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Examination of Photoinduced Radicals in Two Crystal Forms of Tri-
phenylamine Bis-Urea Macrocycles.

Md Faizul Islam, Gamage Isuri P. Wijesekera, Ammon J. Sindt, Mark D. Smith, Linda S. Shimizu*

This study probes two solvates of triphenylamine (TPA) bis-urea macrocycle 1 and their activated structures to evaluate their
maximum photoinduced radicals (PIRs), the subsequent decay of the radicals, and their regeneration. The hierarchical
assembly of TPAs shows promise in stabilizing less substituted derivatives, potentially expanding the utility of TPAs that lack
stabilizing para-substituents. Single crystal structure analysis reveals that host 1 adopts a planar conformation with the two
ureas pointing in opposite directions when dimethoxyethane (DME) is encapsulated within the channel. Whereas previously,
1 adopted a bowl-shaped conformation with the two ureas pointing in the same direction (syn) with dimethylsulfoxide
(DMSO) bound within the channels. Removal of the guests gives identical activated structures. The bulk materials of 1 are
characterized by powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), and differential scanning calorimetry
(DSC). Finally, the process of radical generation under UV-irradiation, decay, and regeneration of radicals was monitored by
Electron Paramagnetic Resonance (EPR) spectroscopy. While macrocycle conformation and extended structure are
important, the presence of guests was most significant for PIR percentages.

1. Introduction

Supramolecular synthons have been widely used to organize
molecular building blocks into desired hierarchical structures to
afford solid crystalline forms and polymorphs.12 The rational
design of these molecular building blocks can yield crystalline
solids with permanent cavities.? Uptake of guest species inside
these porous solids can modify the framework's structure,
promoting reorganization or recrystallization processes that
modulate their properties. For example, incorporating redox-
active guests can induce conductivity in metal-organic
frameworks (MOFs)4, while the encapsulation of pyrene guests
can trigger structural changes in a porphyrin prism.?

Supramolecular strategies have been applied to stabilize tri-
phenylamine (TPA) derivatives and their radical cations as
generated by chemical, electrochemical, or photochemical
methods.® TPA is an excellent electron donor with favorable
redox properties and has been widely incorporated into
electronic materials? and fluorescent probes.8® Hierarchical
structures that organize TPA with m-mt stacking interactions are
thought to aid the delocalization of the spin density of their
radical cations, ultimately enhancing their stability.1011 Relative
orientation of the TPA neighbors upon assembly can further
modulate its photophysical properties. For example,
Giuseppone’s group studies on TPA supramolecular polymers

Department of Chemistry and Biochemistry, University of South Carolina,
Columbia, SC 29208, United States.
t Footnotes relating to the title and/or authors should appear here.
Supplementary Information available: [details of any supplementary information
available should be included here]. See DOI: 10.1039/x0xx00000x

showed that TPAs could stack with its two limiting enantiomers
of TPA alternating between the neighbors or with TPA cores of
similar chirality stacked on top of each other.t These different
orientations can influence the hyperfine interactions between
the TPA N-centers and increase photoinduced radical (PIR)
formation.1112 PIRs are increasingly recognized due to their
exceptional redox properties which enable them to be utilized
in photocatalysis and charge/electron transfer events for
conductive applications.13

While most TPAs are para-substituted to prevent degradation,1?
the Shimizu group has shown that urea-directed assembly of
TPAs can enhance the stability of TPAs and enable their PIRs to
decay, presumably through a reverse electron transfer, without
degradation.#-17 Both host 1 (X = H) and host 2 (X = Br) have
been reported, (Figure 1A) and exhibit columnar assembly.
However, host 2 is fully substituted at its para-positions and
expected to be more stable. Thus, prior PIR studies focused
extensively on this material. Individual columns of 2 pack into
hexagonal arrays affording porous crystalline materials that
contain the solvent of crystallization (dimethoxyethane,
DME).16 Interestingly, heating/activation removes the DME
from host 2, and new guests can be introduced, which alters the
number of PIRs observed up to 0.85% for 2-:0.56Benzene. For
example, host 2 complexes with less polar guests formed more
PIRs upon UV irradiation than host 2 crystals with more polar
guests.l7 In each case, the PIRs decay slowly to return to starting
materials without degradation and can be regenerated simply
upon re-exposure to light.

Given our observations that assembly can stabilize TPAs, we
were interested to see if the parent bis-urea macrocycle 1,
despite having unsubstituted para-positions, would exhibit



enhanced stability, enabling us to probe multiple crystallization
methods as well as thoroughly examine its PIRs. Herein, we
scale the synthesis of this material to investigate how different
the
organization of TPA 1. A new solvate 1:0.45DME and its solvent-
free (activated) form are compared with the resynthesized

crystallization  environments influence columnar

1-DMSO (Figures 1 and 2). Intriguingly, macrocycle 1 adopts a
planar structure with its two ureas pointing in opposite
directions (anti) when crystallized by vapor diffusion of DME
into DMSO solutions of 1. In contrast, 1 adopts a bowl-shaped
structure with its ureas aligned in parallel (syn-confirmation)
upon vapor diffusion of H,O into the same solution (Figure
1A).Y7 Further screening of crystallization conditions for 2 did
not uncover guest-induced changes. While 2:0.72DMSO was
structurally characterized herein, it retained its planar shape
observed in the previously reported structure 2:0.5DME (Figure
2G). Slight structural differences in the assemblies of 1 in the
presence/absence of solvent guests were found to influence
both the concentration and stability of their PIRs. Surprisingly,
maximum PIR values for activated host 1 obtained from either
solvate was ~1.4%, which currently represents the highest
reported values for crystalline TPAs.
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Fig 1. A) TPA bis-urea macrocycles 1 and 2 assemble into columns facilitated by
hydrogen bonding of the urea groups, B) Prior work on 1:-DMSO showed it adopts a
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bowl-shaped structure in DMSO where the two urea groups are parallel'?, C) 1-0.45DME
adopts a planar structure with anti-parallel urea groups, D) Heating 1:0.45DME gives an
activated structure, E) Crystalline materials were UV-irradiation under Ar (g) and then
transferred to EPR to measurements, F) Photoinduced radical (PIR) formation examined
by EPR.

2. Experimental Section
2.1 Synthesis and crystallization of the Host.

Both hosts were resynthesized in five steps according to the
literature procedures.'” Two different solvated forms of 1 were
obtained (Figure 2A, B). Both are colorless with an acicular
morphology. 1:0.45DME was crystallized by vapor diffusion of
DME into the DMSO solution (10 mg/mL) of host 1 at room
temperature. 1:DMSO was crystallized by the vapor diffusion of
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H,0 into the DMSO solution (10 mg/mL) of host 1, as observed
beforel’. Macrocycle 2 was crystallized by the vapor diffusion of
H,0 or DME into the DMSO solution of 2 (2.5 mg/mL), affording
2:DMSO and 2:0.5DME, respectively. The 1-0.45DME complex
was activated by heating and diffracted for SCXRD. The three
new structures were deposited into the Cambridge Structural
Database (CSD), CCDC No. 2344711, 2344712, 2344713.

2.2 Single-Crystal X-ray Diffraction (SCXRD)

X-ray intensity data were collected using a Bruker D8 QUEST
diffractometer with a PHOTON-II area detector and an Incoatec
microfocus source (Mo Ka radiation, A = 0.71073 A). Data for
1-0.45DME were collected at 301(2) while data for 1-DME
(activated) and 2:-DMSO were collected at 100(2) K. The raw
area detector data frames were reduced, scaled, ‘detwinned’
and corrected for absorption effects using the Bruker APEX3,
Cell_Now, SAINT+, SADABS and TWINABS (for 1-DMSO)
programs.1819 The structures were solved with SHELXT.20.21
Subsequent difference Fourier calculations and full-matrix
least-squares refinement against F2 were performed with
SHELXL-2018 using OLEX2.22 SCXRD data for the three new
structures were deposited in the database, CCDC no. 2344711-
2344713, while the fourth structure matched that previously
deposited CCDC no. 1961246. See Supporting Information for
full details.

2.3 Thermogravimetric Analysis (TGA)

TGA was carried out using TA instruments SDT-Q600
simultaneous DTA/TGA instrument. TGA was measured at a rate
of 2 °C/min from 25 - 200 °C. All measurements were done with
a 5-minute isotherm before temperature increase, followed by
a 30-minute isotherm.

2.4 Differential Scanning Calorimetry Analysis (DSC)

DSC was carried out using TA instruments Q2000 with a
nitrogen atmosphere and a heating/cooling rate of 10 °C/min.
2.5 Power X-ray Diffraction (PXRD)

PXRD data were collected on a Rigaku MiniFlex 6G powder X-ray
diffractometer using a Bragg-Brentano geometry with CuKa
radiation. The step scans covered the angular range 2-40° 26 in
steps of 1°/minute with accelerating voltage and current of 40
kV and 15 mA, respectively.

2.6 Scanning Electron Microscopy (SEM)

SEM measurements were collected in Zeiss Gemini500 Thermal
Field Emission Scanning Electron Microscope (FESEM). The
samples were spread over a conductive carbon tape attached
to an Al pin pan mounted on the specimen holder. Images were
captured with the secondary electron detector (SE2) at a
working distance of ~10 mm with an acceleration voltage of
~10kV. The image size is 1024 x 768 pixels with line average
scanning mode with a Zeiss setting of 8.

2.7 Electron Paramagnetic Resonance (EPR) Measurements

EPR measurements were carried out on a Bruker EMX plus
equipped with a Bruker X-band microwave bridgehead and
Xenon software (v 1.1b.66). All spectra were recorded at room
temperature and a power of ~1.589 mW with a modulation
amplitude of 2.0 G. The double integration to obtain peak areas
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was performed in the Xenon software. Samples were sealed
under argon and UV-irradiated in Norell Suprasil Quartz EPR
tubes, then transferred to the EPR for measurements. 365 nm
LEDs were used as light source. Dark decay studies were carried
out after irradiating samples up to their maximum radical
generation and storing them in dark under argon. EPR spectra
were recorded over 7 days. Radical signals were regenerated by
irradiating the sample overnight and monitoring their decay for
2 days. All the spectra were doubly integrated to obtain the area
under the curve and plotted against time after UV irradiation.

3. Results And Discussion
3.1 Crystal Morphology and Crystal Structure Analysis

Host 2

Fig 2. FESEM images and views from the crystal structures. A) FESEM image of 1-0.45DME
complex showing long needle-like crystals, B) FESEM image of 1:-DMSO complex with
multifaceted cylindrical morphology, C) Urea hydrogen bonding distances between
neighboring molecules in 1:0.45DME, D) Urea hydrogen bonding distances in the
1-DMSO shows the bowl shape?!®, E) Packing motif of 1:0.45DME complex, F) Packing
motif of 1:DMSO complex, G) Comparison of prior reported host 2:0.5DME,** which also
showed similar planar structure and columnar organization with 2:0.72DMSO.

Given the literature precedents that TPAs with unsubstituted
para-positions are less stable, we had previously prepared only
small amounts of host 1. However, assembled urea-tethered
TPA dimers also lacked para-substituents and exhibited good
stability,1517 which emboldened us to scale the synthesis of 1 to
probe its crystalline forms and extensively characterize its PIRs
with different guests. Macrocycle 1 was sparingly soluble in
DMF and DMSO and gave crystals by vapor diffusion of a poor
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solvent into 1 in DMSO (10 mg/mL). Initially, the morphology of
the crystals of 1:0.45DME and 1-DMSO complexes were
analysed using field emission scanning electron microscopy
(FESEM). The FESEM images of the complexes revealed that
while the single crystals of both complexes show conventional
needle-shaped morphology of the bis-urea crystals, their fine
structure vary significantly. 1-0.45DME formed typical columnar
crystals without any visible defects (Figure 2A), while 1-DMSO
complex displays multifaceted cylindrical morphology with
defects along c-axis (Figure 2B). Further analysis of the single
crystal structure of the 1-:0.45DME complex revealed that the
macrocycle crystallizes in the monoclinic space group P2:/c. The
macrocycle adopts a planar conformation with its two urea
groups aligned in opposite directions to minimize the dipole
interactions.?? The asymmetric unit of the 1:0.45DME complex
consists of half of one crystallographically independent host
molecule located on a crystallographic inversion center and
disordered DME guest molecules with a host-guest ratio of
1:0.45 (Figure 2C). The macrocycles organize into a columnar
structure through the characteristic bifurcated urea hydrogen
bonds (d(N..O = 2.966(5)A, 2.985(5)A)). This creates infinite
hydrogen-bonded tubes along the crystallographic b-axis with a
macrocycle to macrocycle repeat distance of 4.712A (Figure S9).
Additional stabilization occurs through intracolumnar n-
stacking of the TPA groups of the building blocks (Figure 2E,
Table S2). Further analysis of the structure shows the N...N
distances in one independent macrocycle unit is 10.776A
(Figure S8). The repeating TPA units with similar chirality are
stacked on each other with N...N distance of 4.712A (Figure 3C).
Investigations of the propeller arrangement of the TPA aromatic
rings within the same macrocycle show that they are in
symmetrical orientation (Figure S13).

In the case of 1:-DMSO complex,” the compound crystallized in
the monoclinic space group P2;/c. The asymmetric unit consists
of one complete host molecule and one DMSO molecule, with a
1:1 host-guest ratio (Figure 2D). The guest DMSO is disordered
over two closely spaced orientations. Surprisingly, the host
adopts an atypical syn-conformation, where two urea groups in
a single macrocycle are oriented in the same direction. The
macrocycles assemble into similar columnar structures along
the crystallographic b-axis with DMSO inside using the three-
centered urea hydrogen bonding motif (d(N..O = 3.090(5)A,
3.063(5)A, 3.147(5)A, 3.078(5)A). The macrocycle-to-
macrocycle distance within a column is 4.843A, slightly larger
than the 1-0.45DME complex (Figure S9). The stacking is further
stabilized by the edge-to-face m-stacking of the TPA groups
(Figure 3C, Table S2). The packing shows that the neighboring
columns are oriented oppositely to minimize the macrodipoles
(Figure 2F, S11). The N...N distance in a single macrocycle unit is
found to be 10.24 A, which is slightly shorter than the
1-0.45DME complex (Figure S8). The TPA units with similar
chirality stack on each other with N..N center distance of
4.860A (Figure 3C). In contrast to the 1-0.45DME complex,
1-DMSO complex shows unsymmetrical propeller arrangement
of the aromatic rings of the TPA unit (Figure S13).
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Fig 3. A) Crystal structure of 1-DME (Activated), B) Packing structure of the 1:DME
(Activated), C) Comparison of the N...N distances in 1-0.45DME, 1-DME (Activated),
1-DMSO and 2:0.72DMSO complex.

Prior work crystallized 2 by the vapor diffusion of DME into a
DMSO solution of 2 and showed that the macrocycle adopted
the anti-conformation with bound DME in the pore.16 Given the
changes observed with host 1, we next examined the vapor
diffusion of H,O into the DMSO solution of 2 to see if alternative
bowl-shaped structures could be observed. Colorless needles
were obtained and subjected to SCXRD analysis. The macrocycle
crystallizes in the space group P2:/c, with a framework nearly
isostructural to the 2:0.72DME structure.1® The asymmetric unit
consists of half of one host located on a crystallographic
inversion center and a partially occupied, disordered DMSO
molecule with host-guest ratio of 1:0.72. The macrocycle
assembles into the columnar structure guided by the three-
centered hydrogen bonding motif (d(N..O = 2.954(5)A,
2.877(5)A)) in anti-conformation with further stability coming
from the offset m-stacking interaction.

Next, both the crystalline forms of 1 were subjected to
thermogravimetric analysis (TGA), heating up to 200 °C (2
°C/min) to remove the guest molecules. TGA for both the
compounds showed 1-step desorption curves between 25 °C —
120 °C (Figures 4A, 4B, S24, and S25). For the 1-0.45DME
complex, a 5.1% weight loss was observed by TGA, which
corresponds to the 1:0.45 host-guest ratio. In comparison, the
1-DMSO complex displayed a weight loss of 13%, which
corresponds to 1:1.3 host-guest ratio. Interestingly, the
1-0.45DME crystals retained their crystallinity upon activation
and were subjected to SCXRD analysis. However, upon
activation, 1-DMSO transitions to a powder-like solid, which
crumbles upon further handling.

The crystal structure of activated 1:DME revealed an effectively
unchanged host structure but with complete removal of DME
guests (Figure 3 and S12). The asymmetric unit comprises half
of one host molecule on a crystallographic inversion center with
no significant residual electron density from the guest observed
in the channel. The individual macrocycles retain the anti-
conformation and are still organized into a columnar structure
with only slight changes in the urea hydrogen bond distances
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(d(N...O = 2.895(8) A, 2.93(8) A). The assembled host is further
stabilized by offset m-stacking of the phenyl rings with slight
changes in the stacking distances (Table S2). The N...N distance
is slightly shorter (10.68 A) than the DME solvated one. (Figure
S8). The TPAs retain their conformation® with the repeating unit
with N...N distance between two subsequent macrocycles along
b-axis is 4.648 A (Figure 3C).

To further analyse the interactions that promoted the packing
of the TPA units and guide the assembly, Hirshfeld surface
analysis?4#2> and fingerprint plots were generated for
1-0.45DME, 1-DMSO, and activated 1-DME crystalline materials
(Figure S18-S20). Prior Hirshfeld analysis of 2:DME (activated)
showed that the exterior bromine formed Br...C,y interactions,
which increased the intercolumnar interaction and could
contribute to the increased stability of the crystalline complex.16
Similar Hirshfeld analysis and further fingerprint plots of the
three TPA host 1 complexes, which lack the halide, showed that
all complexes primarily assemble through the three centered
hydrogen bonding interactions. Further, packing is stabilized
through the Cary-Caryi and Caryi...H stacking interactions between
the neighboring units.

To compare the interaction energies in the complexes, the
energy framework calculations were performed using B3LYP/6-
31G(d,p) energy model in the Crystal Explorer software.24
Inspection of the energy table, suggests that the interaction
energies along the column axis are higher due to the hydrogen
bonding and aryl-aryl interaction between the macrocycles.
Interestingly, the packing energies corresponding to H-Cary
interaction energies between the neighboring macrocycles in
1-DME is slightly higher than the 1-:DMSO (Figure S21-S23). This
suggests that the 1:0.45DME has stronger intercolumnar
interactions than 1-DMSO, which likely results in its higher
stability and retention of crystallinity upon activation.
Differential scanning calorimetry (DSC) measurements were
carried out to evaluate the thermal stability of the crystals. The
DSC profile for the 1:DMSO complex up to 200 °C (Figure 4A,
blue) displays an endothermic broad peak up to ~100 °C, which
corresponds to the loss of the DMSO guest. Interestingly,
appearance of a second endothermic peak at ~140 °C can be
attributed to the phase transition, which might be another
polymorph. Further cooling in the first and second heating-
cooling cycles (Figure S26) shows no significant changes,
suggesting this phase change is irreversible. In contrast, the DSC
profile of 1-0.45DME complex (Figure 4B, blue) shows an
endothermic peak around 60°C corresponding to the removal
of the DME guest. A second broad endothermic peak around
160°C may be due to a minor structural transition. No transition
was observed upon first cooling and second heating-cooling
cycle (Figure S26).

This journal is © The Royal Society of Chemistry 20xx



100 ~20Endo ~ 0 -0.7 Endo

95 Phase -1.8 T X I
transition iy 95 06 20
g9 -1.65, = Loss of DME s
=] -
@ 85{ Loss of DMSO 3 290 1 -05 2
E -1.40 = 2
< 80 F R® z
-12% 85 -04 3

75 :|:l

7 10 Exo 80 Exo

-0.3
40 60 80 100 120 140 160 180
Temperature (°C)

0 -
40 60 80 100 120 140 160 180
Temperature (°C)

C

1-DMSO (Activated)

M

5 10 15 20 25 30
2 Theta
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data for 1-DME and 1:DMSO before and after activation. Dashed red lines highlight the
similarity of the two Activated structures.

For further insight into the phase transitions of the crystals
upon guest removal, PXRD analysis on all the complexes was
performed. Figure 4C shows the PXRD data for the 1-0.45DME
and 1-DMSO complexes before and after activation. The
experimental PXRD pattern closely matches the theoretical
PXRD spectra predicted from the single crystal data for
1-0.45DME, activated 1-DME, and 1-DMSO (Figures S15-S17),
suggesting that these complexes are single phase. As expected,
removal of the solvent from complexes induces changes that
can been observed by PXRD. Surprisingly, activation of 1-DMSO
complex gives a PXRD pattern that matches the activated
1-DME pattern, suggesting that the two activated materials are
isostructural. These activated species' Fourier transform
infrared (FTIR) spectra are also nearly identical (Figure S27),
consistent with two structures being the same.

3.2 EPR experiments for radical generation study.

Prior studies on 2 showed that UV irradiation with a Hannovia
medium pressure Hg lamp or 365 nm LEDs generated radicals
without degradation.1” The activated crystals of host 2 form a
maximum of 0.69% PIRs upon 20 h of irradiation with 365 nm
light-emitting diodes (LEDs). These radicals displayed a half-life
of ~24 h, decaying without degradation. The radicals can be
regenerated to their maximum concentration upon UV
irradiation. Thus, we were curious to see how the different
structural motifs of 1 would modulate the amount of PIRs and
to determine if these radicals would be stable and decay
without degradation.

Fresh triply recrystallized samples (~7 mg) were filtered, dried
under Ar (g) at room temperature in the dark, and loaded inside
quartz EPR tubes for radical generation study. X-band EPR
spectra were recorded before and after UV irradiation with 365
nm LEDs. EPR spectra were taken with incrementally increasing
irradiation time (2 h) to monitor the maximum radical
generation over (1 to 40 h). Radical formation was estimated by
plotting the double integration of the EPR spectra over time and
comparing it with a standard. Commercially available magic
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blue, which contains a TPA radical cation, was used as a
standard to prepare a calibration curve (Figure S35). Next, the
radical formation in each sample was compared with the
calibration curve to get the approximate radical concentration.
Figure 5 shows the EPR spectra for the four crystalline samples
of host 1 before and after UV irradiation. Before irradiation,
little to no radical signal was observed. After irradiation, broad
axial powder pattern-shaped EPR signals were observed, similar

1-0.45DME — Pre UV 1-DME (Activated) —Pre UV
—Post UV “ —Post UV
/ ----Simulated AJ ----Simulated
0.24% g value - 2.006 1.41% g value - 2.006
205 203 201 199 197 195 205 203 201 199 197  1.95
g-value g-value
1-DMSO —Pre UV 1-DMSO —Pre UV
(Activated)
—Post UV —Post UV
----Simulated
Very low g value - 2.007 1.35% g value - 2.006
2.05 2.03 2.01 1.99 1.97 195 205 2.03 2.01 1.99 1.97 1.95
g-value g-value

Fig 5. EPR spectra of the 1:0.45DME complex, 1:-DMSO complex, activated 1:-DME
and activated 1-DMSO. EPR signals are shown for the pre and post UV irradiation.
Additionally, maximum radical concentration and g-values are given for each
complex. Best simulation of the EPR spectra of 1-DME, 1:DME (activated), 1-DMSO
(activated) using Easyspin are plotted with dashed lines. See Table S4 for
simulation parameters.

to 2. The line shapes of the powder patterns differed between
the four samples. The asymmetry of the powder pattern
observed in all the samples may arise from the anisotropic
nature of the crystalline complexes.l” The corresponding g-
values for the TPA host are 2.006 (1-0.45DME, 1-DME
(activated), 1:DMSO (activated)) and 2.007 (1-DMSOQ), which are
close to the g-value of the TPA radical cations in solution (2.002-
2.005).26 Hyperfine splitting is observed in the 1:0.45DME,
1-DME (activated), and 1-DMSO (activated) due to through-
space hyperfine coupling of the nearby N centers, which can
differ based on the TPA conformation and its relative packing.2”
Next, simulations of the EPR spectra of the 1:0.45DME, 1-DME
(activated), and 1-DMSO (activated) were carried out using
EasySpin.28 Two different radical components were required to
fit the spectrum for all the complexes reasonably. The best fits
are plotted on the corresponding spectra in Figure 5. The first
radical contains N hyperfine interactions, and the second one is
featureless without any hyperfine interactions. The N hyperfine
interactions varied with increased N-hyperfine interaction
observed for the activated complexes. Similar line shapes and
hyperfine couplings have been observed in triarylamines and
their derivatives, which show a high propensity for assembly
upon photoinduced radical formation.627,12,29

Maximum radical concentrations and radical concentrations
after 6 h for all the crystalline complexes are summarized in
Table 1. Upon increasing the UV irradiation time from 0 to 7
days, 1-0.45DME (7.1 mg) shows an evolution of hyperfine

J. Name., 2013, 00, 1-3 | 5



splitting from a broad one-line to a five-line pattern. The plot of
the double integration of the EPR spectra versus time shows the
number of radicals reach a plateau (Figure S30B). Through
comparison to the Magic Blue calibration curve, we estimate
that 1-0.45DME complex forms a maximum of ~ 0.24% radicals
upon 32 h of UV irradiation. Hyperfine splitting in the
1-0.45DME complex is more pronounced than the previously
reported 2:0.5DME complex,’ although the maximum radical
concentration is similar (0.28% in 2-:0.5DME).

In contrast, activated 1-DME reaches a plateau faster at ~8 h of
UV-irradiation and forms more PIRs ~ 1.41%, which is also
higher than prior reports of activated host 2 (0.69%). Hyperfine
splitting patterns are also different in the activated 1-DME
complex. The characteristic five-line pattern in the EPR
spectrum is more intense upon activation. Interestingly,
1-DMSO showed no or minimal amounts of radicals, below the
detection limit, suggesting that the polar DMSO guest hinders
the radical formation pathway.3°

As the activated structures are nearly identical although their
size distributions are different, we expect that PIRs in 1-DMSO
(activated) should be very similar to 1-DME (activated). As
expected, the removal of DMSO from the channel resulted in a
dramatic increase in the radical concentration of the host.
Irradiation of three samples of the microcrystalline powder,
1-DMSO (activated), generates a maximum PIRs of 1.35 % with
a standard deviation of 0.06%. Gratifyingly, crystalline 1-DME
(activated) also gives a maximum PIR of 1.41%, consistent with
them being isostructural. In comparison, the highest reported
PIRs in TPA films is 6%, observed for TPAs in conjugated donor-
acceptor molecules. Those systems afforded up to 16-19% PIRs
in CHCIs solution, although with lower stability as compared to
the solid-state.3?

Table 1. Calculated approximate number of radicals formed upon UV-irradiation.

Compound Maximum Radical % After 6 hours

1-0.45DME 0.24% 0.15%
1-DME (activated) 1.41% 1.30%
1-DMSO (activated) 1.35%* 1.04%

a = Average of three trials. A standard deviation of 0.06% was found for these 3
trials and was the error in all measurements.

Next, the persistence of the radicals in the complexes was
monitored in the dark (Figure S30-S33). The samples were each
UV-irradiated until they reached the maximum radical
concentration, then stored in the dark,
periodically by EPR to estimate the decay of radical species.
Dark decay was followed for 7 days for all the samples.
1-0.45DME sample shows a radical decay of ~58% in seven days
with a half-life of ~ 5 days. Both activated species showed a
decrease in radical concentration in 7 days with 1-DMSO
(activated) decaying slightly faster than 1-DME (activated) ~79%
versus 50% radical decay in seven days with a half-life of ~ 2
days. In each case, there appears to be an initial faster decay of
radicals followed by a slower process. This suggests the
presence of two pathways and/or two types of radicals in the

and monitored
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system. Prior observations on 2 and its complexes also exhibited
both faster and slower decaying species.”

Next, the reversibility of radical generation and decay was
investigated by exposure of the samples to UV light after initial
decay. Figure 6 illustrates the process of radical generation,
decay, and regeneration of radicals for 1-0.45DME and the two
activated complexes. In each graph, the double integration of
the EPR signals was plotted versus time. Samples were initially
UV-irradiated to their maximum radical generation, then stored
in the dark, and the decay of the radicals was monitored by EPR
attime t =8 h, 24 h, and 48 h. After 48 h, the samples were re-
irradiated overnight to restore the initial radical signal. This
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3
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Fig 6. Monitoring the process of radical generation and decay of radical signals for
1-0.45DME and the two activated complexes over several cycles. After initial
maximum radical generation, radicals were stored in the dark for 2 days to monitor
their decay. Subsequent UV irradiation overnight restores the radical signal.

process is repeated two times and suggests that the formation
and decay of the radicals are remarkably reversible in the
crystalline samples.

Finally, the stability of the complexes upon UV-irradiation was
checked by 'H NMR and IR spectra. Samples used for the
regeneration study were taken after the third cycle and
dissolved in DMSO-ds for TH NMR and compared with the 1H
NMR of fresh samples. No significant changes were observed for
any of the complexes (Figure S36 - S39). Similarly, the IR spectra
of all the samples after the regeneration study were recorded
and compared with fresh samples. Again, no observable
changes occurred for any of the complexes (Figure S40 - S43).
This study suggests that the crystalline complexes exhibit good
stability even after multiple irradiation events despite the
presence of unsubstituted para-positions.

4. Conclusion

In summary, TPA host 1 crystallizes in two forms depending on
whether DMSO or DME guests are encapsulated. Upon binding
the DME guests, the TPAs adopt a planar conformation with the
urea groups pointing in opposite directions. The host-DME
guest ratio is 2:1. X-ray structural analysis revealed that the
hosts assemble into columns through hydrogen bonding with
further stabilization from m-stacking interactions. In
comparison, the 1:-DMSO complex adopts a bowl-shaped

This journal is © The Royal Society of Chemistry 20xx



conformation where the urea groups are aligned in the same
direction. The single crystal structure shows that the urea
hydrogen bonding distances are slightly larger than the
1-0.45DME complex. The two solvates form similar columnar
structures through hydrogen bonding along with edge-to-face
interactions. Both forms pack through C-H... t interactions with
neighboring units. Hirshfeld analysis suggests greater C-H...it
interaction in 1-0.45DME than 1-DMSO. This correlates well
with the observed stability of the crystal forms upon removal of
the guests from the pore. The 1-0.45DME complex remains
single crystalline upon activation and can be further analysed by
SCXRD. In comparison, 1-DMSO loses its single crystallinity upon
activation, forming microcrystalline powder similar in structure
to activated 1-DME. Given the observed bowl-shaped structure
of 1-DMSO, we also revisited the TPA host 2, screening further
crystallization conditions; however, while a new crystal 2-DMSO
was obtained, its structure was identical to those previously
observed.

Our goal of probing the photophysical properties of host 1 and
characterizing its PIRs was achieved. The macrocycle was
surprisingly robust when assembled into crystals, despite its
two unsubstituted para-positions, suggesting that other
structurally simple TPAs may also be stabilized by assembly. The
different crystal forms (1-DMSO, 1:0.45DME, and the activated
structure) varied in PIRs produced as determined by EPR and
underwent the reverse electron transfer without degradation.
The presence of guests modulated the shape of the EPR spectra
upon radical formation. The complex with the most polar guest,
DMSO, did not form significant quantities of radicals. In
contrast, the 1:-DME complex exhibited maximum PIRs of 0.24%
upon 32 h irradiation. Activated hosts obtained from the two
solvates reproducibly exhibited higher number of PIRs with very
similar behaviour and radical percentage. Interestingly, the
activated 1 reaches its maximum radical concentration of ~1.4%
in a shorter period (8 h). To our knowledge, this is the highest
PIR percentage for crystalline TPA materials reported. The
stability of TPA radical cations is known to impact their
electronic properties and utility in OLEDs32 and perovskite solar
cells.33 Crystalline TPAs deposited in the CSD and their
associated PIRs offer well-defined structural characteristics that
might be used to develop algorithms to predict radical
percentages simply from the molecular structure and its
assembly. We are currently employing machine-learning
strategies to predict radical generation based on structure and
hope to report on this shortly.
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