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ABSTRACT: Exploration of highly ionizing radiation damage to
organic materials has mainly been limited to polymers and single-
component organic crystals due to their use in coatings and
scintillation detection. Additional efforts are needed to create new

tunable organic systems with stability in highly ionizing radiation . sublimation
to rationally design novel materials with controllable chemical and @Y_radlatmn

physical properties. Cocrystals are a promising class of compounds

in this area because of the ability to rationally design bonding and e _ RF

molecular interactions that could lead to novel material properties. N AN B"Q‘qu
However, currently it is unclear if cocrystals exposed to radiation FF stable

will maintain crystallinity, stability, and physical properties. Herein,
we report the effects of y radiation on both single-component- and
multicrystalline organic materials. After irradiation with 11 kGy dose both single- (trans-stilbene, trans-1,2-bis(4-pyridyl)ethylene
(4,4'-bpe), 1,n-diiodotetrafluorobenzene (1,n-C¢LF,), 1,n-dibromotetrafluorobenzene (1,n-C¢Br,F,), 1,n-dihydroxybenzene (1,n-
C¢H(0,) (where n = 1, 2, or 3)), and multicomponent materials (4,4’-bpe)-(1,n-C,L,E,), (4,4"-bpe)-(1,n-C¢Br,F,), and (4,4'-
bpe)-(1,n-C¢HO,) were analyzed and compared to their preirradiated forms. Radiation damage was evaluated via single-crystal-
and powder-X-ray diffraction, Raman spectroscopy, differential scanning calorimetry, and solid-state fluorimetry. Single-crystal X-ray
diffraction analysis indicated minimal changes in the lattice postirradiation, but additional crystallinity changes for bulk materials
were observed via powder X-ray diffraction. Overall, cocrystalline forms with 4,4’-bpe were more stable than the related single-
component systems and were related to the relative stability of the individual conformers to y radiation. Fluorescence signals were
maintained for trans-stilbene and 4,4’-bpe, but quenching of the signal was observed for the cocrystalline forms to varying degrees.
Three of the single components, 1,2-diiodotetrafluorobenzene (1,2-C¢l,F,), 1,4-diiodotetrafluorobenzene (1,4-C¢l,F,), and 1,4-
dibromotetrafluorobenzene (1,4-C¢Br,F,), also underwent sublimation within an hour of exposure to air postirradiation. Further
analysis using differential scanning calorimetry (DSC) and Raman spectroscopy attributed this phenomenon to removal of
impurities adsorbed to the crystal surface during irradiation.

B INTRODUCTION withstand high-radiation fields are crucial in many sectors
Materials that display resistance to ionizing radiation by and rely on a fundamental understanding of how radiation
conserving structural integrity and their physical and chemical interacts with these materials to rationally design stable
properties are vital to the development of sustainable solar materials with large exposures.”’

cells, sensitive radiation detectors, nuclear forensics, aerospace Previous work on solids typically focused on inorganic solid-
materials, shielded nuclear reactors, and radiomedicine.' ™ In state materials and polymers exposed to high ionizing
space science, cosmic rays deliver high-energy radiation to radiation. Inorganic compounds are used as optical materials
materials that can lead to significant structural degradation of for coatings on solar cells and satellites (e.g, metal oxides,
these materials.'’”'® Radiation damage is also a concern for glasses) but can undergo physical changes with exposure to
the storage and handling of nuclear waste due to the presence radiation, such as the formation of F-centers that lead to
of a suite of radionuclides that releases ionization radiation (a, darkening and a reduction of light transmission.'%"'®?!
pB, and y) that will degrade materials associated with

containment and long-term monitoring.17 In radiomedicine, - o

y radiation is used for cancer diagnostics and therapies; thus, Received: December 19, 2022 G

Revised:  February 21, 2023

novel materials for both detection (scintillation) and delivery
Published: March 2, 2023

are important to the advancement of the field.'® Radiation can
also cause secondary damage to electronic devices, when
protective coatings are not able to sufficiently withstand the
dose."”” Therefore, advancements in materials that can
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Inorganic materials tend to be more radiation-resistant than
organic compounds but are also more expensive for practical
applications and tend to be more brittle and sensitive to
environmental conditions.”'°"'**'7** Both plastics and
organic crystalline materials (e.g., stilbene, anthracene) are
widely used scintillators materials, but plastics outperform
crystalline forms. For organic crystals, shifts in the band edge
are observed at low doses, and heavy damage is observed at 21
kGy.”>~*" Similarly, most organic polymers can withstand low
(10—100 Gy) or moderate (1—10 kGy) doses without
significant changes in mechanical properties (tensile strength,
glass transition temperature) or radiation adsorption behavior.
Even with the stability of the organic polymers under a
moderate dose, there is still a concern about their overall
durability when exposed to continuous irradiation, particularly
in the presence of oxygen gas.”” " Radiation-induced damage
within polymer materials is related to the formation of radical
species that causes chain scission reactions and cross—linkin$
that changes the overall properties of the material.”"~>
However, a study by Quaranta et al. on two-component
polymeric materials demonstrated enhanced radiation resist-
ance, suggesting that additional stability and tunability can be
achieved in binary systems.””

Cocrystals have similarity to organic crystalline materials,
but the presence of multiple molecules within the extended
lattice enables control of composition and dimensionality in
the solid state, with potential to offer similar tunability and
radiation resistance as the two-component polymer systems.
These multicomponent materials can be engineered to possess
precise noncovalent forces such as hydrogen and/or halogen
bonds to control of dimensionality, packing, and interactions
that can lead to unique chemical and physical properties.** ™
In addition, cocrystals are arguably less costly, toxic, typically
more abundant, and more mechanically flexible, than inorganic
materials. While single-component organic crystalline materials
are widely used as scintillation materials, the relative stability of
multicomponent cocrystals to ionizing radiation has not been
evaluated in the previously reported literature. Based upon the
previous work by Quaranta et al, we hypothesized that
cocrystals will be more radiation-resistant than single-
component systems because of the rationally designed
intermolecular interactions within the materials that can
improve overall lattice stability.”®

In this study, we report the effects of ionizing y radiation on
the structural integrity on single-component materials: trans-
stilbene, trans-1,2-bis(4-pyridyl)ethylene (4,4'-bpe), 1,n-diio-
dotetrafluorobenzene (1,n-C¢I,F,), 1,n-dibromotetrafluoro-
benzene (1,n-C¢Br,F,), and 1,n-dihydroxybenzene (1,n-
C¢HO,) (where n = 1, 2, or 3), as well as the related binary
cocrystals (4,4'-bpe)-(1,n-Cs1,F,), (4,4"-bpe)-(1,n-C(Br,F,),
and (4,4’-bpe)-(1,n-C¢Hg¢0,) (Scheme 1). A common theme
of components is aromaticity, which is known for increased
radiation resistance in organic materials. Aromaticity was
viewed as most important since s-electrons reduce the
probability of localization of excitation at a specific bond
within the molecule, which therefore could provide fewer
potential defects such as bond breakage.”” The bipyridine 4,4'-
bpe is also a common reactant used to construct cocrystals,
and importantly for the current study it is a ‘derivative’ of a
commonly used organic scintillator, namely, trans-stilbene. For
the binary cocrystals, we evaluated how the incorporation of
noncovalent interactions, such as halogen- (X-) and hydrogen-
(H-) bonding interactions, within these systems provides
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Scheme 1. Wire Representation of trans-stilbene, Which Is a
Common Single-Component Organic Crystal Utilized in

Radiation Detection”
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“trans-Stilbene can be structurally compared to 1,2-bis(4-pyridyl)-
ethylene (4,4’-bpe), which can be combined with the functionalized
benzene rings to form binary cocrystals.

rationally designed structural integrity with exposure to y
radiation. All these binary cocrystals form infinite 1-D arrays of
C—X/H:--N halogen/hydrogen bonds and crystallize in yields
>95% and do not retain any solvent/mother liquor. Both the
pure solid-state single components and the respective H- or X-
bonded cocrystalline forms were characterized by single-crystal
and powder X-ray diffraction before and after irradiation to
evaluate crystallinity. Additional characterization via Raman
and solid-state fluorescence spectroscopy and DSC was used to
further explore changes in the physical properties of the single
component and binary material.

B EXPERIMENTAL SECTION

Synthesis. Synthesis of the cocrystals was conducted using similar
methodologies to previous reports by using a 1:1 ratio of reactant:
coformer (4,4’-bpe: 1,n-C¢L,F,, 1,n-C¢Br,F, or 1,n-CgHO,, where n
=1, 2, or 3). In each case, the reactant and coformer were weighed
into separate 20 mL scintillation vials.** For the formation of the
halogen-bonded cocrystals, both the reactant (4,4'-bpe) and
coformer (1,n-C4L,F, or 1,n-C¢Br,F,, where n = 1, 2, or 3) were
dissolved in CHCl; (2 mL each) and then mixed to form the final
reaction solution. For the hydrogen-bonded cocrystals, the reactant
was dissolved in CHCl; (2 mL), and the coformer (1,n-CgH4O,,
where n = 1, 2, or 3) was dissolved in a mixed solvent of EtOH and
CHCI, (1 mL each, respectively) and then mixed together to form the
final solution. Vials were capped tightly to allow for slow evaporation
affording high-quality single crystals for diffraction within 2 days and
relative yields of approximately 95%. Samples were evaporated to
complete dryness.

y-Irradiation. CAUTION: Cs-137 is a radioactive y emitter.
Irradiation experiments were carried out by trained personnel in a
licensed research facility.

Single-component- and cocrystals were each added to 0.5 dram
borosilicate glass vials. The vials were evacuated and backfilled with
inert gas (Argon) and tightly capped before irradiation to prevent the
presence of reactive O, in the system. Samples were transported to
the University of Iowa Free Radical and Radiation Facility for
irradiation with a Cs-137 monoenergetic source (0.667 MeV). The y
irradiator has the ability to irradiate samples at a rate between 10 and
3200 ¢Gy'min~', and for this study, the samples were irradiated in
their dram vials for 8.45 h to yield a total delivered dose of 11.00 kGy.
Samples were safe to handle immediately after irradiation.

https://doi.org/10.1021/acs.cgd.2c01504
Cryst. Growth Des. 2023, 23, 3357—3366
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Crystal Structure Determination. A high-quality single crystal
of each compound pre and postirradiation was isolated on a MiTeGen
micromount and mounted on a Bruker D8 Quest single-crystal
diffractometer equipped with a microfocus X-ray beam (Mo Ko; 4 =
0.71073 A) and a CMOS detector. Frames were collected at 100 K
(Oxford Systems low temperature cryosystem) with the Bruker
APEX4 software package. Peak intensities were corrected for Lorentz,
polarization, background, and absorption effects using the APEX4
software. Omega and phi scans were collected to provide full coverage
of the diffraction space with high redundancy. Initial structure
solution was determined by intrinsic phasing and refined on the basis
of F? for all unique data using the SHELXL version S program. H
atoms were placed with a riding model for 4,4’-bpe and 1,n-CcH40,
molecules. Selected details on the structural refinement and selected
bond distances and angles can be found in Tables S1—S17 in the
Supporting Information (SI) section. The Bruker APEX4 software
package was also used to obtain mosaicity values for each data set to
compare crystallinity of each sample pre and postirradiation.

Powder X-ray Diffraction. Both the single-component- and
cocrystals were ground to a polycrystalline powder, and an internal
standard of NaCl was added to the mixture. NaCl was chosen because
the diffraction peaks did not interfere with any of the single- or
multicomponents. Each sample contained 20 mg of material that was
ground with S mg of NaCl for 5 min to form a fine powder and then
sieved to create a homogeneous mixture. These samples were
analyzed on a Bruker D-5000 powder X-ray diffractometer (Cu Ka =
1.54 A) equipped with a LynxEye solid-state detector to determine
the purity of the sample. Scans were performed from 5 to 60° 26 with
a step size of 0.05° 26 and a count time of 1 s/step. Experimental
patterns were compared pre and postirradiation for each sample.

Raman Spectroscopy. Solid-state Raman spectroscopy was
performed on both single-component and co-crystals. These samples
were isolated and ground for 5 min to form a fine powder and pressed
into a flat layer on a glass slide. Solid-state Raman spectra were
acquired on the single-component and co-crystalline materials with a
SnRI High-Resolution Sierra 2.0 Raman spectrometer equipped with
785 nm laser energy and a 2048 pixels TE-cooled CCD. Laser power
was set to the maximum output value of 15 mW, giving the highest
achievable spectral resolution of 2 cm™. Each sample was irradiated
for an integration time ranging from 0.25 to 2 s and automatically
reiterated three times in a multiacquisition mode with the raster on.
The average of the spectra acquired for a sample is reported as the
final Raman spectrum. In order to accurately process the Raman
signals observed, the background was subtracted using PreDICT 64-
bit software, multiple peaks were fit using the peak analysis protocol
with Lorentzian functions, and all the fitting parameters were
converged in the OriginPro 9.60 (OriginLab, Northampton, MA)
64-bit software.

Differential Scanning Calorimetry. A DSC Q100 (TA
Instrument, USA) calorimeter heating from S0 to 140 °C at S °C-
~! was used to assess sublimation properties of 1,4-C¢Br,F, pre
and postirradiation. Calibration was carried out with an indium and
sapphire standard, and an empty, hermetically sealed aluminum pan
was used as a reference. Approximately 7 mg of 1,4-C¢Br,F, was
weighed using a Toledo microbalance with 1 yg accuracy. The sample
was placed in an aluminum pan, capped with an aluminum lid, and
hermetically sealed. Data were analyzed using the free-to-use TRIOS
version 5.1.1 software by TA Instruments.

Solid-State Fluorometry. A CRAIC Microspectrometer solid-
state. UV—VIS—NIR equipped with a mercury lamp was used to
collect fluorescence measurements on pre and postirradiated samples.
Crystalline samples were placed onto glass slides and focused under
the microscope. Measurements and figures were collected under a 10x
objective and a set wavelength of 365 nm. Spectra were generated
from 25 averaged scans of each sample, and spectra were averaged
over three different crystals with an integration time ranging from 500
to 1500 s. Dark scans for background collection were taken between
each sample.

min
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B RESULTS AND DISCUSSION

Assessment of Crystallinity for Pre and Postirradia-
tion Using Single-Crystal and Powder X-ray Diffraction.
Pre and postirradiation samples were first evaluated via single-
crystal X-ray diffraction to explore changes in the unit cell
dimensions and the structural features of each material except
for 1,3-C4I,F, 1,2-C(Br,F,, and 1,3-C(Br,F, since these
single components are liquids at room temperature and could
not be evaluated with this technique. Unit cell dimensions
could not be reported for 1,2-C¢I,F,, 1,4-C(I,F,, and 1,4-
C4Br,F, after exposure to y radiation owing to sample stability
issues that will be discussed vide infra. For each single-
component and co-crystalline material, five fast scans were
collected on five different crystals within the vial pre and
postirradiation for averaged values of unit cell parameters
(Table 1). Unit cell percent changes were calculated using

Table 1. Average Intensity Percent Decrease upon Exposure
to y Radiation for Each Single- and Multicomponent
Crystalline Solid

single-component percent  cocrystallized with 4,4'-

(5%)

coformers intensity change (%) percent intensity change

1,2-C(L,F, 153 42
1,3-C(LF, liquid 507
1,4-C,L,F, 792 499
1,2-C¢Br,F, liquid 48.7
1,3-C4Br,F, liquid 7.9
1,4-C¢Br,F, 9.4 2.9
1,2-C(H 0, 19.9 18.8
1,3-C¢H,0, 92.9 80.4
1,4-CsH,0, 36.3 4.6
trans-Stilhene 14.47

4,4'-bpe 3.0

percent change (eq 1) where x; and x, are the unit cell
parameters pre and postirradiation, respectively.

lx, — x|
Y2 M 100
(3, + x,)

2 (1)

Largest changes between samples from irradiation corre-
spond to the volume of the unit cell, but the percent changes
were still all below 1% (Figure 1). Given that the unit cells are
relatively small, we determined that a change greater than 2%
would be considered significant; therefore, no change
significant deviations in the unit cell parameters were observed
for these systems. Additional exploration of the structural
features associated with the structural determination of these
materials also did not yield any observable changes in the
molecule or its overall packing. We note that there are also no
observable differences in the unit cell parameters for the trans-
stilbene material.

Overall crystallinity was also assessed using mosaicity as a
metric, which is a measure of spread of crystal plane
orientation. Large changes in mosaicity can indicate either an
increase or decrease in crystallinity with radiation exposure.’”
Fast scans were collected for the single-component crystals
postirradiation before complete sublimation could occur, and
full scans were collected for the rest (Figure 2). Fast scans were
collected on five different crystals for each sample, collecting a
full 180° scan, and 200—250 reflections were harvested per
collecting to obtain mosaicity values. Mosaicity values were

percent change =

https://doi.org/10.1021/acs.cgd.2c01504
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Single Component Unit Cell Volume Changes Pre- and Post-Irradiation
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Figure 1. Bar graph of unit cell volume changes from radiation exposure for each single-component (left) and cocrystals formed with 4,4’-bpe
(right) crystals. Postirradiated samples are denoted with a lighter color respective to its nonirradiated form and (y) in the legend. Error bars are too

small to be seen.
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Figure 2. Box and whiskers graph of mosaicity values before and after radiation exposure. Single components are show in the graph on the left,
cocrystals formed with 4,4’-bpe are shown on the right. Postirradiated samples are denoted with a lighter color with respect to its nonirradiated

form and (y) in the legend.

averaged between five full data sets, and standard deviations
were computed in Excel. Each sample has an observed increase
in mosaicity, which would correspond to a slight decrease in
crystallinity. However, the mosaicity values fall within range of
their pre- or post-irradiated form; therefore, this increase in
mosaicity was not found to be statistically significant.
Analysis of single-crystal X-ray diffraction provides detailed
information on select, highly crystalline particles; therefore,
powder X-ray diffraction was used to evaluate the uniformity
and bulk changes to the samples from radiation exposure. A
NaCl standard was used to quantify any peak broadening or
intensity changes that could potentially be observed between
the pre and postirradiation samples. The most intense peak
observed for NaCl is located at 31.79° 20, whereas the major
peaks associated with both the single-component- and co-
crystalline samples reside between 10 and 30° 20. An example
of the powder X-ray diffraction results for the pure
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components (4,4'bpe; 1,4-C¢Br,F,) and co-crystalline form
(4,4'bpe)-(1,4-C¢Br,F,) is provided in Figure 3. The
intensities were normalized using the generalized reference
intensity ratio method described by Bish and Post and
Snyder.”” Raw and processed diffractograms for all samples
can be found in the Supporting Information section (Figures
S1-S23).

Figure 3 demonstrates that the intensity of postirradiated
samples is notably less than that in its preirradiated form, but
there is no obvious phase change for the samples. In addition,
the raw data (Figures S7—S23) indicated that the signal to
noise for the samples changes postirradiation, but there is not
significant evidence for the formation of an amorphous
product. Minimal changes to the powder patterns are expected
as the zero mass of y radiation enables the ionizing radiation to
travel farther distances than other forms®” but does not have a
large amount of energy transfer. Therefore, the irradiation will

https://doi.org/10.1021/acs.cgd.2c01504
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Powder Patterns Pre- and Post-Radiation Exposure
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Figure 3. Normalized powder patterns of selected single-component-
and binary cocrystals pre and postirradiation. Intensities have been
normalized with a NaCl standard to provide semiquantitative analysis
of the percent changes. Red lines on the x-axis represent the NaCl
standard peak positions.

not cause significant degradation of the crystalline lattice to
form the amorphous material. This can be compared to
radiation, for example, where the *He particle travels small
distances (1—3 cm) because of the large mass and significant
linear energy transfer that results in bond breakage.”' We also
note that there was no observable widening of Braggs peaks
postirradiation, which indicated that there was also not a
significant decrease in the coherent domains of diffraction or
particle size.

The relative intensity ratio method was utilized to provide a
semiquantitative methodology to explore the differences in
crystallinity. Averaged percent changes in intensity were
calculated from the five most intensity peaks within the
powder patterns to compare samples pre and postirradiation
(Table 1). Changes in the single components ranged from a 3
to 93% decrease in intensities with single-component 1,4-
C4LLF, and 1,3-C{H¢O, showing the most degradation after
irradiation. Of the single components, 4,4'bpe performed the
best with only a decrease of 3%, which was better than the
change observed for the trans-stilbene standard where the
decrease in crystallinity was 14%. Turning to the cocrystalline
forms with 4,4’bpe, we observed that in all cases there was a
decrease in the overall degradation of the material. The
stability of the cocrystals can be highlighted for (4,4'bpe)-
(1,4-CgL,F,) where the decrease in crystallinity changed from
79 to 50% going from the single (1,4-C¢I,F,) conformer to the
multicomponent system. Similarly, degradation of the 1,4-
C¢H¢CO, was observed at 36% and then dropped to 4.6% with
the formation of (4,4'-bpe)-(1,2-C¢H40,). An additional
observation was noted for (4,4'-bpe)-(1,2-C¢H0,), where
the preradiation form contained fairly poor signal to noise that
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improved upon irradiation (Figure S6). Previous reports
suggest that the y radiation either removes the amorphous
content, or induces crystallization, thus, removing any
prominent background features which could be associated
with amorphous materials.***

While there are limitations to the relative intensity ratio
methodology, it does provide some additional insights into the
system. The biggest challenge for the methodology is that it
requires careful sample preparation to create a homogeneous
mixture, but additional problems (i.e., extinction, micro-
absorption, and preferred orientation of the sample) create
additional sources of error.*’ In this study, the sample was
carefully prepared to create a homogeneous mixture, and we
do not expect significant errors due to extinction or
microabsorption because we are making comparisons to
identical materials pre and postradiation. While there is no
clear evidence of preferred orientation, there is evidence that
the irradiation is impacting specific lattice planes by differing
amounts (Tables S15—S31). An example of this can be noted
in (4,4'-bpe)-(1,3-C¢Br,F,), where three of the most intense
peaks in the diffractogram do not change between pre and
postradiation, whereas the other two decrease by 28 or 46%.
This is contrasted with (4,4’-bpe)-(1,2-C¢Br,F,), where the
percent change between the five most intense peaks decreases
by a narrower amount (43—54%). Comparing the (4,4'-bpe)-
(1,n-C¢Br,F,), where n = 2, 3, or 4, cocrystals to each other
structurally, the powder pattern with the fewest changes was
associated with 1,4-C¢Br,F, where packing involved infinite 1-
D linear assemblies compared to the other two which had
discrete assemblies. Variations in crystal packing that result in
differences in bond strengths between the lattice planes will be
explored in greater detail in future studies.

Several other studies have utilized powder X-ray diffraction
techniques to evaluate y irradiation stability but are challenging
to compare to the current study. There is limited analysis of
organic crystals using this technique and so it is difficult to
make additional comparisons between these systems. Other
irradiation studies for materials do not provide information on
the exact change in the intensities of the samples, providing
qualitative analysis of peak positions and arbitrary values for
intensities.”* The study by Hossain et al. provided detailed X-
ray diffraction data for hydroxyapatite samples that underwent
gamma irradiation but utilized parameters such as the
crystallinity index and degree of crystallinity that are specific
to the identity of the solid.”> Therefore, additional studies are
warranted to provide a more consistent methodology to
evaluate changes in crystallinity for irradiated materials.

The single- and multicomponent materials were also
analyzed by Raman spectroscopy (Figures S24—S51). Each
of the spectra was peak fit, and then the vibrational modes
were assigned using previously published literature.**”>°
Overall, the features within the Raman spectra for all the
single- and multicomponent phases could be matched to the
previously reported vibrational bands. There were variations in
the intensities between the pre and postirradiation materials
but because there was no internal spectroscopic standard in
these samples there is no significance to these differences.

Evaluating Physical Properties via Solid-State Fluo-
rimetry. Given the importance of fluorescence in the use of
organic crystals for scintillation devices, we also explored the
fluorescence signal associated with the single- and multi-
component systems and compared to trans-stilbene as a
reference. Single-component trans-stilbene and 4,4’-bpe have
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Figure 4. Solid-state fluorescence spectra of (a) trans-stilbene, (b) 1,4-C¢L,F,, (c) 1,4-C¢Br,F,, (d) 4,4'-bpe, (e) (4,4’ -bpe)-(1,4-CgL,F,), and (f)
(4,4'-bpe)-(1,4-C¢Br,F,) pre and postirradiation depicted as black and red, respectively. Images in (), (d), and (e) include single crystals under a
microscope at 365 nm wavelength and 10X objective before and after radiation exposure.

inherent fluorescent properties upon excitation 365 nm due to
high conjugation within these respective molecules, and this is
clearly depicted in Figure 5. The single components with a
single aromatic ring showed no or weak fluorescence both pre
and postradiation (Figures S52—S57). This is expected as
these single-component phases are known for being relatively
weak fluorophores due to aggregating-induced quenching
within the solid state.”® Turning to the multicomponent
phases, we note differing levels of quenching of the
fluorescence signal for the preradiation samples. This has
been previously noted to occur by Tamuly et al. where they
indicated 1,3-C{H¢CO, and 1,4-CH¢CO, will engage in
hydrogen bonding interactions with nitrogen-containing
fluorophores to induce quenching in solution.”” Brahma et
al. also noted that 1,3-C4H4CO, caused quenching of
phenazine in the solid state caused by parallel cofacial 7-
stacks among the phenazine molecules.”® A similar decrease in
the fluorescence signal is noted for all multicomponent
samples containing 1,n-CgHgCO,. The cocrystals (4,4’-bpe)-
(1,4-C¢Br,F,) and (4,4'-bpe)-(1,4-C(1,F,) retained the
largest amount of fluorescence compared to the 4,4'-bpe
single phase for the preirradiation materials (Figure 4). This
agrees well with previously reported synthesis and character-
ization of halogenated benzene cocrystals reported by Gao et
al. and Li et al. where fluorescence was also observed in these
solid-state materials.””°

Upon irradiation, the fluorescence is maintained for both
single-component systems but is more variable for the
multicomponent phases. Very little differences were noted in
the fluorescence of the trans-stilbene and 4,4'-bpe materials,
but there was more variability for the other coformers. No
fluorescent signal was observed for the initial 1,4-C¢Br,F, and
1,4-C¢H4O, materials, but after irradiation, a weak signal was
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detected. In the postirradiation multicomponent materials, the
signal decreased substantially for the (4,4’-bpe)-(1,4-
C¢Br,F,), while the weaker fluorescing system of (4,4'-bpe)-
(1,4-C¢I,F,) had a smaller decrease postirradiation. It is
interesting to note that the decrease in the crystallinity of the
(4,4'-bpe)-(1,4-C¢Br,F,) system is quite small (3%) com-
pared to that observed for (4,4’-bpe)-(1,4-C(LLF,) 51%)
because an increase in disorder is expected to decrease in the
intensity of fluorescence in solid materials.”*> For inorganic
materials, NaCl, there is an increase in fluorescence upon
exposure to gamma radiation due to the formation of an F-
center (a free electron trapped within the lattice of the
crystal).”® In other cases, an increase in disorder within the
lattice resulted in a decrease in the intensity of fluorescence in
solid materials.”*> Additional experiments are ongoing to
mechanistically explore the changes that occur in multi-
component systems upon irradiation and the impacts on their
fluorescence properties.

Case Study in Stability: Changes in Sublimation for
1,4-C¢Br,F, Pre and Postirradiation. As mentioned vide
supra, the 1,4-C¢Br,F, postirradiation could not be compared
to the as-synthesized materials because of stability issues, and
we decided this warranted further analysis. More specifically,
when postirradiation single crystals of 1,4-C4Br,F, were placed
on the X-ray diffractometer, the material sublimed within 40
min at 298 K under standard conditions. Data collection was
also attempted with the sample cooled to 100 K under a N,
cryostream, but sublimation still occurred under these
conditions. While this single component is under the category
of perfluorinated carbons and is known to undergo
sublimation,” this phenomenon typically occurs at room
temperature or elevated temperatures over an extended period
of time (typically days). Similarly, 1,2-C¢I,F, and 1,4-C¢LF,
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were stable enough for data collection preradiation, but also
sublimed within an hour postradiation, preventing us from
obtaining a complete data set for both single-crystal and
powder X-ray diffraction.

As sublimation is phase change event, additional thermody-
namic analysis for 1,4-C4Br,F, for both pre and postirradiated
forms was performed using DSC (Figure S). In both cases,
there is an endothermic transition that occurs at 77.72 and
78.12 °C for the pre and postradiation samples, respectively.
Averaged triplicate data collected from DSC provide AH,, =
—24.568(4) and —21.581(8) kJ/mol for pre and postradiation
samples, respectively. This is a total of 2.987 kJ/mol more
exothermic for the irradiated sample, which is consistent with
the observation that the postirradiation sample sublimed more
readily than the initial sample.

Further analysis of the 1,4-C4Br,F, by Raman spectroscopy
revealed a possible explanation for the change in stability for
pre and postirradiation materials. Full Raman spectra and
assigned vibrational modes are provided in the Supporting
Information section (Figures $24—S51), but weak features in
the spectral window between 225 and 350 cm™' are
highlighted in Figure 6. Notably for preirradiation of 1,4-
C¢Br,F,, there is a band present at 275 cm™' that does not
correspond to the reported vibrational features for this
molecule, and this feature decreases in intensity with
irradiation by y rays. We hypothesized that this band was an
impurity that was adsorbed onto the surface of the 1,4
C¢Br,F, phase. More so, the synthesis of 1,4-C¢Br,F, reports
the use of excess Bry,) and could have likely physiosorbed
onto the surface of the product.””* This is supported by other
studies which report that the Raman spectral features of
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physiosorbed Br, occur between 270 and 300 cm ™', where the
exact peak position was dependent on the identity of the
material substrate.”* Previous work on the adsorption of Br,
onto Si crystals suggests that the overall energy of the surface
adsorption is favorable, suggesting that this is likely to occur
within the 1,4-C¢Br,F,.>> The decrease in the spectral feature
for the irradiated samples suggest the removal of some of the
adsorbed Br,. It is possible that this explains the difference in
the sublimation behavior of the material as the Br, may
passivate the surface and slow the sublimation process.
Removal of a certain amount of Br, upon irradiation may
enhance this behavior and results in the enthalpic change
associated with desorption of Br,. Interestingly though, this
was not observed the Raman spectra for either 1,2-C4LLF, or
1,4-C(,LE,.

B CONCLUSIONS

Herein, we have reported the effects of gamma radiation on 17
single-component and cocrystalline organic materials through
techniques such as single- and powder-X-ray diffraction, DSC,
Raman spectroscopy, and solid-state fluorometry. While little
differences were noted in the single-crystal X-ray diffraction
data, powder X-ray diffraction depicts decreases in peak
intensity related to lowering of the crystallinity of the sample.
This work demonstrates that selecting individual crystals is not
adequate to understand overall changes in the bulk material
and that powder X-ray diffraction provides a better picture of
the impacts of radiation. Overall, the data presented here
support the hypothesis that cocrystals have the ability to
mitigate structural defects when exposed to y radiation,
particularly when one of the coformers (4,4'bpe) shows
specific radiation resistance. Solid-state fluorimetry studies also
demonstrate that the fluorescent behavior is variable with
exposure to gamma irradiation and is likely dependent on the
properties of the coformer, crystalline packing, and impacts of
lattice defects or free electrons within the material. In addition,
the perfluorinated single components 1,2-CI,F,, 1,4-C(LF,
and 1,4-C¢Br,F, which are known to sublime over an extended
period, had an enhancement of the physical property through
radiation exposure. Evidence provided sublimation occurred
more quickly due to impurities adsorbed to the original sample
and their removal through irradiation.

This study clearly demonstrates that organic cocrystalline
materials may be competitive alternatives to current organic
scintillators and provide new opportunities for tunability
through rational design. However, appropriate consideration
of components to be formed into a cocrystal must be
considered such as intermolecular interactions present and
dimensionality for radiation-resistant applications. Increasing
the amount of aromaticity within the multicomponent material
should increase both the radiation resistance and the
fluorescent signal, but the influence of 7-stacking and hydrogen
bonding within the crystalline lattice must be further evaluated
to understand its impact on the enhancement or quenching of
the signal. Finally, future studies evaluating the formation of
free electrons from the irradiation process would provide
additional insights into the solid-state reactivity that further
guide our understanding of the process and possible design
principles for the development of new materials for radiation
resistance and detection.
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