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ABSTRACT: The microscopic-order-macroscopic-disorder (MOMD) approach for NMR s
lineshape analysis has been applied to the University of Windsor Dynamic Materials (UWDM) ;(:sg?o f‘; zc;

of types 1, 2, a-3, -3, and S, which are metal—organic frameworks (MOFs) comprising mobile
mechanically interlocked molecules (MIMs). The mobile MIM components are selectively
deuterated crown ether macrocycles — 24C6, 22C6, and B24C6. Their motion is described in
MOMD by an effective/collective dynamic mode characterized by a diffusion tensor, R, a
restricting/ordering potential, u, expanded in the Wigner rotation matrix elements, D y, and features of local geometry.
Experimental “H lineshapes are available over 220 K (on average) and in some cases 320 K. They are reproduced with axial R, u
given by the terms Dj, and Dj ), and established local geometry. For UWDM of types 1, -3, and S, where the macrocycle resides in
a relatively loose space, u is in the 1—3 kT, Ry in the (1.0-2.5) X 10°s™", and R, in the (0.4—2.5) X 10* s™' range; the deuterium
atom is bonded to a carbon atom with tetrahedral coordination character. For UWDM of types 2 and -3, where the macrocycle
resides in a much tighter space, a substantial change in the symmetry of u and the coordination character of the *H-bonded carbon
are detected at higher temperatures. The activation energies for R and R are characteristic of each system. The MOMD model is
general; effective/collective dynamic modes are treated. The characteristics of motion, ordering, and geometry are physically well-
defined; they differ from case to case in extent and symmetry but not in essence. Physical clarity and consistency provide new
insights. A previous interpretation of the same experimental data used models consisting of collections of independent simple
motions. These models are specific to each case and temperature. Within their scope, generating consistent physical pictures and
comparing cases are difficult; possible collective modes are neglected.
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1. INTRODUCTION Free volume

NMR lineshape analysis is a powerful method for studying
structural dynamics, in particular internal molecular mobility, in
the solid state.' ' Internal motions are spatially restricted by
the immediate molecular environment. Consequently, the NMR
spectra comprise not only kinetic information associated with
the motion itself but also structural information associated with
the local spatial restrictions and the pertinent molecular features.
In this study, we focus on rigid metal—organic frameworks

(MOFs), which comprise mobile mechanically interlocked Metal node ~ Axle (crossbar)

m(.)leculeﬁs(g\l/[ng) , prepared in recent years at Fhe University 9f ——

Windsor, hence called University of Windsor Dynamic Linking strut Wheel

Materials (UWDMs). The importance of gaining new insights

into the dynamic structures of these materials as representatives Figure 1. Basic UWDM design. The MOF is built of a combination of

of nanoscale MOE/MIM systems cannot be overestimated.!”~2° rigid struts (green) and metal nodes (brown). The MIM is built of the
The basic UWDM design is depicted in Figure .13 The MOFE axle (blue) and the wheel (red) of a [2]rotaxane. The MIM is inserted
is made of linking struts (green) and metal nodes (brown). The as p?rt of afcrossbar bet“vls{een tfle struts. The axle together with the wheel
MIM comprises the axle (blue) and the wheel (red) of a is often referred to as "linker”
[2]rotaxane linker, inserted as part of the crossbar between the
struts. The wheel is a crown-ether macrocycle with thermally
activated internal motion. The 24[crown]-6 ether (24C6) was
used in UWDM-1,"*"* UWDM-2,"* a-UWDM-3,"* f-UWDM-
3,'* and UWDM-S." The 22[crown]-6 ether (22C6) and the
benzo[24]crown-6 ether (B24C6) were used in UWDM-1."* In
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Table 1. Compositions of the Various UWDM Systems Studied in This Work'3~1¢*

MOEF axle macrocycle
UWDM-1 2[rotaxane] [24]crown-6,
B[24]crown-6,
[22]crown-6
UWDM-2 three-fold 2[rotaxane], ADC [24]crown-6

interlocked, pillared
a-UWDM-3 twice

interlocked, pillared
S-UMDM-3 twice

interlocked, tilted pillared

UWDM-$ asymmetric
paddle-wheels

2[rotaxane], BPDC, phase [24]crown-6

2[rotaxane], BPDC, phase [24]crown-6

Y-shaped with 2,4,5-
triphenylimidazolium end-
groups

[24]crown-6

metal ion
H-bond; linker charge strut group”
one; neutral 3,5-benzene-dicarboxylic Cu™, A
acid groups
one; neutral 1,4-diazophenyl- Zn*, B
dicarboxylate
one; neutral 1,4-biphenyl-dicarboxylate Zn*, B
one; neutral 1,4-biphenyl-dicarboxylate Zn*, A
two; cationic (balanced  [Zn(NO,)(DEF)] Zn*, A

by the nitrate) secondary building units'®

“Group A (B): The macrocycle resides in relatively loose (tight) spaces. ADC: 4,4'-azodiphenyldicarboxylic acid;'* BPDC: 4,4'-

biphenyldicarboxylic acid;'* DEF: diethylformamide.'®

addition to the identity of the macrocycle, these materials differ
in the chemical composition of the axle and paddle-wheels; this
information appears in Table 1. Isotope labeling of the
macrocycles was carried out using deuterium gas for hydro-
genation of the crown-ether double bond (E and Z isomers)."?
Deuterium lineshapes were acquired in previous work over
temperature ranges of 220 K (on average) and in some cases as
extended as 320 K."*7'°

The authors of refs 13—16 studied macrocycle mobility in
these materials with ?H lineshape analysis. They used the multi-
simple-mode (MSM) method, which combines several
independent simple local motional modes and neglects possible
collective modes. However, it was shown that while each simple
mode can well be fast in the Redfield sense, collective modes
being necessarily slower can dominate the NMR lineshapes.”"**

Two-site jumps of the C—D bonds around axes allowed to
vary as a function of system and temperature and quite unique
macrocycle motions involving subsets of the crown-ether atoms
were considered. To reconcile the fact that the four double-bond
E and Z isomers yield the same experimental spectra, quite
specific local geometry had to be postulated to render the overall
model plausible. In MSM, the spatial restrictions are implicit in
the geometric features; ordering potentials, necessarily exerted
by the solid matrix, are not included in the formalism. With
enough independent modes included, MSM yielded good
agreement between calculated and experimental *H line-
shapes."*™'°

In themselves, the MOF/MIM systems described above are
not “molecular machines” or “molecular switches”; these
functions require a reversible change in structure and/or
dynamics. However, the results of consistent analyses of
structural dynamics could serve as reference for devising
nanodevices. For this, one has to be able to compare the
relevant physical parameters among systems. This is difficult to
achieve with collections of simple geometrically unrelated
dynamic modes, where model improvement means adding
degrees of freedom by including additional simple motional
modes; this changes the overall model, further limiting
comparison. Finally, often, MSM models present more details
than can unambiguously be discerned from just the NMR
lineshapes.

We have developed the microscopic-order-macroscopic-
disorder (MOMD) approach™” for the analysis of *H lineshapes
from polycrystalline samples.***~>” MOMD is a mesoscopic
model, largely free of the above-noted limitations. It is based on
the stochastic Liouville equation (SLE) developed by Freed and
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co-workers for generally treating restricted motions.”* % All of
the major features — type of motion, spatial restrictions, and
local geometry — are treated for the entire motional range with
due consideration to their three-dimensional tensorial require-
ments. The motion is expressed by a diffusion tensor, R, the
spatial restrictions by a potential, u, expanded in the basis set of
the real combinations of the Wigner rotation matrix elements
(which are in direct proportion to the spherical harmonics), and
the local geometry by the relative orientation of the model and
the NMR tensors. These elements describe an effective/
collective restricted local-motional mode. Model improvement
is accomplished in a straightforward manner by enhancing the
local potential and/or lowering the symmetry of the diffusion,
ordering, and/or magnetic tensors.

Previously, we applied MOMD to the analysis of *H
lineshapes with the C—D bond serving as ?Probe; the systems
studied include medium-sized molecules,”"*” globular pro-
teins,” and the core region of several dry and hydrated Af,q-
amyloid-fibrils.”**° In all of these cases, an axial R, u given by the
terms Dgo and Djp, and simple descriptions of the local
geometry proved to be an appropriate parameter combination.

It is important to appreciate the useful “information content”
of the MOMD lineshapes. There are undoubtedly many
atomistic details as well as orienting or “cage” effects that can
lead to a particular MOMD lineshape. Our previous and present
successful use of the MOMD model shows that it contains
enough relevant features that represent in a collective sense the
dominant slower structural dynamics that remains after faster
local “atomistic” modes average out in the NMR timescale.
MOMD is no substitute for detailed theoretical analyses from
first principles of NMR relaxation that are emerging.’"**
However, MOMD is a good mesoscopic approach with a clear
physical interpretation that realistically represents the inherently
limited (partly in view of the polycrystalline morphology)
information content of solid-state NMR lineshapes.

Here, we apply MOMD to the intricate MOF/MIM systems
described above, for which experimental *H spectra'*~' are
available over extensive temperature ranges. In general, the
parameter combination found to be appropriate in previous
cases reproduces the main features of the experimental “H NMR
spectra. Our analysis is aimed at capturing the common physical
characteristics and pinpointing the distinctive ones; this
approach serves well the long-term goal of this study — to
help design nanodevices.

On the basis of this rationale, two groups are distinguished.
UWDM-1, f-UWDM-3, and UWDM-S with 24C6, as well as

https://dx.doi.org/10.1021/acs.jpcb.0c03687
J. Phys. Chem. B 2020, 124, 6225—6235
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UWDM-1 with 22C6 and B24CS, form group A,"*7'% where the
macrocycle resides in a relatively loose space. The *H spectra of
the constituents of group A evolve with increasing temperature
similarly, however, at a different pace. This evolution is
characterized in the upcoming sections in terms of MOMD
parameters; the different pace is ascribed to different activation
energies for local motion. UWDM-2 and a-UWDM-3 with
24C6 form group B, where the macrocycle resides in a tight
space.'* Below 276 K, the group B spectra evolve similar to the
group A spectra. Above 276 K, they evolve in a qualitatively
different manner, ascribed to a change in the form/symmetry of
the local potential and the coordination character of the
deuterium-bonded carbon atom.

In Section 2, we briefly summarize the MOMD theory. In
Section 3, we illustrate the sensitivity of MOMD in the relevant
parameter ranges and carry out MOMD analysis of representa-
tive experimental “H spectra from groups A and B. Our
conclusions appear in Section 4.

2. THEORETICAL BACKGROUND

The MOMD theory as applied to NMR was described
. 8,24—27 . . ) .
previously. For convenience, its basics are outlined
below. Figure 2 shows the MOMD frame scheme for the

L

\
N QL(
Y
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N

Figure 2. MOMD frame structure. L — space-fixed laboratory frame; C
— molecule-fixed local director; M — probe-fixed ordering/diffusion
frame; Q — probe-fixed magnetic frame. The Euler angles Q¢ are time-
dependent due to molecular motion, the Euler angles €2y,q are time-
independent, and the Euler angles € are distributed in space at
random.

deuterium nucleus. L is the space-fixed laboratory frame, and C
is the local director frame fixed in the molecule. M denotes the
principal axis system (PAS) of the local ordering tensor, S, taken
the same (for simplicity) as the PAS of the local diffusion tensor,
R. 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).

The Euler angles Q) are time-dependent due to the local
motion of the probe. The Euler angles Qy,q = (aMQ, Py yMQ)
are time-independent. Given that the Q frame is axially
symmetric, one has yyq = 0. For convenience, the angle ayq
is set equal to zero. Thus, the orientation of Zy, (main ordering/
diffusion axis) relative to Zy (the principal axis of the
quadrupolar tensor pointing along the C—D bond) is given by
the polar angle, fyq, often called “diffusion tilt”.

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 (€, = 0), is
given by”®

(g)pm ) = [—IHQ — ol (2, 1),

with [LR(Q) = 0 (1)

The Euler angles Q—(a, 3, y) are the same as Qcy; in the
notation above. I'g is a Markovian operator for the rotational

reorientation of the spin-bearing moiety (probe). H(Q) is the
quantum Liouville operator, i.e., the commutator superoperator
defined in terms of H(Q), the probe spin Hamiltonian
describing the magnetic interactions. P(£2, t) is the probability
of finding Q in the particular state at time, ¢, and Py(Q) is the
unique equilibrium probability distribution of P(Q, ) defined by
[oP(Q, t) = 0. p(€, t) is the density matrix operator describing
the joint evolution of the quantum spin degrees of freedom and
the classical motion coordinates, .
A simple form of the diffusion operator, g, is”®

—T, = RALP(Q, t)
— (R/kT)(sin B)"'0/0p[sin p TP(Q, t)] (2)

where R is the isotropic rotational diffusion rate, V§ is the
rotational diffusion operator in the Euler angles, £, and T is the
restoring torque. The latter is equal to du/df for an axial
restoring potential, e.g., u 2 (—3/2)cj(cosf)* (u is given in units
of kTj i.e., it is dimensionless). The expression of [, for rhombic
diffusion tensors and rhombic potentials is given in ref 29.
Reference 30 comprises the extension of the theory to arbitrary
Qe

In polycrystalline morphologies to which we refer here, there
is no “macroscopic order” aligning the molecules. Therefore,
one has to calculate *H NMR spectra for a large enough number
of director orientations (i.e., Q; ¢ values) and sum the individual
lineshapes accordmg to random distribution; this completes the
MOMD model.***

In this study, we are using an axial diffusion tensor, R,
associated in the absence of a restricting potential with three
decay rates, 7z’ = 6R| + KZ(R” —R)),where K=0, 1,2 (Kis the
order of the rank 2 diffusion tensor). R and R are the principal
values of R; one may also choose to define 7 = 1/(6R;) and 7, =
1/(6Ry). 2

For a uniaxial local director, one may expand the potential in
the complete basis set of the Wigner rotation matrix elements
with M = 0, DI(;' «(Qcp). One has™®™*°

U(QCM) i z iDL (Qeny)

L=1 K=

”('QCM) =

with ck being dimensionless. If only the lowest, L = 2, terms are
kept, one obtains the real potential®*>°

”(QCM) = _Cng,o(QCM) - sz[Dg,z(QCM)
+ Dy _,(Qcy)] *

This form of u(Qcy,) is used below. Note that we did not
consider the lowest L = 1 terms. They could be considered’” but
are typically omitted in view of the second-rank (L = 2) nature of
the quadrupolar tensor.**

The order parameters for L = 2 are defined as*”

<D§,K(QCM)> = /dQCMD(iI<(QCM)EXP[_"‘(QCM)]/

/dQCMexp[—u(QCM)],
K=0,2 (%)

For at least three-fold symmetry around the local director, C,
and at least two-fold symmetry around the principal axis of the

https://dx.doi.org/10.1021/acs.jpcb.0c03687
J. Phys. Chem. B 2020, 124, 6225—6235
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Figure 3. Neutral linkers UWDM-1/24C6, UWDM-2/24C6, and UWDM-5/24C6. Upper part: schematic molecular drawing. Middle part: ball-and-
stick representations of a single unit of the respective MIM coordinated to the metal-ion-containing paddle-wheels or in the pillaring framework of
UWDMS-S to the zinc dicarboxylate layers. Lower part: location of the macrocycle in the respective 3D metal—organic framework. Reproduced with
permission from refs 13, 14, and 16. Copyrights 2012, 2014, and 2016 of the American Chemical Society.

local ordering tensor, Zy;, only the irreducible tensor
components S3 (Dgo(Qcy))and 83 = (D§,(Qey) +
D§, _ ,(Qcy)) survive.”” The Saupe order parameters relate to
S¢ and S} as S,.=(J3/28-5)/2, S,,
—(J3/287 + 82)/2,and S, = S,

The implementation of the MOMD approach in terms of an
effective computer program is described in refs 23 and 35
Reference 35 is a User’'s Guide for the calculation of slow-
motional magnetic resonance spectra (in this case, H spectra)
for given values of €. Reference 23 is the article where
MOMD was originally developed; the superposition of
individual slow-motional lineshapes according to random
distribution of € is discussed in some detail in that article.

To carry out a MOMD calculation, one has to specify the
external magnetic field, the quadrupole constant, Q, the intrinsic
linewidth, (1/T,)*, the number of ; : 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.”® The physical parameters to be
specified and varied in data analysis include the coefficients ¢}
and ¢; of the potential of eq 4 and the diffusion rate constants R,
and R, . The diffusion tilt, fq, is typically fixed at a preset value.

3. RESULTS AND DISCUSSION

3.1. Systems Studied. Figure 1 shows the basic UWDM
design. UWDM-1 comprises linkers with symmetrical paddle-
wheels and the crown ethers 24C6, 22C6A, and B24C6 (Figure
S1la,c of the Supporting Information) as wheels. UWDM-$ with
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24C6 acting as a wheel comprises nonsymmetrical paddle-
wheels. The UWDM-2 and UWDM-3 frameworks are inter-
penetrated (UWDM-2, three-fold and UWDM-3, two-fold),
with the 24C6 rings of the MIM positioned inside the tight
(square) openings of neighboring zinc dicarboxylate layers
(Figure S1d of the Supporting Information).'* Upon activation
(i.e., initiation of wheel dynamics) of UWDM-3 by removing
solvent, a reversible phase transformation occurs: a-UWDM-3
denotes the system before and f-UWDM-3 after the phase
transition. In f-UWDM-3, a tilted pillared structure, where the
macrocycle resides no longer in a tight space, is established.
Table 1 summarizes the structures of the UWDMs studied.
Group A (B) comprises MOF/MIM systems where the
macrocycle resides in relatively loose (tight) spaces.

Figure 3 illustrates the information given in Table 1. The
upper part shows the neutral linkers of UWDM-1/24C6 (refs 13
and 15, UWDM-2/24C6 (ref 14, and UWDM-5/24C6 (ref 16.
The middle part shows ball-and-stick representations of single
units of these MIMs coordinated to the metal ions in the paddle-
wheels or, in the case of the pillaring framework of UWDM-§, to
the zinc dicarboxylate layers. The lower part shows the location
of the macrocycle in the respective 3D metal—organic
frameworks. Figure S1 of the Supporting Information provides
additional illustration.

The design criteria for the UWDM systems are specified in ref
13, where the synthesis of UWDM-1 and the X-ray structural
characterization of the MOF linker comprising the 24C6 wheel
are delineated. The experimental observation by solid-state
NMR of the motion of 24C6 inside UWDM-1 is also described

https://dx.doi.org/10.1021/acs.jpcb.0c03687
J. Phys. Chem. B 2020, 124, 6225—6235
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in that article; similar descriptions appear in refs 14—16 for the
other MOF/MIM systems. Among others, it is indicated that the
temperature was calibrated using *“’Pb NMR spectra of PbBNO,
acquired under the same conditions, following literature
methods. The preparation of UWDM-2 and UWDM-3 and
the conditions under which one obtains a-UWDM-3 or
P-UWDM-3 are described in ref 14. The synthesis of the linkers
that contain the macrocycles 22C6 and B24C6 is described in ref
15. The preparation of UWDM-6 is described in ref 16.
3.2. General Assessments.

(a) Low-temperature *H NMR spectra with a Pake-doublet
appearance, which are unchanged upon increasing the
temperature over a sizable range, are considered to be
rigid-limit (RL) spectra. They are characterized by an
axial *H quadrupole tensor with a principal value of Q &
160 kHz. In all of our calculations, we used Q = 160 kHz
and an intrinsic linewidth, (1/T,)*, of 1 kHz.

(b) The strength of the local potential is estimated semi-
quantitatively as follows. Let us assume exchange between
equally populated sites (p; = p,). In the extreme motional
narrowing limit, one has 1/T, = 6> X (p; X p,)/kex (1/Ts,
linewidth; 6, chemical-shift site-separation; k., jump/
exchange rate). Very fast diffusive motion yields 1/T, =
A*X (85)* X 7 for the simple potential u = —c3D}, (A, axial
magnetic tensor anisotropy; S§ = <Dgy>; 7 = 1/(6R),
correlation time for local motion). Thus, in the limit of
very fast local motion, (S3)* in MOMD is formally
analogous to p; X p, in the exchange process. For p; = p,,
one has p; X p, = (83)* = 0.25, which corresponds to c§ =
2.3; for p; # p,, one has (S2)? < 0.25, which corresponds
to c < 2.3. It is reasonable to assume that c3 is comparable
to cp; thus, both coefficients are expected to represent
potentials on the order of 2—3 kT.

(c) The [2]rotaxane wheel was labeled with deuterium at the
double bond of the crown ether (E and Z isomers). Let us
consider several cases of C—D diffusion about axes of
stereochemical relevance. For deuterium bonded to a
carbon atom with double-bond character (ideally, D—
C=C), the C—H and C—D bonds of a given methylene
group (only one H-atom is isotope-labeled) lie in the
same plane. Two-site exchange would occur about a jump
axis tilted at 60° (or 120°) from the C—D bond; this
corresponds to a diffusion axis tilted at 64° (or 133°) from
the C—D bond.”” For deuterium bonded to tetrahedral
carbon, diffusion occurs around the symmetry axis of the
tetrahedron; in this case, the diffusion axis is tilted at 70.5°
(or 109.5°) from the C—D bond. For the 12[crown]-4
ether in its LINCS complex, the tilt angle between the C—
D bond and the axis for internal motion was determined
to be equal to 79° (or 101°).** We consider By equal to
64, 70, or 79° to be possible values for the diffusion tilt.

(d) R, represents motion around the main ordering/diffusion
axis, z, and R, represents motion around the (equal) x and
y axes, which are perpendicular to z. We show below that
R may be associated with C—D motion and R, with

macrocycle motion.

3.3. MOMD Simulations. As indicated, the potential
coefficients ¢ and ¢; are expected to be on the order of 1-3
(in the unit of kT). For a quadrupole constant of 160 kHz, the
analysis is sensitive to 7; = 1/(6R;) and 7 = 1/(6R;) in the
millisecond-to-microsecond range, ie., to logR; and logR;
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(which are the parameters we report) in the 2—7 range. As
indicated, the angle fyq is taken to be equal to 64, 70, or 79°.

Figure 4 shows MOMD spectra of the kind that is expected at
lower temperatures, obtained with Q = 160 kHz, fyiq = 70.5°,

logR1 logRi ¢Z ¢}
22 50 2320 Bmo=70.5°
22 50 2.3 0.0
22 48 2.3 00

2.2 4.6 2.3 0.0

-100 0

100

Figure 4. Calculated MOMD spectra for local diffusion rate constants,
R, and Ry, given in logarithmic form; coefficients, ¢ and &, of the local
potential of eq 4; and diffusion tilt angle, Syq, with values as depicted in
the figure. Additional parameters include a quadrupole constant of 160
kHz and an intrinsic linewidth, (1/T,)*, of 1 kHz.

log R; =2.2,and log R in the 4.6—5.0 range. As the symmetry of
the local potential is not known, we consider both the axial case,
represented by ¢ = 2.3 and ¢} = 0, and rhombic case, represented
by ¢§=2.3 and &} = 2. The red, green, and blue traces correspond
to the axial potentials. They are quite sensitive to Ry; all of them
exhibit an overall spectral width on the order of 80 kHz.
However, the lower-temperature experimental spectra have
overall widths close to 240 kHz (3/2Q), which corresponds to
the RL spectrum (see below). Thus, axial local potentials are
inappropriate. On the other hand, the black spectrum in Figure
4, which corresponds to a rhombic potential, has an overall
width on the order of 180 kHz, which could well be an incipient
slow-motional lineshape. In our subsequent simulations, we
allow for rhombic potentials.

Figure 5 shows series of *H lineshapes obtained with Prmaq
equal to 64 (black) and 79° (red), which we take as lower and
upper bounds for fyq. Increasing R and R, and decreasing a
and ¢} in the series a—i simulate a typical scenario of increasing
temperature. Clearly, the local geometry represented by the
angle By has a substantial effect on the analysis. The fyq = 64°
spectra (black) appear to “lag behind” the fy;q = 79° spectra
(red). This is consistent with the activation barrier being higher
when the deuterium-bonded carbon has double-bond character
(Prq = 64°). Figures S2, S3, and S5—S7 of the Supporting
Information show the full spectrum evolution with temperature
for the various MOF/MIM systems. In general, the lineshapes
change slowly with temperature (for example, see Figure S7 of
the Supporting Information).

Figure 6 features intermediate diffusion rate constants, Ry and
R, and u in the 1-3 range. It illustrates the emergence of a
“shoulder” as a consequence of just a small variation in Ry and
R, ; the relevance of this feature will become clear shortly.

3.4. MOMD Analysis. 3.4.1. Qualitative Analysis. Figure
7a—c shows selected H NMR spectra from UWDM-1,
UWDM-S$, and f-UWDM-3 with 24C6 (group A) obtained at

https://dx.doi.org/10.1021/acs.jpcb.0c03687
J. Phys. Chem. B 2020, 124, 6225—6235
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Figure 5. Ilustration of the evolution of *H MOMD spectra in the
parameter range of interest for a scenario that simulates an increase in
temperature from a to i. The black lineshapes are for fy,q = 64° and the
red lineshapes for Sy = 79°. Log R, log Ry, ¢, and ¢ as depicted in the
figure. The definition of the various parameters and additional
information used in these calculations are the same as in the caption
of Figure 4.

| 1 | |

-100 0 100

Figure 6. Calculated MOMD spectra for log R, log R, &, 3, and Pua
as depicted in the figure. The definition of the various parameters and
additional information used in these calculations are the same as in the
caption of Figure 4.

the same or nearly the same temperatures. In some cases, such
lineshapes closely resemble one another. Occasionally, pairs of
such spectra have a similar appearance, with one of the
constituents exhibiting narrower overall width; this is ascribed to
fast local fluctuations that reduce the rigid-limit *H clluadrupole
constant to a somewhat smaller effective value."*”™"® In other
cases, similar lineshapes of different systems appear at different
temperatures; this is ascribed to different activation energies for
local motion. A broad pattern appears at lower temperatures in
some of the overall-similar lineshapes — cf. the 255 K spectrum
in row b as compared to the 251 K spectrum in row a of Figure 7.
Its edges, occurring at +3/8Q, correspond to the perpendicular
component of the static quadrupole tensor; often, they are
dubbed shoulders. As shown in Figure 6, the shoulder-pattern
may be ascribed to a relatively small change in R, or Ry. It will
not be seen in given systems if experimental spectra are not
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Figure 7. Experimental H NMR spectra from the crown ether 24C6
interlocked in UWDM-1 (row a), UWDM-5 (row b), /-UWDM-3
(row ¢), a-UWDM-3 (row d), and UWDM-2 (row e), at the
temperatures depicted in the figure. Reproduced with permission from
refs 14 and 16. Copyrights 2014 and 2016 American Chemical Society.

acquired at the particular temperature where it actually appears.
It may be concluded that the character of the lineshape evolution
with temperature is similar in rows a—c, with the activation
energies for R, and R being characteristic for each system.

Figures 7d,e shows selected “H NMR spectra from the group
B systems a-UWDM-3/24C6 and UWDM-2/24Cé6. Up to 318
K, rows d and e exhibit pairs of spectra obtained at the same
temperature. The constituents of each pair are nearly the same,
and the pairs differ from one another (see also Figure S2 of the
Supporting Information, parts c and d). It may be concluded that
in the 255—318 K temperature range, the activation energies for
R, and R; are nearly the same for a-UWDM-3/24C6 and
UWDM-2/24C. Above 318 K, the 2H spectra were obtained at
different temperatures for these two systems. The 339 K
spectrum in row d and the 424 K spectrum in row e are visually
very close to the preceding 318 K spectra. The straightforward
interpretation is that the high-temperature spectra belong to the
extreme motional narrowing limit. As such, they do not provide
new information and may be disregarded in the context of the
present discussion.

Below 276 K (second column from the left in Figure 7), the
group B spectra are generally similar in appearance to the group
A spectra (the shoulder issue is discussed above), except for
being considerably narrower, most likely due to fast local
fluctuations in the group B systems. That such motions are
experienced by 24C6 residing in the tight spaces of a-UWDM-3
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and UWDM-2 is not surprising. Above 276 K, the group A
spectra (rows a—c) evolve into a “horn”-featuring lineshape. On
the other hand, the group B spectra (rows d and e) do not evolve
into such a shape.

Figure 8 shows UWDM-1 with 24C6 (row a), 22C6 (row b),
and B24C6 (row c). The *H NMR spectra in rows a and b may

24C6 _
\ UWDM- 5
251 K 276 324 480
22C6
\ b
255 276 318 424
B24C6
[ c
255 K| 276 318 424
T
200 0  -200
kHz

Figure 8. Experimental “H NMR spectra from UWDM-1 with 24C6
(part a), 22C6 (part b), and B24C6 (part c), at the temperatures
depicted in the figure. Reproduced with permission from ref 1S.
Copyright 2015 American Chemical Society.

be included in group A; the H NMR spectra in row ¢ may be
included in group B, without line-narrowing. It is interesting that
unlike 24C6 in the tight spaces of a-UWDM-3 (Figure 7d) and
UWDM-2 (Figure 7e), bulky B24C in UWDM-1 (Figure 8c)
does not experience fast local fluctuations. Further studies are
required to clarify this matter. The conclusions drawn on the
basis of the selected lineshapes shown in Figures 7 and 8 are
reinforced by the full lineshape evolutions shown in Figures S2,
S3, S5, and S7 of the Supporting Information.

3.4.2. Quantitative Analysis. 3.4.2.1. MSM Analysis. Typical
experimental *H spectra of the macrocycle 24C6 and the
temperatures at which they appear in the different systems are
shown in Figure S4 of the Supporting Information. The
annotations below each spectrum specify the best-fit parameters
of the simple motional modes (separated by semicolumns),
which together constitute the overall model used to reproduce
that spectrum. Clearly, model diversity (i.e., extensive variation
in the identity of the simple motional modes and the values of
the pertinent parameters) among systems is substantial. Figure
SS of the Supporting Information shows the evolution of the *H
spectra of 246C, 22C6, and B24C6 in UWDM-1 as a function of
temperature, with the MSM models specified for each system at
every temperature. Model diversity is considerable in extent,
both as a function of system type and as a function of
temperature. Finally, Figure S6 of the Supporting Information
shows the full evolution with temperature of the *H spectra of
24C6 in UWDM-1, the best-fit MSM spectra, and the molecular
schematics of the simple motional modes considered in
obtaining the latter. For selected temperatures (160, 180, 203,
and 225 K), Figure SS, column on the left, shows the models
used to obtain the corresponding spectra and the pertinent best-
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fit parameters. Each temperature is associated with a different
model, hence a different set of parameters.

3.4.2.2. MOMD Analysis. The upper part of Figure 9 shows
experimental ’H NMR spectra of UWDM-1 with 24C6,"> which

‘ a (3 e
225K 324 480
\
b d
251 373
200 0 -200
kHz
BMQ= 70°
logR, logR,, c§ c3?
36 6.0 1.3 28/40 6.2 11 2744 64 09 24
ﬂa j\\c )
\
20 20 ~0 38 6.1 12 2742 6.2 11 26
b d
|
1 1
200 0 -200
kHz

Figure 9. Upper part: experimental *H NMR spectra from UWDM-1
with 24C6 at 225 (a), 251 (b), 324 (c), 373 (d), and 480 K (e).
Reproduced with permission from ref 15. Copyright 2015 American
Chemical Society. Lower part: MOMD spectra that fit best the
experimental spectra of the upper part. Log R, log Ry, c3, ¢}, and fq as
depicted in the figure and given in Table 2. The definition of the various
parameters and additional information used in these calculations are the
same as in the caption of Figure 4.

are representative of group A. The lower part shows the
corresponding best-fit MOMD spectra, obtained following
extensive simulations. The agreement between calculated and
experimental spectra is good. The goodness-of-fit is estimated
visually taking into account the independently determined
sensitivity of the MOMD analysis to the various MOMD
parameters and the errors in these parameters (depicted below).
Currently, we do not have an automated data-fitting scheme that
would provide statistical measures. The authors of refs 13—16
did not report such a scheme either. Consequently, MOMD
versus MSM comparison is also conducted on the basis of visual
assessment. The agreement of the MOMD spectra with the
corresponding experimental spectra is comparable to the
agreement of the MSM spectra with the corresponding
experimental spectra — see Figure 9 for MOMD and Figures
S6 and S7 for MSM.
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The angle Byq = 70° gave the best overall result in the
temperature range of 225—480°; the estimated error is +2.5°.
Pumq = 70° is consistent with deuterium bonded to tetrahedral
carbon, with the local diffusion axis pointing along the symmetry
axis of the tetrahedron. This carbon atom belongs to the crown-
ether ring (Figure 10a); in view of strain associated with ring

a b

Bma ‘%
- 1 D .

N\ NG F<
C. " T

Figure 10. (a) Schematic illustration of a crown ether macrocycle with
the “H-labeled site expanded. For illustration, the hydrogenated (using
deuterium gas) carbon—carbon bond is depicted as a single bond of
tetrahedral character. (b) Ball-and-stick representations of the single-
crystal X-ray structures of UWDM-2 containing ADC linkers (top) and
UWDM-3 containing BPDC linkers (bottom), showing portions of the
corresponding interpenetrated lattice frameworks. Color key: blue —
aniline axle, red — 24C6 wheel, yellow — carboxylate linkers, and green
— zinc atoms. Reproduced with permission from ref 14. Copyright 2014
American Chemical Society.

closure, perfect tetrahedral symmetry is not expected. Our
results should be viewed as a preference for this stereochemically
relevant geometric arrangement rather than proof of tetrahedral
symmetry.

The potential coefficient ¢ decreases from 1.3 to 0.9 and the
potential coefficient ¢; decreases from 2.8 to 2.4 in the 225—480
K temperature range. The estimated error in ¢ and ¢3 is 5%. As
indicated in the Theoretical Background section, from the
coefficients ¢; and ¢; one may calculate the second-rank local
ordering tensor, S (eqs 4 and S). Table 2 shows the order
parameter in irreducible-tensor notation (S3 and S3) and in
Saupe tensor notation (S,,, S,,, and S,»), calculated from the
best-fit ¢ and ¢ values of Figure 9. The estimated error in the
order parameters is 7%. All of these parameters are depicted in
Table 2 in the 225—480 K temperature range. The best-fit values
of the diffusion rate constants, R and R, with estimated errors
of 10%, are also shown.

At 225 K, the component S, is the largest Saupe order
parameter, the component S, is somewhat smaller with opposite
sign, and S_, is very small. This indicates x ordering with “nearly
planar xy ordering”.

It is of interest to pictorially illustrate the MOMD model as
applied in this study. Figure 10 does this by associating the
parameters R, R}, ¢}, and ¢5 with molecular features. The *H-
labeled macrocycle is shown in Figure 10a. The bond depicted as

“C—C” was a double bond prior to hydrogenation using
deuterium gas; after hydrogenation, its coordination character is
in-between a single (tetrahedral) bond and a double bond
(Section 3.2. (c)); within the scope of this representative
display, we show it as a single bond. According to the definition
of the angle fy;q, the PAS of the R tensor has its z axis parallel to
C—C. Usually, the faster rate constant is associated with the z
axis and the slower rate constant with the x and y axes; in some
cases, the reverse relationship was found to be valid.”® The latter
case suits the present situation as the motion of the macrocycle is
most likely slower than the motion of the C—D bond. All things
considered, including the effective/collective character of the
MOMD mode, we associate R, with the macrocycle and Rwith
the C—D bond.

Figure 10b shows ball-and-stick representations of the single-
crystal X-ray structures of UWDM-2 containing ADC linkers
(top) and UWDM-3 containing BPDC linkers (bottom), as
portions of the corresponding interpenetrating lattice frame-
works.'* The macrocycle 24C6 is colored in red. That the
different surroundings exert different restrictions at the site of
the motion of the macrocycle in the UWDM-2 lattice as
compared to the UWDM-3 lattice can be assessed qualitatively
by visual examination. The coefficients ¢§ and ¢ provide a
quantitative estimate of the strength and rhombicity of these
restrictions, within the scope of the potential given by eq 4.

Both R and R, increase with increasing temperature. Based
on the data shown in Figure 9 and Table 2, we calculated
activation energies of 7.5 + 0.8 k] /mol for R and 3.4 + 0.35 kJ/
mol for R,. Both values are substantially smaller than the MSM
estimates for specific simple dynamic modes.'*~'® The MOMD
results are consistent with large changes in temperature causing
relatively small changes in the experimental ?H spectra (Figures
S2, $3, and S5—S7 of the Supporting Information).

Except for the activation energies for local motion, the results
obtained for UWDM-1/24C6 (lower part of Figure 9 and Table
2) also refer to the other members of group A. Obtaining
accurate energies for local motion for the various systems
requires further investigation.

We turn now to group B, with constituents UWDM-2/24C6
and a-UWDM-3/24C6. Below 276 K, the results obtained for
group A apply; above 276 K, the lineshapes change very little
with a further increase in temperature. One might maintain that
the extreme motional narrowing limit has been attained already
at 276 K — see qualitative analysis delineated in Section 3.4.1.
On the basis of quantitative analysis, this is, however, unlikely
(a) in view of the group B values of R and R, at 276 K (see
below) and (b) in light of previous quantitative studies of similar
systems. 6373940

Thus, the challenge is to reproduce the *H lineshapes for 318
and 339 Kin Figure 7d and for 318 and 424 K in Figure 7e. One
can do so quite easily using axial u and spherical R. However, it is
not reasonable for the local potential and the local diffusion

Table 2. Potential Coefficients, ¢ and ¢, from Figure 9; Corresponding Order Parameters Sy and S3 (in Irreducible-Tensor
Notation) and S, S,y and S (in Saupe Tensor Notation); Diffusion Rate Constants, log R, and log R from Figure 9

exp’l temp. (K) @ & s? s2
225 1.3 2.8 —0.034 0.652
251 1.2 2.7 —0.039 0.648
324 1.1 2.7 —0.059 0.663
373 1.1 2.6 —0.044 0.644
480 0.9 2.4 —0.054 0.633

S
0416
0416
0.436
0.416
0.414
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Sy S.. order type log R, log R
—0.382 —-0.034 x 3.6 6.0
-0.377 —-0.039 x 3.8 6.1
—0.377 —0.059 x 4.0 6.2
—-0.372 —0.044 x 4.2 6.2
—0.361 —0.054 x 4.4 6.4
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Figure 11. Simulated MOMD spectra for log R, log Ry, c§, and ¢ as depicted in the figure and given in Table 3, with Priq =70° (a—e) and fyq = 64°
(f—j). The definition of the various parameters and additional information used in these calculations are the same as in the caption of Figure 4.

Table 3. Potential Coefficients, c; and 3, and Diffusion Rate Constants, Log R| and Log R, from Figure 11f—j; Order Parameters

(See Title of Table 2 for Details) Calculated from ¢ and ¢

figure @ & s? s Sex
f 1.4 2.9 —0.030 0.655 0.416
g 1.3 2.8 —0.034 0.652 0.416
h 1.2 2.7 —0.039 0.648 0.416
i 1.1 2.0 0.050 0.514 0.290
j 2.1 2.0 0.289 0.352 0.071

Sy}, S.. order type log R, log R,
—0.386 —0.030 X 34 5.9
—0.382 —-0.034 x 3.6 6.0
-0.377 —0.059 X 39 6.1
—0.340 0.049 y 4.2 6.2
—0.360 0.072 axial y 4.4 6.4

tensor to be more symmetrical in the highly restrictive spaces of
the group B systems than in the much less restrictive spaces of
the group A systems; the opposite trend is expected. Also, a
spherical R tensor implies identical rates for C—D motion and
macrocycle motion, which is unlikely.

Below 276 K, the best agreement between experiment and
calculation is obtained for rhombic u, axial R, and fy;q = 70°. c%
and ¢} decrease, whereas R and R, increase, with increasing
temperature. In general agreement with these characteristics, the
best results obtained for group B above 276 K are shown in
Figure 11a—e. We carried out extensive simulations varying all of
the parameters in small steps. The spectra of Figure 11d,e is the
closest we could get to the high-temperature *H spectra of
Figure 7d,e using ff\;q = 70°. The agreement between calculated
and experimental lineshapes is not satisfactory primarily because
spectra 11d and 1le show horns, while the high-temperature
spectra in Figure 7d,e do not. The horn pattern is eliminated by
using the stereochemically viable alternative of fyq = 64° (cf.
Section 3.2. (c)) and allowing ¢} to increase with increasing
temperature at the high-temperature end. This is shown in
Figure 11f—j, which represents a typical spectrum evolution
suitable to group B.

Table 3 shows the order parameters calculated from the cj and
¢ values of Figure 11f—j, the cj and ¢ values themselves, and R
and R;. Similar to the group A spectra preferential x ordering
with nearly planar xy ordering prevails for the lineshapes 11f—h.
On the other hand, preferential y ordering with “closely planar xy
ordering” prevails for the lineshape 11i. In going from spectrum
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11i to spectrum 11j, the y ordering is preserved, but it becomes
axial. Thus, beyond spectrum 11h, which represents the
situation at 276 K, the symmetry of the local ordering changes
significantly.

The fact that the narrow feature-less spectrum in Figure 11i
appears at substantially higher (simulated) temperature than the
similarly looking spectrum in Figure 11b is indicative of
substantially higher activation barrier for fyq = 64°
(deuterium-bonded carbon atom with double-bond character)
as compared to fyq = 70° (deuterium-bonded carbon atom
with single-bond character).

As expected, the local diffusion rate constants, reported as
logR, and logRy, increase with increasing temperature. Note
that logR, of 4.2 and 4.4 and logR| of 6.1 are smaller than their
extreme motional narrowing values. The axial potential
coefficient, ¢}, increases in going from spectrum 11i to spectrum
11j; this might appear counterintuitive. However, one has to
consider the coefficients c§ and ¢ jointly in evaluating the form/
symmetry of the local potential. This can be done by considering
order parameters that are defined in terms of both ¢ and o,
which we indeed did in discussing the data of Tables 2 and 3.

The following comment is important. As pointed out above,
there exist in the field of protein dynamics by NMR methods
other than MOMD for treating internal molecular mobility in
the solid state; some have been developed recently.'’"* Many
methods only treat the relaxation limit;*'? in some formalisms,
the spatial restraints are implicit in the geometric features;'® and
SLE-based approaches represent both the motion itself and the
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spatial restrictions operating on it in simple encoded forms.*’

These methods cannot provide information with regard to the
form of the local ordering potentials and the coordination
character of the atoms that constitute the NMR probe.

4. CONCLUSIONS

The microscopic-order-macroscopic-disorder (MOMD) ap-
proach for elucidating structural dynamics by NMR lineshape
analysis was applied to the case of University of Windsor
Dynamic Materials of types 1, 2, @-3, -3, and S. The “dynamic”
component is a crown ether — 24C6, 22C6, or B24C6 — labeled
selectively with deuterium. *H lineshapes have been analyzed
with MOMD over temperature ranges of 220 K (on average).
Two UWDM groups were identified. Group A comprises
UWDM of types 1, #-3, and 5, and group B comprises UWDM-2
and a-UWDM-3. In group A, where the crown ether is less
constrained spatially, C—D motion is relatively fast (R, in the
(1.0-2.5) x 10°s7* range), macrocycle motion is relatively slow
(R, in the (0.4—2.5) X 10*s™" range), and the local potential is
relatively weak and highly rhombic (¢} and & are in the 1-3
range). Within a good approximation, the deuterium-bonded C-
atom has tetrahedral-carbon character. The group members
differ in the activation energies for R and R;; quantitative
determination of these differences is postponed to future work.

In group B, the crown ether is considerably more constrained
spatially. Below 276 K, the temperature-induced evolution is
similar to that of group A. Above 276 K, the form/symmetry of
the local potential differs from the form/symmetry of the group
A local potential. In addition, the deuterium-bonded C-atom
assumes double-bond character.

The MOMD picture of structural dynamics is general,
consistent, and physically relevant; these attributes lead to
new insights and new applications (e.g., see below). The MSM
picture is limited in scope with regard to these characteristics.

The well-defined MOMD parameters associated consistently
with a single effective/collective local motional mode can help in
the design of MOF/MIM-type molecular machines. Within the
scope of clean environment promotion, they could be useful for
the development of MOFs for capturing carbon dioxide® and
nitrogen dioxide."”
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