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ABSTRACT: Supramolecular assembly of urea-tethered benzophenone molecules results in the formation of remarkably persistent 
triplet radical pairs upon UV-irradiation at room temperature, whereas no radicals were observed in solution. The factors that lead 
to emergent organic radicals are correlated with the microenvironment around the benzophenone carbonyl, types of proximal hy-
drogens, and the rigid supramolecular network. The absorption spectra of the linear analogs were rationalized using time dependent 
density functional theory calculations on the crystal structure and in DMSO employing an implicit solvation model to describe 
structural and electronic solvent effects. Inspection of the natural transition orbitals for the more important excitation bands of the 
absorption spectra indicates that crystallization of the benzophenone containing molecules should present a stark contrast in photo-
physical properties versus solution, which was indeed reflected by their quantum efficiencies upon solid-state assembly. Persistent 
organic radicals have prospective applications ranging from OLED technology to NMR polarizing agents.  

INTRODUCTION 

The supramolecular assembly of small molecules 
through non-covalent interactions is proving to be a con-
venient approach in the design of hierarchical materials.1-3 
Controlled organization of discrete functional groups can 
enhance chemical and physical properties. For example, 
the solid-state assembly of perylene bisimide dyes to form 
transistors with n-type charge transport properties4,5 and 
π-conjugated materials that exhibit enhanced lumines-
cence.6,7 Thus, further insight into how structure influ-
ences physical function is of great importance for the de-
sign of synergistic materials with properties tailored to 
specific applications. Here, we compare the impact solid-
state assembly has on the photophysics of three benzo-
phenone (BP) containing molecules. We report that or-
ganization of BP units within distinct solid-state environ-
ments quenches the lifetime and modulates the quantum 
yield of phosphorescence. Moreover, remarkably persis-
tent radicals are generated upon UV-irradiation at room 
temperature. The quantity and stability of these radicals 
vary with the chemical environment that surrounds the 
key carbonyl unit (Figure 1). Thus, control over solid-
state assembly of BP molecules can alter photophysical 
properties and lead to the generation of persistent radical 
pairs with potential applications ranging from OLED 
technology to NMR polarizing agents.8-10 

Benzophenone, a prominent photosensitizer was first re-
ported to generate organic ketyl radicals in 1891.11 Although 
inherent high reactivity makes electron paramagnetic reso-
nance (EPR) characterizations difficult as they are known to 
dimerize in solution forming benzopinacol.12 Radicals gener-
ated by BP in solution are unstable and are typically only ob-
served using EPR at low temperatures or through one-electron 
reduction to form the radical anion.13,14 Previously, we report-
ed a bis-urea macrocycle (1) that contains two BP units, which 

assembles into hexagonally packed columnar structures via 
robust urea hydrogen-bonding interactions.15 Preorganization 
of the sensitizer impacted its photophysical properties by dra-
matically decreasing the quantum yield and lifetime.16 Most 
intriguingly, UV-irradiation of this crystalline solid gave rise 
to organic radicals that persisted for weeks at room tempera-
ture when stored in the dark.10 High-field and variable temper-
ature X-band EPR studies accompanied by simulations sug-
gested that UV irradiation of the crystals results in a resonance 
stabilized radical pair through hydrogen abstraction.10 Our 

Figure 1. Self-assembly modulates the photophysics of BP deriv-
atives and gives rise to emergent organic radicals. (A) Structures 
of urea-based BP containing macrocycles and linear analogs, 1-4. 
(B) Monomers 2 and 3, presented as planar for simplicity, assem-
ble through hydrogen bonding interactions. UV-irradiation gives 
rise to persistent radicals as an emergent property. Reagents and 
conditions: a. crystallization; b. UV-irradiation (360 nm, rt, under 
N2). Inset: top down assembly motif of the BP sensitizer in each 
crystal structure, 2 (left) and 3 (right). 
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hypothesis is that BP in the excited state abstracts a hydrogen 
atom from a nearby molecule to form ketyl containing radical 
pairs.  

Herein, we examine the chemical and photophysical proper-
ties of self-organized structures of BP-containing linear ana-
logs and macrocycles (Figure 1A). Macrocycles 1 and 4 vary 
the position of BP within the cyclic framework to probe how 
orientation of the chromophore influences its crystalline pack-
ing. Linear analogs, 2 and 3, are comprised of two BP mole-
cules covalently tethered through a single methylene urea 
group and assemble through urea hydrogen-bonding interac-
tions. The positions of the methyl substituents, meta or para 
with respect to the BP carbonyl, were varied across two differ-
ent structures in order to explore their influence on crystal 
packing as well as determine the types of H-abstraction sites 
near carbonyl oxygen. Our goal is to examine how orientation 
of the BP sensitizer, as well as its relative position with respect 
to H-abstraction sites, impacts subsequent photophysical prop-
erties and if these assembled benzophenone also display the 
ability to form persistent radicals upon UV irradiation or if this 
emergent property is a function of the assembled macrocycles. 

RESULTS AND DISCUSSION  

The macrocycles and linear counterparts were synthe-
sized in three to four steps using a simple alkylation of a 
protected urea (triazinanone) as the key step.16 Protected 
analog 2 and macrocycle 4 were structurally characterized 
(see SI). Colorless solvent-free crystals of 2 and 3 were 
obtained by recrystallization. Unfortunately, attempts to 
crystallize 4 through slow cooling, vapour diffusion, and 
microcrystallization techniques did not yield single crys-
tals.  We are currently screening a wide range of crystalli-
zation techniques including conditions with potential co-
crystal formers.  

Crystals of 2 were obtained as transparent plates 
through slow cooling in a hot acetic acid solution (120 °C, 
6 mg/mL). The sample crystallized in the triclinic system 
in the acentric space group P1 (No. 1). The conformation 
of 2 is linear with the two BP units outstretched on both 
sides of the urea tether (Figure 2A). The two BP carbonyl 
groups of the monomer are aligned anti-parallel, likely to 

minimize the dipole moment. Bifurcated urea hydrogen-
bond interactions guide the assembly of 2 with N-H���O 
distances ranging from 2.873(2)-2.968(2) Å (Figure 2B & 
C). The BP sensitizer is ordered down the ab crystallo-
graphic plane resulting in a lamellar packing motif with 
aryl groups organized in an edge-to-face pattern and 
Cg���Cg distances (Cg = ring centroid) ranging from 
4.601(2)-4.825(2) Å. The C-H���Cg distances vary from 
3.419(4)-3.637(3) Å with angles ranging from 127-135°. 

The BP carbonyl oxygens reside in close proximity to aryl 
protons on closely packed molecules of 2 with C=O���H 
distances as close as 2.60 Å.  

Slow evaporation of 3 in dichloromethane (1 mg/ 1.6 
mL) resulted in the formation of transparent needle-like 
crystals in the monoclinic system in the acentric P21 space 
group. The profile of 3 is distinct, conforming to a C-
shape with both BP components oriented in close proxim-
ity and Cg���Cg distances of 8.94 Å between alkyl substi-
tuted aryl groups. The two BP carbonyls of 3 are oriented 
in the same direction, although the carbonyls on neighbor-
ing molecules are opposing in direction. Predictable bi-
furcated urea-urea hydrogen bonding interactions stack 
the sensitizer down the a-axis with N-H���O distances 
ranging from 2.800(6)-2.809(6) Å, Figure 3A. This as-
sembly orients the BP units in a herringbone pattern along 
the b-axis, while the aryl rings are parallel displaced down 
the a-axis with a distance of 4.511(3) Å from centroid to 
centroid. The carbonyl oxygens reside in close proximity 
to benzyl and aryl protons on proximal molecules of 3 
with C=O���H distances of 2.60 Å to methyl hydrogens, 
2.88 Å to methylene protons, and 2.64 Å to aryl hydro-
gens.  

In comparison, previously reported 1 crystallizes as 
transparent needle-like crystals in the monoclinic system 
in the P21 space group by slow-cooling a hot DMSO solu-
tion from 120 °C.15 The two BP carbonyl carbons of the 
monomer are 10.2 Å apart and orient the carbonyl ox-
ygens pointing outward towards the exterior of the mac-
rocycle. Urea-urea hydrogen-bond interactions drive as-
sembly stacking the BP molecules down the a-axis align-
ing the aryl rings in an edge-to-face motif with C-H���Cg 
distances ranging from 3.559(6)-3.597(7) Å and angles 
from 124-130° (Figure 3B). The columns encapsulate 
disordered DMSO molecules. The macrocycles are hex-
agonally packed and the BP units are staggered like 
brickwork along the c-axis.15 The BP carbonyl oxygens 
are in close proximity to neighbouring methylene and aryl 
hydrogens with C=O���H distances of 2.41 Å and 2.68 Å, 
respectively (Figure 3C).  

To probe how crystal packing of BP units impacts the 
overall photophysics, we measured the absorption, emis-
sion, lifetime, and quantum yield for each sample in the 
solid-state and in argon-purged solutions of DMSO.‡,16   
Table 1 compares these measurements with unsubstituted 
BP and 1. For both linear analogs and macrocycles, the 
absorption spectra in solution maintained the major spec-
troscopic properties of BP, with a strong ππ* band rang-
ing from 256-270 nm and a weak spin forbidden nπ* tran-
sition from 335-345 nm. The molar absorptivity for these 
compounds range from 297-622 M-1 cm-1 with the para-
substituted compounds exhibiting values higher than un-
substituted BP and the meta-substituted values being low-

Figure 2. Single crystal X-ray diffraction (SC-XRD) of linear 
analog 2, which crystallizes through slow cooling in acetic acid in 
the triclinic system as transparent platelets. (A) Thermal ellipsoid 
plot. (B) View of the urea hydrogen-bond interactions that stack 
BP units on top of each other and orient the aryl rings in an edge-
to-face motif down the urea tape. (C) Top down view of the urea 
groups showing that the edge-to-face aryl packing pattern is main-
tained between neighboring BP units in two directions.  
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er (Figure S24-26).  In comparison, solid-state assembly 
of 1-3 induces an overall bathochromic shift in the spec-
trum λmax = 355-382 nm, with broadening in the UV/vis 
region. This red shift is similar to what is observed upon 
formation of J-aggregates with dyes;17 although this is not 
a perfect analogy as the BP chromophore is not planar. 

The absorption properties of 2 and 3 were examined 
through time dependent density functional theory (TD-
DFT) calculations to characterize the excited states of 
these molecules. This was done by calculating the absorp-
tion spectra of 2 and 3 using the crystal structures in the 
gas phase and an optimized geometry with the polarized 
continuum model (PCM)18 in DMSO. The excited states 
were calculated at the ωB97XD19/6-31+G**20 level of 
theory. More computational details are given in the SI. 
During optimization of 2, the average dihedral angle be-

tween the two rings of the BP unit shifted from 26.9° to 
31.3° (Figure S35).  Additionally, the benzenes directly 
connected to the urea spacers move from being in plane 
with each other and roughly perpendicular to the urea unit 
to a more contorted structure. Nevertheless, the spectrum 
calculated with implicit solvation in DMSO shows good 
agreement with the experimental being only slightly blue-
shifted (5 nm) with respect to the main absorption peak 
raised by ππ* transitions. The computations also find the 
dark nπ* transition as the lowest excited state. In compar-
ison, the spectrum of 2 calculated for the crystal structure 
in the gas phase is shifted by 119 nm to higher energies 
with respect to the experimental solid-state spectrum 
(Figure 4A). Even though the excitation energies differ, 
the shape of the experimental spectra is reproducible and 
allows for the assignment of the lower energy absorption 
peaks to their corresponding electronic excitations. Simi-
larly, the computed absorption spectra for 3 using the 
crystal structure geometry in the gas phase gave roughly 
the same shape with two intense absorption bands raised 
by the ππ* transitions (Figure 4B). Similar to 2, this spec-
trum was blue-shifted by 135 nm compared to the exper-
iment. As seen before, the nπ* transition was found as the 
lowest excited state. The calculated spectrum for the 
structure optimized in solution was again only slightly 
shifted in comparison to the experiment (4 nm).  

As seen in Figure 4C and D there is a stark contrast be-
tween the occupied natural transition orbitals (NTOs) for 
2 and 3. In solution, the occupied NTO of 2 covers the 
entire BP unit including both benzene rings, while the 
corresponding occupied NTO in gas phase with the crys-
tal structure geometry, shows contributions from only one 
of the BP benzene rings. Moreover, many of the NTOs 
contributing to the finer structure for the gas phase spec-
trum show the electron density localized on only one of 
the two aromatic rings of the BP units (Figure S31). In 
comparison, 3 shows little difference in the electron den-
sity distribution moving from gas phase to solution. In 
both cases for 3, the occupied NTO covers the entire BP 
unit. These calculations suggest that 2 should present a 
stark contrast in its photophysical properties when in the 
solid-state versus in solution, while we 

Table 1. Measured photophysical properties of BP and the BP-urea molecules in DMSO solution compared to the solid-

state.  

aValues obtained from reference 16. 

PHOTOPHYSICAL 

PROPERTIES 
1 2 3 4 BP 

ε (M-1cm-1) 622a  449  317  297  342a 

λmax,  

Abs (nm) 

 Solution 
ππ*, 270a  

nπ*, 345a 

ππ*, 260  

nπ*, 335  

ππ*, 256  

nπ*, 340  

ππ*, 265  

nπ*, 340  

ππ*, 270a 

nπ*, 345a 

 Crystals ππ*, 355a  ππ*, 382  ππ*, 374  -- ππ*, 381  

λmax,  

 Em (nm) 

Solution 435a  474 465  502  435a 

Crystals 489a 528  526 -- 450a 

τ (ns) 
Solution -- 1.5 2.0  1.5 -- 

Crystals 0.32a 0.94 1.3 -- 23,000a 

φ (%) 
Solution -- <0.3 <0.3 <0.3 -- 

Crystals <0.1a 5.0 <0.3 -- 0.5a 

Figure 3. SC-XRD analysis of analogue 3 and macrocycle 1. (A) 
Slow evaporation of 3 forms transparent needle-like crystals in the 
monoclinic system with BP units assembled in a herringbone 
pattern along the b-axis. The aryl rings are parallel displaced 
down the a-axis. (B) Macrocycle 1 crystallizes in the monoclinic 
system as needle-like crystals with BP units stacked down the a-
axis resulting in edge-to-face aryl packing down the column. (C) 
The columns pack hexagonally staggering BP units across the c-
axis. 
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do not expect strong media effects for 3.  

The emission spectra recorded in solution (DMSO, 0.9 
- 1.0 mM) exhibited transitions ranging from 435-502 nm 
and displayed an overall red shift upon solid-state assem-
bly, λem = 450-528 nm. The phosphorescence lifetime of 2 
and 4 in solution (DMSO, 0.9 mM) were the shortest at 
1.5 ns, while 3 exhibited a slightly longer lifetime at 2.0 
ns. Upon solid-state assembly the lifetimes of 2 and 3 
were slightly quenched to 0.94 ns and 1.3 ns, respectively. 
Such deactivation in lifetime suggests that these com-
pounds are prone to intermolecular self-quenching similar 
to other BP compounds.21,22 A comprehensive study on 
this phenomenon by the Garcia-Garibay group demon-
strated that the lifetime of BP nanocrystals with electron 
donating substituents are dramatically shorter than in so-
lution, varying over 9 orders of magnitude depending on 
the electron donating ability of the substituents.22 This is 
attributed to intermolecular self-quenching via a charge 
transfer mechanism.22 The shorter observed lifetimes for 2 

and 3 in the crystals are consistent with these prior re-
ports, as the alkyl groups are mildly donating. 

The phosphorescent quantum yields of 2-4 in DMSO solu-
tion (25 µM and 1 mM) displayed efficiencies of less than 
0.3% in all cases. The low quantum efficiency is attributed to 
unrestricted rotation and vibrations of the sensitizer when al-
lowed to move freely in solution. Interestingly, crystallization 
of 2 dramatically increased its quantum yield to 5.0% but did 
not influence 3 as predicted by computation. The calculations 
suggest that the solid-state geometry of 2 forces each of BPs 
benzene rings to act independently, whereas in solution the 
linear analog is able to orient itself so that both benzenes par-
ticipate in the excitation of the π bands resulting in a loss of 
independent chromophores. This demonstrates that the higher 
quantum yield observed for 2 upon solid-state assembly is 
likely due to suppressed mobility when locked within the crys-

talline lattice. Literature reports also correlate suppressed mo-
bility with increased quantum yields.23-25 Recent studies have 
shown that halo-substituted BP units exhibit enhanced phos-
phorescence when organized in the solid-state.23 In solution, 
the quantum yields were sufficiently diminished but they be-
came highly emissive when frozen with liquid nitrogen.23 
Here, we show that restricting molecular motion of BP en-
riched a radiative decay pathway of the triplet excited state 
when only one of BP’s benzene ring participates in the excita-
tion process.  

Typically, upon Franck-Condon excitation, BP undergoes 
rapid intersystem crossing (ISC) from S1�T2�T1 excited 
states,26 which can abstract nearby hydrogens to form ketyl 
containing radical pairs as well as undergo other excited state 
(ES) or thermal processes.27 Scheffer proposed that intramo-
lecular photochemical H-abstraction is preferred when the 
C=O���H distance is below the sum of the van der Waals radii 
of the oxygen and hydrogen atoms (2.72 Å),28 while others 
have observed intermolecular H-abstraction by BP with 
C=O���H distances as far as 3.13 Å.29,30 Figure 5 compares the 
microenvironment around the BP groups in the three systems 
and shows that there are, indeed, closely preorganized hydro-
gens (<2.72 Å to BP oxygen). The BP carbonyl in 1 is orga-
nized more closely to neighboring benzyl protons (2.41 Å) 
versus the harder to abstract aryl protons (2.68 Å). In compari-
son, in 2 the carbonyl oxygen is in close proximity to only the 
aryl protons (2.60 Å), which have a higher bond dissociation 
energy (BDE). BP has been found to abstract hydrogen atoms 
from benzene rings, albeit slowly.31 Our hypothesis is that UV 
irradiation of 2 crystals may produce a triplet radical pair in 
low efficiency versus 1.  Finally, for 3 there are proximal ben-
zylic CH3 (2.60 Å), benzylic methylenes (2.88 Å), and aryl 
protons (2.64 Å), which suggests that several different triplet 
radical pairs could be formed. Simple BDE arguments predict 
the ketyl radicals may be formed more easily in compounds 1 

and 3 as compared with 2, which only contains close aryl hy-
drogens; as homolytic BDEs are lower for benzyl protons ver-

Figure 4. The excited states of 2 and 3 were characterized using 
TD-DFT calculations. The normalized experimental solid-state 
absorption spectra of (A) 2 and (B) 3 are compared to their calcu-
lated spectra in the gas phase including the corresponding spectral 
lines; the numbers indicate the electronic excited state. NTOs for 
the main transitions of (C) 2 and (D) 3 in gas phase compared to 
solution, where red/blue = occupied orbital and yellow/green = 
virtual orbital. 

Figure 5. Comparison of the microenvironments around the BP 
carbonyl obtained from the SC-XRD of compounds 1-3. (A) 1 has 
neighboring aryl and benzyl CH2 protons. (B) The carbonyl of 2 

resides in close proximity to only neighboring aryl protons. (C) 
The more complex structure of 3 is oriented close in space to two 
types of benzyls protons (CH3 and CH2) as well as (D) aryl pro-
tons. 
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sus aryl (88 kcal/mol vs 111 kcal/mol, respectively).32 Despite 
this, BP has been known to abstract all three types of pro-
tons.29-31 

In an effort to correlate structure with the formation and 
stability of the UV-generated triplet radical pairs, we 
turned to X-band EPR spectroscopy. First, EPR spectra 
were recorded on solutions of 2 and 3 in dichloromethane 
(1 mM) pre and post UV-irradiation (1 h).§ As expected, 
no EPR signal was observed pre or post UV indicating 
that any ketyl radical formed is quickly terminated in so-
lution (Figure S38). Upon UV irradiation the linear ana-
log solutions yellowed and showed only minor spectro-
scopic changes by absorption spectroscopy (Figure S43).  

Next, solid-state EPR spectra were recorded on triply 
recrystallized samples of 2 and 3 (~10 mg) pre and post 
UV.§§ After one hour of UV irradiation, the transparent 
crystals of 2 turned reddish-brown in color (Figure 6A), 
while the needle-like crystals of 3 became opaque upon 
removal from the mother liquor and showed a slight yel-
lowing in color upon UV irradiation (Figure 6B).  UV 
irradiation of the crystals resulted in the formation of rad-
icals in both 2 and 3 with g-values of 2.005 and 2.007, 
respectively (Figure 6 and S39). Irradiation of 2 crystals 
gave rise to an isotropic EPR signal. The EPR line width 
of 3 was similar, but a weak second transition was ob-
served at g = 2.003. A g-value of 2.003 has previously 
been attributed to the BP ketyl.33 

The concentration of radical pairs generated after one 
hour of UV-irradiation was approximated using a calibra-
tion of standard solutions of TEMPO in benzene (Figure 
S40).10,34 Double integration of the EPR signals provides 
the overall area of the spectra, which were then compared 
to the TEMPO calibration. One hour UV-irradiation of 2 
generated the same amount of radical as a 0.053 mM so-
lution of TEMPO in benzene, suggesting that approxi-
mately 1 in 5,000 molecules of 2 have a radical. In com-
parison, after similar UV-irradiation host 1 showed ~1 in 
30,000 molecules have a radical,10 whereas the linear ana-
log 3 shows radicals in ~1 in 25,000 molecules (similar to 
a 0.009 mM TEMPO solution). The amount of UV-
generated radical formed increases with longer irradiation 
times. This result shows that 2 generates approximately 
five times more radical than 3 after one hour of UV irra-
diation and demonstrates that radical formation is not de-
terred by higher homolytic BDEs. Though, it is possible 
that the persistence of the radical pair is playing a role in 
the observed concentration difference. 

Therefore, the persistence of the radicals was probed 
using dark decay studies where the samples were stored at 
room temperature in the dark after irradiation and EPR 
spectra were recorded over time. The dark decay study of 
2 shows that there was little change in line shape and g-
value (2.005) 140 days post UV-irradiation (Figure 6C). 
Sixty days after UV-irradiation, the area of the EPR signal 
retained half its initial amount, demonstrating the remark-
able persistence of the radicals of 2 (Figure S41). In com-
parison, dark decay studies on recrystallized 3 showed a 
faster decay and exhibited dramatic changes in the EPR 
line shape (Figure 6D). Post UV the broad EPR line ex-
hibited a g-value of 2.007 with a weak transition at g = 
2.003. Two hours after irradiation the EPR signal retained 
a similar line shape although a stark change was observed 

between 2 and 3 hours after irradiation with an increase in 
population of radicals at g = 2.003. The overall line width 
of the spectra remained similar, but the area of the signal 
was decreased by half just 45 hours after UV irradiation 
(Figure S42).  In contrast, macrocycle 1 displays a persis-
tent radical, which exhibits a modest amount of radical 26 
days after irradiation. In accordance with the spin selec-
tion rule, recombination reactions of triplet geminate radi-
cal pairs are forbidden and must first undergo ISC to yield 
a singlet radical pair in order to form products.27,33 In so-
lution, H-abstraction by BP generally occurs in 10-100 ns 
while recombination is considered the rate-limiting step 
(>1 µs).27 The enhanced stability of these emergent radi-
cals in the solid-state post UV-irradiation is attributed to 
delocalization of the radical pairs, which is further stabi-
lized by the rigidity of the BP units upon assembly. Stud-
ies have shown that self-recombination reactions of the 
BP ketyl have a rate constant that is an order of magni-
tude lower than cross-reactions.27 This seems to be re-
flected in the stability of 3 as the ketyl radical signal (g = 
2.003) became more prominent the longer the sample 
remained at room temperature. 

Figure 6E-F compares the absorption spectra of triply 
recrystallized samples (2 and 3) before and after 1h irra-
diation. The absorption spectra of both crystalline samples 
post UV retained their major spectroscopic properties, 

Figure 6. Photophysical properties of the triply recrystallized 
samples of 2 and 3 pre and post UV-irradiation. (A) The transpar-
ent crystals of 2 exhibit green fluorescence under UV light and 
become brown-red upon UV-irradiation. (B) The needle-like crys-
tals of 3 show quenched emission and only slightly yellow in 
color after UV-irradiation. (C) EPR of 2 post UV and subsequent 
dark decay study demonstrating that the radicals are persistent for 
several days at rt. (D) EPR of 3 exhibits persistent radicals after 
irradiation with a significant change in EPR line shape within 2 h 
post UV. Comparison of absorption spectra of (E) 2 and (F) 3 in 
solution and their recrystallized solids pre and post UV irradiation 
for one hour, the new absorbance band in 2 at λ = 557 nm is la-
belled.  
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although both signals broadened into the visible region. 
Most intriguingly, irradiation of 2 afforded a new absorb-
ance band at 557 nm which is consistent with where both 
the triplet and resulting ketyl absorb.12,35,36 It should be 
noted that the triplet state of BP’s absorption peak signifi-
cantly overlaps with its corresponding ketyl, however the 
triplet is known to absorb out to wavelengths >600 
nm.35,36 This long wavelength absorption was not ob-
served in the spectra of 3 or 1,10 again suggesting that 
UV-irradiation of 2 affords increased amounts of radicals 
versus the other derivatives. Samples of 2 and 3 were ana-
lysed by SC-XRD after UV irradiation and revealed no 
significant structural changes. Similarly, 1H NMR spectra 
were obtained on irradiated samples showing no spectral 
changes, which is consistent with the estimated concentra-
tion of the radicals (Figure S44-S45). Finally, the emis-
sion behaviour of the UV irradiated crystals was also in-
vestigated with no major changes observed upon excita-
tion at 355 nm (Figure S27).  

We have demonstrated that UV-irradiation of self-
assembled BP containing molecules can give rise to per-
sistent organic radicals in marked contrast to their behav-
iour in solution. The concentration of the radicals is low 
but is influenced by structure and assembly, as is their 
persistence. Para-substitution of BP containing radical 
pairs resulted in longer-lived radical species while meta-
substituted radical pairs displayed decreased stability. A 
comprehensive study on a library of BP containing crys-
tals with varying substituent patterns may be fruitful to 
further elucidate the rules that govern ketyl radical pair 
formation and their subsequent stability.  

CONCLUSIONS 

In summary, three new BP-containing molecules were 
synthesized and two afforded single crystals that assem-
bled the photosensitizer through urea-urea hydrogen 
bonding interactions. We investigated the impact solid-
state assembly has on their photophysics and explored 
their ability to form persistent radicals as a result of UV-
irradiation. Solid-state assembly of the materials resulted 
in a bathochromic shift in both their absorption and emis-
sion spectra and quenched their phosphorescent lifetime, 
which is attributed to BPs self-quenching character. The 
quantum efficiency of 2 and 3 was <0.3% in solution, 
although crystallization influenced their quantum yield 
differently. Crystallization of 2 enhanced its quantum 
efficiency by an order of magnitude but did not influence 
3. TD-DFT calculations on the crystal structures of 2 and 
3 in the gas phase and in solution were consistent with 
these experimental observations. The computations sug-
gested that crystallization of 2 and 3 would influence their 
photophysical properties differently, predicting a dramatic 
change in photophysics for 2 and little or no difference 
was expected for 3.  

Self-assembly of compounds 1-3 resulted in three dis-
tinct crystal structures that vary the microenvironment 
around the BP carbonyl. Remarkably, all of the crystalline 
compounds exhibit persistent radicals upon UV-
irradiation even though no radicals were observed in solu-
tion. The radical formation is attributed to BP carbonyls’ 
close proximity to neighboring H-abstractions sites within 
the crystal structures. The amount of radicals generated 

after UV-irradiation (1 h) varied six-fold with 2 surpris-
ingly showing the largest amount even though only aryl 
protons with higher BDE are close in proximity (2.60 Å) 
for abstraction, while macrocycle 1 exhibited the least 
amount of radicals. Radicals of 2 also displayed the great-
est persistence, exhibiting approximately half the EPR 
signal after 140 days.  In each case, the persistence of the 
UV-generated radicals was attributed to resonance stabili-
zation about the rigid crystalline framework and may shed 
light on the impact solid-state assembly has on the re-
combination of ketyl containing radical-pairs. Future 
work will be focused on elucidating the factors that gov-
ern the formation, stability, and applications of the radi-
cals. We are also exploring the efficiency of these BP 
sensitizers to undergo triplet-triplet annihilation pathways 
with molecular oxygen to generate reactive oxygen spe-
cies.  
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