UWDM-9-d4, R∥) = 10.2 ± 0.5 kJ/mol. These values are 

comparable in magnitude to activation energies reported for the diffusive local motion of 
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methyl groups in hydrated threefold symmetric Aβ40-amyloid fibrils.15 MSM analysis found 

that the phenyl-ring of UWDM-9-d4 is wobbling around the quasi-C2 symmetry axis with an 

activation energy of 27 ± 1 kJ/mol.28 That motion differs substantially from diffusion.

3.5. MOMD and MSM Interpretations.

The pictures of structural dynamics of UiO-68-d4 and UWDM-9-d4 emerging from these 

two different analyses are summarized below.

3.5.1. MOMD.—The key physical quantities include the local potential, u; the local 

diffusion tensor, R; and the polar angle βMQ. Together, they depict a clear physical picture. 

The forms of the potential, u, and the equilibrium probability distribution, exp(−u), provide 

information on the local structure and the spatial distribution of the probe, respectively. 

βMQ = 64° (63° at the high temperature of 125 °C) obtained for UWDM-9-d4 indicates that 

standard geometry (consistent with the notion of “conformational isomerism”) prevails for 

this MOF. On the other hand, UiO-68-d4 exhibits digressions from standard geometry on 

the order of several degrees. As expected, in the absence of structural changes, the diffusion 

rate constants, R∥ and R⊥, increase with increasing temperature. The values found for the 

order parameters, Sxx, Syy, and Szz, assign the main local ordering/local diffusion axis to the 

symmetry axis of the phenyl-d4 rotor. For UiO-68-d4, two local structural changes (in the 

sense of new features of the dynamic structure), occurring at −75 °C and approximately at 

100 °C, are detected.

The local potential, u, is more complex in UiO-68-d4 in comparison to that of UWDM-9-

d4, which is simpler (i.e., smoother, broader, and more symmetrical). Furthermore, the R 
tensor is more symmetrical in UWDM-9-d4. Finally, for UWDM-9-d4, the local geometry is 

standard33 (or nearly so). As pointed out above, simpler restricted motion is consistent with 

cooperative dynamics of the two mobile components in the UWDM-9-d4 cavity.

3.5.2. MSM.—Symmetry-related jumps of the phenyl-d4 ring around the pseudo-C2 axis, 

identified as the symmetry axis of the terphenyldicarboxylate linker, are considered. For 

UiO-68-d4, a four-site exchange model is used, comprising three symmetry-related jumps. 

The rate constant k1 refers to 90° jumps at one side of C2; the rate constants k2 and k3 

refer to 90 and 180° jumps across C2, respectively. k1 increases with increasing temperature; 

the intermediate rates k2 = 104 and k3 = 103 s−1 are temperature-invariant. The geometric 

relation between the quadrupolar tensor frame and C2 is expressed in terms of the angles α, 
β, β′, γ, and γ′. In MSM, the abrupt change in the 2H spectrum of UiO-68-d4 at −75 °C 

is attributed to a sudden onset of fast motion that is indicated by the narrower patterns, and 

no observation of clear intermediate motional regime signals. The abrupt change occurring 

at 100 °C (in the fast motion limit) is ascribed to k1, k2, and k3 assuming their extreme 

narrowing limit values; the three jump angles becoming 84, 96, and 180° instead of the 

established set of 90, 90, and 180°; and the angles γγ′ becoming ±48, ∓48° instead of 

the established set of ±45, ∓45°. The unusual rounded-peak appearance of the UiO-68-d4 

spectra is not reproduced but rather is attributed to low intensity signals that may be 

indicative of some dynamical processes in the intermediate motional regime.
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For UWDM-9-d4, a six-site exchange model is used. There are two types of symmetry-

related jumps: k1 represents fast wobbling at one side of the pseudo-C2 axis with γ = 0, 

γ′ = ±45° and a rate of 107 s−1; k2 represents 90° jumps across C2 occurring with a rate 

of 104 s−1. Both k1 and k2 are independent of temperature (over the range of observed 

spectra). A third static component is considered. The model consists of a weighted average 

superposition of the static component and the combined two dynamic components. The 

static component dominates the 2H lineshape at lower temperatures, and the combined 

mobile components dominate it at higher temperatures.

Both the MOMD and MSM analyses find that the presence of the macrocycle in the 

MOF cavity has a substantial effect on the dynamics of the phenyl-d4 ring. Both pictures 

of structural dynamics are complex. They comprise substantial information that provides 

snapshots of possible contributions to the big picture despite not converging into a unified 

description.

3.5.3. MOMD versus MSM.—A limited comparison between these two approaches may 

be carried out given that (ZM)eq in MOMD and the pseudo-C2 axis in MSM are formally 

analogous and (C─D)eq is common to both methods.

Figure 14a is the same as Figure 12b, and Figure 14c is the same as Figure 13b. Around 

(ZM)eq, there is an ensemble of ZM axes, each fixed (together with the respective C─D 

bond) in a given phenyl-d4 ring (cf. Figure 3c). ZM (hence, also C─D) is distributed in 

conformational space in accordance with the form of the local potentials depicted in Figures 

12a and 13a. The analysis is consistent for the two MOFs studied.

Figure 14b,d features the pseudo-C2 MSM axis that points in the same direction as 

(ZM)eq. The distribution of the probe in conformational space is given by four (six) 

equilibrium phenyl-d4 ring positions for UiO-68-d4 (UWDM-9-d4) around the pseudo-C2 

axis, among which the phenyl-d4 ring is exchanging. This is only a partial picture because 

additional motional modes contributing to the overall MSM models, which differ for the 

two MOFs considered, are not taken into consideration in MSM but are subsumed in the 

MOMD description. We do note that both approaches yield higher symmetry of the probe 

distribution for the MOF that comprises the mobile macrocycle (Figure 14c,d versus Figure 

14a,b). This represents the extent to which MOMD and MSM may be compared.

4. CONCLUSIONS

We developed the MOMD approach for the analysis of 2H NMR lineshapes in the solid 

state in terms of a collective motional mode consistent with the experimental resolution. 

Here we apply it to the UWDM-9-d4 metal–organic framework (MOF) that is composed 

of a phenyl-d4 rotor as probe and a mobile crown ether and to the UiO-68-d4 MOF that is 

only composed of the phenyl-d4 rotor. In the absence of the mobile macrocycle, the local 

potential at the C─D site, comprising four terms, is highly rhombic and relatively weak. 

The local C─D diffusion exhibits substantial axiality, and the local geometry digresses 

to some extent from the standard arrangement. Increasing the temperature results in faster 
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diffusion and reduced strength and rhombicity of the potential. Two abrupt local structural 

changes are detected.

In the presence of the mobile macrocycle (UWDM-9-d4 cavity), the C─D diffusion is 

slowed down and a two-term potential broader in shape and more symmetrical suffices. 

The local ordering (defined in terms of the corresponding local potential) is nearly axially 

symmetric, and the local geometry has a standard character. These features are consistent 

with cooperative motion of the two mobile components in the cavity of UWDM-9-d4. 

This renders the dynamics simpler, promoting dynamic-structure uniformity and MOF/MIM 

stability.

A previous interpretation of the same experimental data based on the multi-simple-

mode (MSM) reasoning is also discussed. The different MOMD-based and MSM-

based perspectives of structural dynamics have been delineated above. While the two 

interpretations differ, the pseudo-C2 axis in MSM may be considered to be the formal 

analogue of the equilibrium orientation of the main ordering/diffusion axis in MOMD.

One may conclude that MOMD serves as a tool for collectively monitoring motions 

involving several mobile components of MOFs. This should be helpful in designing MOF-

based molecular machines.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Structural design of the basic UWDM MOF. (b) The tetrahedral cavity of UiO-68. (c) 

The tetrahedral cavity of UWDM-9-d4 viewed down the [2]rotaxane crossbar showing the 

relative positions of the 24C8 macrocycle (red, space filling) and the central deuterated 

phenyl rotor of the primary linker TPDC-d4 (cyan). (d) Super-tetrahedral cavity of 

UWDM-9-d4 showing the relative positioning of the phenyl-d4 rotor and the 24C8 

macrocycle. Reprinted with permission from ref 28. Copyright 2021 Cell Press.
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Figure 2. 
(a) Schematic showing the mobile phenyl-d4 ring in the UiO-68-d4 cavity. (b) Schematic 

showing the mobile phenyl-d4 ring and the mobile 24C8 macrocycle in the UWDM-9-d4 

cavity. Reprinted with permission from ref 28. Copyright 2021 Cell Press.

Meirovitch et al. Page 19

J Phys Chem B. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
(a) MOMD frame structure. L, space-fixed laboratory frame; C, molecule-fixed local 

director frame; M, probe-fixed ordering/diffusion frame; Q, probe-fixed quadrupolar frame. 

The Euler angles ΩCM are time-dependent due to molecular motion, the Euler angles ΩMQ 

are time-independent, and the Euler angles ΩLC are distributed in space at random. The 

arrows relate to the dynamical model and the dashed lines to the sample morphology. 

(b) The four stable states among which the phenyl-d4 ring of UiO-68-d4 exchanges in 

MSM, with “C2” denoting the longitudinal pseudo-C2 axis of this ring (represented by 

the moiety colored in cyan). The pseudo-C2 axis in MSM is (approximately) the formal 

analogue of (ZM)eq in MOMD. The transverse symmetry axis of the phenyl-d4 ring is 

(approximately) the equilibrium/average C─D orientation, (C─D)eq, in both MOMD and 

MSM. (c) Orientation of the main diffusion/ordering axis, ZM, in the director frame, C.
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Figure 4. 
(a) Experimental 2H NMR spectra of UiO-68-d4 as a function of temperature.(b) 

Experimental 2H NMR spectra of UWDM-9-d4 as a function of temperature. Reprinted 

with permission from ref 28. Copyright 2021 Cell Press.
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Figure 5. 

Simulated 2H MOMD spectra for log R⊥, log R∥, c0
2, and c2

2 obtained with the diffusion tilt, 

βMQ, in the 62–66° range. R⊥ and R∥ are given in units of s−1, the quadrupolar coupling 

constant is CQ = 180 kHz (η = 0), and the intrinsic linewidth is 1 kHz. This figure refers to 

both UiO-68-d4 and UWDM-9-d4.
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Figure 6. 

Simulated 2H MOMD spectra for log R⊥, log R∥, c0
2, and c2

2 referring to UWDM-9-d4. Other 

parameters are as described in the caption of Figure 5.
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Figure 7. 

Simulated 2H MOMD spectra for log R⊥, log R∥, c0
2, and c2

2 referring to UiO-68-d4. Other 

parameters are as described in the caption of Figure 5.
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Figure 8. 

(a) Simulated 2H MOMD spectra for log R⊥, log R∥, c0
2, and c2

2 assessing the parameter 

ranges appropriate for UWDM-9-d4. (b) Simulated 2H MOMD spectra for log R⊥, log R∥, 

c0
2, c2

2, c0
4, and c2

4 assessing the parameter ranges appropriate for UiO-68-d4. Other parameters 

are as described in the caption of Figure 5.
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Figure 9. 
(a) Experimental UiO-68-d4 spectra acquired at −75, 0, and 75 °C (cf. Figure 4a). (b) 

Best-fit calculated MOMD spectra obtained using the parameters depicted in the figure and 

given in Table 1 (cf. main text for details). The error in the polar angle, βMQ, is ±1.5%; 

the error in the potential coefficients is ±5%; and the error in the diffusion rate constants is 

±10%.18 Reprinted with permission from ref 28. Copyright 2021 Cell Press.

Meirovitch et al. Page 26

J Phys Chem B. Author manuscript; available in PMC 2023 April 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Simulated MOMD spectra referring to the experimental spectrum of UiO-68-d4 acquired at 

125 °C. (a) Log R⊥, log R∥, c0
2, c2

2, c0
4, and c2

4, as depicted in the figure; βMQ = 64° (black) 

and βMQ = 66° (red). (b) Log R⊥, log R∥, c0
2, and c2

2, as depicted in the figure; βMQ = 66°. 

Other parameters are as described in the caption of Figure 5.
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Figure 11. 
(a) Experimental UWDM-9-d4 spectra acquired at 0, 50, and 125 °C (cf. Figure 4b). (b) 

Best-fit calculated MOMD spectra obtained using the parameters depicted in the figure and 

given in Table 2. The diffusion rate constants, R⊥ and R∥, are given in units of 102 and 104 

s−1, respectively. Error estimates are as described in the caption of Figure 9. Reprinted with 

permission from ref 28. Copyright 2021 Cell Press.
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Figure 12. 
Typical (a) MOMD potential, u, given by eq 6, and (b) equilibrium probability distribution, 

Peq = exp(−u), both depicted in the director frame, C (cf. Figure 3c). u is given in spherical 

coordinates and Peq in Cartesian coordinates. These are best-fit functions corresponding to 

the experimental 0 °C 2H spectrum of UiO-68-d4. The equilibrium orientations of the main 

ordering/diffusion axis, (ZM)eq, and the C─D bond, (C─D)eq, are specified in panel b.
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Figure 13. 
Typical (a) MOMD potential, u, given by eq 4, and (b) equilibrium probability distribution, 

Peq = exp(−u), both depicted in the director frame, C (cf. Figure 3c). u is given in spherical 

coordinates and Peq in Cartesian coordinates. These are best-fit functions corresponding to 

the experimental 0 °C 2H spectrum of UWDM-9-d4. The equilibrium orientations of the 

main ordering/diffusion axis, (ZM)eq, and the C─D bond, (C─D)eq, are specified in panel b.
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Figure 14. 
(a) Typical MOMD-derived orientational probability distribution, Peq = exp(−u), of ZM 

(fixed in the phenyl-d4 ring) around (ZM)eq (fixed in the director frame, C) for UiO-68-d4. 

(b) Distribution of the four equilibrium phenyl-d4 ring positions of UiO-68-d4 around the 

pseudo-C2 axis. (c) Typical MOMD-derived orientational probability distribution, Peq = 

exp(−u), of ZM (fixed in the phenyl-d4 ring) around (ZM)eq (fixed in the director frame, 

C) for UWDM-9-d4. (d) Distribution of the six equilibrium phenyl-d4 ring positions of 

UWDM-9-d4 around the pseudo-C2 axis.
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Table 1.

Best-Fit MOMD Parameters Reproducing the Experimental 2H Spectra of UiO-68-d4 Acquired at −75, 0, 75, 

and 125 °C (Figures 4a, 9, and 10)

R⊥, s−1 R∥, s−1 c0
2 c2

2 c0
4 c2

4 βMQ°

125 °C 4.0 × 102 1.6 × 106 3.0 3.0 0.0 0.0 66

75 5.0 × 102 1.6 × 106 1.4 1.8 1.5 −1.3 61

0 4.0 × 102 1.6 × 106 1.6 2.3 1.7 −1.5 62

−75 2.8 × 102 1.6 × 106 1.6 2.3 1.7 −1.5 63
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Table 2.

Best-Fit MOMD Parameters Reproducing the Experimental 2H Spectra of UWDM-9-d4 Acquired at 0, 50, and 

125 °C (Figure 11)

R⊥, s−1 R∥, s−1 c0
2 c2

2 βMQ°

125 °C 4.5 × 102 1.3 × 106 1.7 2.4 63

50 3.2 × 102 4.0 × 105 2.4 2.9 64

0 3.0 × 102 3.2 × 105 2.4 2.9 64

J Phys Chem B. Author manuscript; available in PMC 2023 April 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Meirovitch et al. Page 34

Ta
b

le
 3

.

B
es

t-
Fi

t M
O

M
D

 P
ar

am
et

er
s 

R
ep

ro
du

ci
ng

 th
e 

2 H
 S

pe
ct

ra
 o

f 
U

iO
-6

8-
d 4

 a
nd

 U
W

D
M

-9
-d

4 
A

cq
ui

re
d 

at
 0

 °
C

R
⊥

, s
−1

R
∥, 

s−1
c 02

c 22
c 04

c 24
β M

Q
°

0 
°C

 U
iO

-6
8

4.
0 

×
 1

02
1.

6 
×

 1
06

1.
6

2.
3

1.
7

−
1.

5
62

0 
°C

 U
W

D
M

-9
3.

0 
×

 1
02

3.
2 

×
 1

05
2.

4
2.

9
N

A
N

A
64

J Phys Chem B. Author manuscript; available in PMC 2023 April 07.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Meirovitch et al. Page 35

Ta
b

le
 4

.

O
rd

er
 P

ar
am

et
er

s 
D

ef
in

ed
 in

 T
er

m
s 

of
 th

e 
Po

te
nt

ia
l C

oe
ff

ic
ie

nt
s 

G
iv

en
 in

 T
ab

le
 3

sy
st

em
c 02

c 22
c 04

c 24
S 02

S 22
S x

x
S y

y
S z

z

U
iO

-6
8-

d 4
1.

6
2.

3
1.

7
−

1.
5

0.
07

0.
55

0.
30

2
−

0.
37

2
0.

07

U
W

D
M

-9
-d

4
2.

4
2.

9
N

A
N

A
0.

20
5

0.
47

7
0.

19
0

−
0.

39
5

0.
20

5

J Phys Chem B. Author manuscript; available in PMC 2023 April 07.


	Abstract
	Graphical Abstract
	INTRODUCTION
	THEORETICAL BACKGROUND
	RESULTS AND DISCUSSION
	Qualitative Description of the Experimental Spectra.
	The UiO-68-d4 System.
	The UWDM-9-d4 System.

	Relevant Parameter Ranges.
	Analysis of the Experimental 2H Spectra.
	UiO-68-d4.
	UWDM-9-d4.

	Comparison between UiO-68-d4 and UWDM-9-d4.
	MOMD and MSM Interpretations.
	MOMD.
	MSM.
	MOMD versus MSM.


	CONCLUSIONS
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Figure 11.
	Figure 12.
	Figure 13.
	Figure 14.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

