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ABSTRACT: Supramolecular self-assembly of brominated triphenyl
amine bis-urea macrocycles leads to the formation of porous organic e A AL rr inary Midure
crystals with small elliptical 4.3 A X 6.5 A unidirectional pores. Here, /‘\/’ /ff‘ /{/Z /{?f:/ % }; \‘\,,:@
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the crystals. Host—guest complexes with each xylene constitutional ﬂt 3\4 'ﬂf V poo—
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m/p-Xylene
isomer as well as with ethylbenzene were separately prepared by Binary Mixtur;@ A
single-crystal-to-single-crystal guest exchange and their structures
analyzed by single-crystal X-ray diffraction. Room-temperature xylene isomer enrichment employing these porous organic crystals
provides insight toward energy efficient alternatives for separating complex petrochemical feed mixtures.
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P orous materials serve as vessels for small molecules and
are useful for storage, sensing, and separations.l_8 For
example, the separation of C8 aromatic compounds (xylene
isomers and ethylbenzene (EB)) found in crude oil is
important for commercial materials but is a challenging
process with a high energy cost.” Xylene isomers have similar
physiochemical properties including boiling points and vapor
pressures and are not easily separated by distillation.”™"" Melt
crystallization is hindered by the eutectic point, limiting isomer
enrichment to 70%.’ Currently, adsorption purification,
considered to be energy-friendly, accounts for ~75% of the
xylene enrichment processes worldwide.” These processes
typically employ zeolites, which have low manufacturing costs,
MOFs, or organic porous materials.'>™>* Adsorption purifica-
tion has also been achieved using nonporous materials such as

25 . L 26
Werner clathratezs, switchable coordination networks,™ and Figure 1. Self-assembly of 1 into porous tubes used for enrichment of
molecular hosts.”” Some of these materials are impacted by binary xylene isomeric mixtures via vapor loading at room
water in the feed mixtures or exhibit stability issues in the temperature. p-X (green) is most favored to load into activated

o 7,928
presence of water or acidic solutions.””** Here, we apply a

porous crystalline host from self-assembled triphenylamine bis-

urea macrocycle 1 depicted in Figure 1 to separate stocks of Host 1 is an example of a bottom-up assembly approach and
ortho, meta, and para xylenes (0-X, m-X, p-X). To simulate relies on a n.lacrocyclic building block with an inherent inter.nal
how host 1 could be used for the separation of C8 aromatic pore to reliably form pores upon assembly and crystalliza-
compounds from crude oil, EB was loaded into the porous
channels of 1 and competition experiments with mixtures of Received:  July 26, 2021 e
the four compounds were also investigated. Interestingly, the Revised:  December 12, 2021 ;
kinetic diameters of these guests range from 6.7 to 7.4 A Published: December 30, 2021
(Table 1), similar to the pore size of host 1.” In addition, the

single crystal structures of the host—guest complexes were

obtained and compared (Figure 2A).

host 1.
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Table 1. Physical Properties of C8 Aromatic

Compounds'**"*°
kinetic
boiling diameter dipole moment oIarizabilitg
isomer point (K) (A) (X 10'® esu cm) (I;( 107 cm?)
0-X 417.6 7.4 0.649 141-149
m-X 412.3 7.1 0.36 142
p-X 411.5 6.7 0.1 137-149
EB 409.3 6.7 0.59 142

tion.”>> The three centered urea—urea hydrogen bonding
motif (Figure 2B) guides the construction of columns while
the exterior bromines contribute additional halogen-7 contacts
to facilitate the packing of the one-dimensional columns.*® The
multiple and directional intermolecular contacts of 1 enhance
production of larger crystals (35 X 265 pm), which are robust
enough to load guests via single-crystal-to-single-crystal (SC—
SC) transformations.”* Crystals are activated by simple heating
to remove the encapsulated solvent of crystallization and afford
host 1. Exposure of host 1 to new guests in the liquid or vapor
phase results in uptake of the guest to give crystals of a new
host—guest complex, which readily diffract by SC-XRD. The
elliptical 4.3 A X 6.5 A unidirectional pores of assembled 1
(Figure 2A) readily load small planar guests including benzene
and its halogenated derivatives.”* All host—guest complexes
observed with SC-XRD retained the hydrogen bonding
network of the host after each new guest was exchanged inside.

Here, we investigate if the xylene isomers (0-X, m-X, p-X)
can be individually loaded in the channels of 1 and examine the
structures and contacts of these host—guest complexes. The
xylene isomers with smaller kinetic diameters exhibited

favorable geometries for 7—x stacking interactions with the
host framework. The host was then tested for the separation of
mixed solutions of 0-X, m-X, and p-X. Selectivity of guest
loading was found to favor the smaller isomer in all
competition experiments.

B RESULTS AND DISCUSSION

Macrocycle 1 was synthesized as previously reported.”* Host 1
crystals were grown via vapor diffusion of 1,2-dimethoxyethane
(DME) into a dimethyl sulfoxide (DMSO) solution of 1 (~2.5
mg/mL).** The crystals (5 mg samples) were activated by
heating to 80 °C under vacuum overnight, then cooled under
vacuum to room temperature. Next, vials of activated host 1
were removed from vacuum and placed inside larger vials
containing prepared binary xylene mixtures for competition
experiments or in pure xylene samples for SC—SC trans-
formation studies (Figure 1). In all cases, xylene guests were
allowed to vapor load into the activated host 1 crystals
overnight and crystals remained colorless throughout the 54
competition studies and four single component sorption
experiments using the same batch of crystals. Additionally, a
competition experiment was conducted on a ternary xylene
mixture as well as a quaternary mixture including the three
xylene isomers and ethylbenzene (Figure SA,B). The guests
were subsequently extracted from the complexes using
CH,CL,

To assess if the C8 aromatics can be absorbed individually
into the host, we first characterized the complexes by SC-XRD.
Table S1 compares the single crystal SC-XRD data for the
activated host 1 (CCDC No. 1899528) with 1-(0-X)gs
(CCDC No. 2097958), 1-(m-X),s (CCDC No. 2097959),

A)

Aétivated :1

Activated 1 1:(0-X)g 5
Void space (% per Void space (% per
unit cell): 9.9 unit cell): 10.5

1:(m-X)o 5 1-(p-X)o.5
Void space (% per Void space (% per
unit cell): 10.6 unit cell): 10.6

Figure 2. (A) Comparison of interatomic distances within the pores of activated 1, 1-0-X, 1-m-X, and 1-p-X as viewed along the crystallographic b-
axis from SC-XRD data (subtracting for van der Waals radii). (B) Comparison of one-dimensional columns of activated host 1, 1-0-X, 1-m-X, and
1-p-X with their void space highlighted in blue and urea—urea hydrogen bond distances labeled. Xylene guests were removed for all void space
calculations. Columnar void space was calculated with a probe radius of 1.3 A and approximate grid spacing of 0.1 A using the Mercury 2020.2.0

software package.*
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Figure 3. (A) Schematic diagram illustrating key attributes for 7—x interactions: centroid—centroid distance (d), centroid—centroid offset (r), and
interplanar angle (0). (B) The xylene guest and nearest macrocycle from each of the complexes. Key attributes for 7—z interactions are listed
beside the aryl rings making up the inner pore of host 1. The aryl rings are labeled A—D in order by increasing centroid—centroid (d) distance
between the host and guest. Offset values (r) that fall within the most commonly reported range are highlighted in green.*®

1-(p-X)ps (CCDC No. 2097960), 1-(EB)y4s (CCDC No.
2121650), and 1-(CH,Cl,)o55,) (CCDC No. 2097957). The
activated host crystals and its clathrates adopt the P2,/c space
group of the monoclinic system. In each case, no dissolution or
change in crystal size was observed throughout the process,
consistent with guest loading via a nondestructive SC-SC
transformation. The xylene isomers each displayed 1:0.5 host—
guest stoichiometry in their respective complexes.

The pore size of individual macrocycles in the activated host
and each host—guest complex varied only very slightly,
presumably to better accommodate interactions with each
specific guest shape (Figure 2A). The pore of activated 1
exhibits the largest distance (6.53 A) between the two urea
moieties of the assembled macrocycles but the shortest
distance (4.19 A) between the triphenylamine (TPA)
spacers.”* Columnar assembly of macrocyclic 1 expands this
inherent cavity to create a porous roughly tubular channel,
which oscillates between slightly wider and more narrow
sections (Figure 2B). The urea—urea hydrogen bond distances
of activated 1 display N(H)-+O distances of 2.845(2) and
2.915(2) A>* The void space within these tubes is calculated
with Mercury using the single crystal data and reveals the void
space of activated 1 to comprise 9.9% of the unit cell.**

Figure 2B compares the view along a single column of each
xylene complex, highlighting the similar columnar framework
of the assembled host.”* Slight changes were observed upon
guest loading. Adsorption of 0-X, the largest guest (kinetic
diameter = 7.4 A),*” affords a 1-(0-X), 5 complex that exhibits a
slight lengthening of the tubes with N(H)--O distances of
2.871(4) and 2.942(4) A (Figure 2B). The elliptical shaped
pores display intermediate urea—urea (6.37 A) and TPA-TPA
(4.38 A) distances (Figure 2A) and comprise a calculated void
space of 10.5% of the unit cell with the guest omitted.
Although 0-X guest is disordered in 1-(0-X),s (Figure S3),
further analysis suggests CH-7 and 7—7 interactions between
the host and guest aryl rings (Figure 3B). The energy of 7—x
interaction depends upon interplanar angle (6) between the
two aryl rings as well as the offset distance (r) between their
centroids (Figure 3A).*® A comprehensive survey of 7—7x
interactions between aryl rings using 28 177 entries from the
CCDC (version 5.39) with centroid-to-centroid distances (d =
0—7 A), interplanar angles (6 = 0—90°), and offset distances (r
= 0—3.6 A) suggests that a parallel displaced geometry with an
offset distance of r = 3.2—3.6 A is the most common geometry
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for these interactions.”® The observed interplanar angles
(50.04—64.71°, Figure 3B) between o-xylene and the four
aryl rings comprising the pore of the nearest host 1 macrocycle
suggest more T-shaped stacking character than parallel
displaced. However, the 1-(0-X)os complex does not exhibit
favorable offset values for either T-shaped (r = 0°) or parallel
displaced (r = 3.2—3.6°) geometries (Figure 3B).*

For 1-(m-X),s, the bent structure of m-X with a slightly
smaller kinetic diameter of 7.1 A, shows an increase in the
N(H)--O distances of the framework (2.880(5) and 2.961(5)
A) (Figure 2B). The urea—urea repeat distance in 1-(m-X), s is
therefore the largest in the series of complexes at 4.66 A. An
intermediate TPA—TPA distance of 4.32 A was observed
(Figure 2A). The void space of the porous host in the 1-(m-
X)o.s complex equates to 10.6% of the unit cell. Similar to o0-X,
this guest was examined for parallel displaced z—r interactions
with the interior aryl rings of the host. Intriguingly, 7—x
interactions with one of the host’s aryl rings does exhibit an
offset value (r = 3.341 A) within the reported ideal range for
parallel displaced geometry (r = 3.2—3.6 A). 3 However, the
interplanar angle (6 = 47.15°) is quite large for the two aryl
rings to be considered parallel and none of the offset values are
near the ideal (r = 0°) value for a T-shaped geometry.

Absorption of the elongated p-X with the smallest kinetic
diameter (6.7 A, Table 1) affords 1-(p-X),s complex with
slightly shorter N(H)---O distances (2.863(5) and 2.939(5)
A). The framework’s hydrogen bonding distances are closest to
those observed in the activated structure (Figure 2B). The
pore displays the shortest urea—urea distance of 6.31 A and
shows a lengthening of TPA—TPA distance to 4.41A (Figure
2A). The void space of 1:(p-X), is the same as that of 1-(m-
X)o.s equating to 10.6% of the unit cell (Figure 2B). Geometric
analysis for 7—x interactions within the host—guest complex
reveals two offset distances (r = 3.483 and r = 3.598 A) within
the reported ideal range for parallel displaced geometry.*®
However, the interplanar angles (@ = 49.74 and 65.30°)
between these aryl rings suggest they are not parallel and none
of the offset values are near the ideal (r = 0°) value for a T-
shaped geometry.

Loading of ethylbenzene yielded structure 1-(EB) 45 (Figure
SC), which is very similar to the xylene complexes. The
columnar structure is best viewed along the crystallographic b-
axis (Figures S6 and S7) with a urea—urea distance of 6.37 A
and a TPA—TPA distance of 4.36 A. The void space in the
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Figure 4. Averaged results from GC/MS data of three trials of selective vapor loading from (A) o/m-xylene binary mixtures, (B) o/p-xylene binary

mixtures, and (C) m/p-xylene binary mixture.

channels of the host in 1-(EB)y,s is 10.4% of the unit cell
(Figure S7B). 1-(EB) 45 exhibits one offset value (r = 3.448 A,
Figure S7C) within the ideal range for parallel displaced 7—x
interactions. However, the metrics for the interaction distances
in the host—guest complexes are obscured due to the disorder
of the guests.

To compare relative strengths of the host—guest interactions
for each complex, thermogravimetric analysis (TGA) was
conducted on 1-(0-X)ys, 1:(m-X)gs, 1-(p-X)os, and 1-(EB)g4s
(Figures S8—S12). Each complex exhibited a one-step
desorption curve. In 1-(p-X),¢ the desorption was observed
between 25 to 150 °C with an average weight loss of 6.19%
(Figure S8), which corresponds to a host/guest ratio of 1:0.51.
In comparison, all of the other complexes were slightly less
stable, exhibiting a one-step desorption between 25 to 150 °C.
1-(0-X) s exhibited an average weight loss of 5.54%. From the
weight loss, we calculated a host/guest ratio of 1:0.45. The 1-
(m-X),5 showed a weight loss of 5.77% which leads to host/
guest ratio of 1:0.47. Finally, 1-(EB)y,s showed an average
weight loss of 5.25% and a host/guest ratio of 1:0.43. Figure
S13 compares the desorption curves of the four complexes on
one graph and suggests that 1-(p-X), is slightly more stable
than the other three complexes. Another comparison of this
stability is the temperature required for 3% weight loss, which
was 63, 69, 78, or 96 °C for the 1-(m-X),s, 1-(EB)gys, 1-(o-
X)os and 1-(p-X), s complexes, respectively.

To probe selective loading of xylene isomers, binary xylene
mixtures were prepared (4 mL each) at the following
concentrations using volumetric syringes: 1.00%, 20.0%,
25.0%, 33.3%, 50.0%, 75.0%, and 99.0%. Freshly activated
host crystals (S mg) were exposed to the binary xylene
mixtures in a closed container at ambient temp for 16 h
(Figure 1). The crystals were then removed from the xylene
atmosphere and suspended in CH,Cl, or CD,Cl, for 2 days to
ensure complete removal of xylene from the host and
replacement with the more favorable CH,Cl, guest. The
CH,Cl, guest was then removed under vacuum and the
activated hosts were used again to complete three trials of the
separation experiment. Samples of the complexes were also
directly disassembled by dissolution into DMSO to ensure that
extraction does not alter selectivity (Figures S96—S98). We
have also used different batches of crystals which quantitively
yielded the similar separation of the isomers (Figure S78—
S80). Xylene isomers have very similar boiling points and
vapor pressures and the vapor loading procedure is not
expected to influence the loading selectivity.'”""

The extracted solutions were analyzed directly with gas
chromatography/mass spectrometry (GC/MS) and 'H NMR
(Figures S13—S98). Relative peak intensities from the GC/MS
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data (Figures S13—S84) were used to determine the relative
ratios of each xylene isomer that were loaded inside host 1.
Each experiment was repeated three times to assess the
reproducibility of these results, and the standard deviation
between the trials at each isomeric ratio are reported in Figure
4A—C and in Table S2.

For the m-X versus 0-X separation, the average percentage of
m-X adsorbed by host 1 is plotted against the percentage of m-
X from the prepared solution in Figure 4A. The solid black line
in the graph represents zero selectivity. Clearly, measurements
of host 1 separation efficiencies are significantly above this
threshold indicating selective loading. The data are also
tabulated in Table S2. The percentage of m-X measured inside
host 1 is more than double that of m-X from the less
concentrated (20.0% and 25.0% m-xylene) prepared solutions.
Further enrichment of m-X solutions at higher concentrations
is observed. The 50.0% m-X solution lead to an average loading
of 79.7 + 11% m-xylene inside the host giving a meta/ortho
selectivity value of 3.9 which is comparable to that of a
Cu(CDC) MOE.” Further isomer enrichment was achieved
even at a 99% initial m-xylene concentration as 99.4 + 0.2% m-
xylene was measured in the host crystals.

Figure 4B shows separation experiments for the intermediate
sized m-X and the smaller p-X. Again, the average percentage of
p-X adsorbed by host 1 is plotted against the percentage of p-X
from the prepared solution and shows that the smaller isomer
is selectively absorbed by host 1. However, lower concen-
trations of the p-X (1.00% and 20.0% p-xylene) did have a
larger standard deviation across the three trials of selective
loading experiments. The deviations in the measurements
decreased for the higher p-xylene concentrations tested. The
50.0% p-xylene solution led to an average loading of 69.4 +
8.3% p-xylene inside the host giving a para/meta selectivity
value of 2.2 which is comparable to that of a BaX zeolite
between temperatures of 323 to 343 K.” No further
enrichment was observed from the 99.0% p-xylene mixture as
an average of 99.0 + 0.5% p-xylene was measured inside the
crystalline host.

For the p-X versus 0-X separation, the average percentage of
p-X is plotted against the percentage of p-X from the prepared
solution (Figure 4C). Again, selectivity is observed for the
absorption of the smaller p-X isomer. Comparison of the
binary 50:50 isomeric mixtures gave an average loading of 70.7
+ 6.4% inside host 1. This gives a para/ortho selectivity value
of 2.4 which is comparable to that of a BaX zeolite at 343 K.”
Enrichment of the 99.0% p-xylene mixture was observed with
99.5 + 0.2% p-xylene measured inside the host.

Next, competitive vapor Ioading experiments were per-
formed using a 1:1:1 ternary mixture of xylene isomers. Freshly
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Figure S. (A) Averaged results from GC/MS data of three trials of selective loading from a 1:1:1 (0-X, m-X, p-X) ternary mixture of xylene isomers.
(B) Results from GC/MS data of selective loading from a 1:1:1:1 (0-X, m-X, p-X, ethylbenzene (EB)) quaternary mixture of C8 aromatic
compounds. (C) Ethylbenzene loaded 1-(EB),s host—guest complex as viewed along the crystallographic b-axis.

activated host 1 crystals were exposed to the vapor overnight.
Then crystals were removed and suspended in CH,CI, or
CD,Cl, to extract out all the guests, as in prior experiments.
The solutions were then examined by GC/MS data, and a
control was also evaluated by '"H NMR after direct dissolution
in DMSO-d. Figure SA compares the average percent loading
values obtained from three separate trials. Again, there is a
large difference in selectivity between the three guests with p-X
preferentially loaded in 80.69% selectivity. In comparison, m-X
and 0-X were observed at 12.11% and 7.20% respectively.
Overall, the selectivity observed in the ternary competition
correlated well with the binary xylene experiments.

Finally, a competitive vapor-loading experiment was
conducted on an equimolar mix of the three xylene isomers
and ethylbenzene. Here, the host retains a preference for p-X
(57.12%); however, EB (29.82%) is absorbed over the other
xylene isomers. Overall, m-X and 0-X are loaded in lower
selectivity 7.82% and 5.24%, respectively, as compared to the
ternary mixture. The two favored guests p-X and EB have
similar smaller kinetic diameters (6.7 A, Table 1) in
comparison to the other isomers (m-X 7.1 A and 0-X 7.4 A).
While loading selectivity is likely due to complex factors
including conformational, supramolecular interactions, packing
energy, and other effects, our experiments suggest that kinetic
diameter is of key importance in determining selectivity with
the narrow channels of host 1.

B CONCLUSIONS

We have demonstrated that host 1 is robust, reusable, and
readily absorbs xylene isomers and ethylbenzene in solid—
vapor processes. Once the guest is absorbed within the host, it
can be removed simply by soaking the crystals in CH,Cl,.
Guest uptake is reversible and does not appear to impact the
quality of the single crystals as these studies employed the
same batch of host crystals. Although the crystalline host
absorbs each of these compounds separately, when equilibrated
with binary or ternary mixtures of xylenes the host shows large
differences in selectivity. The selectivity of guest loading was
retained throughout the single component studies and 54
selective xylene guest loading experiments.

Single crystal data reveals the pores of host 1 to be adaptive
as slight differences in TPA—TPA and urea—urea distances as
well as overall void space volume (Figure 2) are observed when
comparing each 1-X complex to the activated host. Although
complicated by the existing disorder of the guests, the smaller
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kinetic diameter isomers (p-X < m-X < 0-X)* showed less
disorder (Figures S3—S6) and exhibited slightly more
favorable offset values for 7—7 interactions for the respective
complexes (1-(p-X)os > 1:(m-X)os > 1:(0-X),s, Figure 3B).
Further mapping of solvent vapor-induced structural tran-
sitions using Hirshfeld surface analysis and full interaction Map
calculations has been examined for metal—organic frame-
works.”” We are planning similar analysis on these structures to
further probe the origin of this selectivity. Experimentally,
higher temperatures were required to remove the smaller 1-(p-
X)o.s as observed via TGA, suggesting it forms the most stable
complex. However, the observed preferential loading of the
smaller isomer in all competitive adsorption studies using
ternary and binary mixtures (p-X > m-X > 0-X) appears to be
driven more by kinetics than thermodynamics. A direct
correlation is observed between the kinetic diameter of the
guest and preferential loading.

In equimolar mixtures of the three xylene isomers and EB,
the host retained selectivity for p-X (57.12%) but also showed
significant uptake of EB (29.82%). This result again high-
lighted the importance of kinetic diameters in determining
selectivity, as these two guests exhibit similar diameters. Here,
the preference for loading p-X over EB may be derived from
the lower dipole moment of p-X or its more linear shape.
Isomer loading preferences of host 1 are comparable to other
porous adsorbents when loading is accomplished at similar
temperatures and without the use of additional solvents.” It is
advantageous that xylenes can be readily recovered and
separated from the host simply by soaking in CH,CL,.
Filtration or centrifugation followed by decanting off the
solution afforded crystals that were reused for further
separations. Currently, we are optimizing and scaling the
synthesis of 1 using a dynamic covalent method. We plan to
evaluate the efficiency of the host for the separation of p-X on a
larger scale and in solid—liquid processes. Future work includes
the separation of stereoisomers using host 1 for guest
molecules with bulky diastereomers and the production of a
chiral macrocyclic host for the enrichment of enantiomeric
mixtures.
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