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Abstract: In this work, we synthetized and characterized new crystalline materials with theranostic 
properties, i.e., they can be used both as bio-sensors and for “drug delivery”. The two solid 
crystalline compounds studied are Metal Organic Frameworks and have formulas 
Li[(C6H12O6)2B]·2H2O and Li[(C4H2O6)2B]·5.5H2O. They can be synthetized both with natural 
isotopes of Li and B or with 6Li and 10B isotopes, that can be explored for Neutron Capture Therapy 
(NCT) for anti-cancer treatment. The presence of chiral organic molecules, such as mannitol and 
tartaric acid, provides the NLO property to the crystals and thus their capability to generate the 
Second Harmonic, which is useful for applications as bio-sensors. The two compounds were 
characterized with X-ray Diffraction and the Second Harmonic Generation (SHG) responses were 
estimated by theoretical calculations, and the results were compared with experimental 
measurements of powdered samples. In order to test the behavior of such compounds under 
thermal neutron irradiation, we preliminary exposed one of the two compounds in the e_LiBANS 
facility at the Torino Physics Department. Preliminary results are reported. 

Keywords: metal organic frameworks; NLO properties; SHG efficiency; neutron capture therapy; 
ab-initio calculations 

 

1. Introduction 

Neutron Capture Therapy (NCT) is one of the radiation techniques used to treat cancer. It 
consists in the uptake of the stable boron-10 isotope by cancer cells and their irradiation with thermal 
neutrons: a nuclear reaction occurs to yield α particles and lithium-7 nuclei, that provide high energy 
along their short pathway. The efficacy of this technique is directly correlated to the amount of boron-
10 deposited into each cancer cell and to the development of more selective boron delivery agents [1]. 
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Nanoparticles are promising candidates for boron delivery agents for their improved 
pharmacokinetic properties, controlled and sustained release of drug, and lower systemic toxicity [2]. 
In this work, we aim to synthetize new solid materials containing boron nuclei with a suitable 
concentration, that can be reduced into nano-size particles and easily functionalized on the surface 
in order to be able to penetrate cells [3]. Boron-10 is not the only isotope that is able to capture thermal 
neutrons: lithium-6 nuclei can capture neutrons to yield tritium and α particles and deposit high 
energies into cells. Thus, in this work, we attempt to take advantage of the nuclear reaction of lithium-
6 for NCT, concentrating both isotopes, 10B and 6Li, in the same nanoparticles in order to enhance the 
NCT efficacy. 

Another requirement, for biological applications of materials, is that they should be detectable 
by optical microscopes, in order to determine both cell uptake and viability assay. For these purposes, 
we can exploit the Non-Linear Optical (NLO) properties of special non-centrosymmetric crystalline 
materials, that are able to emit visible light when stimulated with an infrared beam [4]. Thus, we 
synthetized and characterized new solid materials, containing boron and lithium atoms, and a chiral 
organic small molecule, which provides the NLO property to the crystal. The two organic molecules 
considered in this work are mannitol and tartaric acid, which have at least two vicinal OH groups 
that can link to boron. The two solid crystalline compounds obtained have the formulas 
Li[(C6H12O6)2B]·2H2O (LiM2B) and Li[(C4H2O6)2B]·5.5H2O (Li5T2B). The synthesis and X-ray crystal 
structures were reported. The Second Harmonic Generation (SHG) response of these two compounds 
was estimated by theoretical calculations and compared to experimental measurements of powdered 
samples. Finally, in order to test the behavior of such compounds under thermal neutron irradiation, 
we preliminarily exposed powdered LiM2B to the thermal neutron radiation field of the E_LiBANS 
facility [5] at the Physics Department of Torino. 

2. Materials and Methods 

2.1. Synthesis of LiM2B and Li5T2B 

All reagents, with both natural and enriched isotopes, were purchased from Sigma Aldrich. To 
a solution of 5.0 mmol of mannitol or tartaric acid in 10 mL of water, 1.5 or 6.5 mmol of Li2CO3 were 
slowly added, respectively. Once the evolution of CO2 stopped, 2.5 mmol of boric acid were added 
and the solution was left to evaporate at room temperature. After a few weeks, the evaporation of 
water left a viscose residue at the bottom of the flask. Upon standing for about two months, crystals 
suitable for single crystal X-ray diffraction were formed and all the viscose residue crystallized. In 
order to speed up the synthesis, it is possible to heat the initial solution in a stove at 323 K without 
degradation of the components, and in two days, the viscose residue is formed. In any case, the 
formation of crystals from the viscose residue requires the same time. 

2.2. Single Crystal X-ray Diffraction (XRD) 

For both compounds, data collection was performed at room temperature on an Xcalibur, 
AtlasS2, Gemini Ultra diffractometer. Data integration was performed with CrysAlisPro [6]. Through 
Olex2 [7], the structure was solved with the ShelXT [8] structure solution program using Intrinsic 
Phasing and refined with the ShelXL [9] refinement package using Least Squares minimisation. All 
atoms but hydrogens were localized in Fourier maps and anisotropically refined. Hydrogen atoms 
were found in the Fourier maps and refined riding with Uiso = 1.2 or 1.5 times Ueq of the connected 
atom. Details on crystal data, data collection, refinements, bond lengths and angles are reported in 
the Supporting Information (Tables S1–S3 for LiM2B; Tables S4–S6s for Li5T2B) and in the deposited 
CIF files (CCDC 1976518 for LiM2B and 1976411 for Li5T2B). 

2.2.1. Crystal Data for Li[(C6H12O6)2B]·2H2O (LiM2B) 

M = 225.06 g/mol; orthorhombic, space group P21212 (no. 18), a = 10.6384(4) Å, b = 9.7949(3) Å, c 
= 9.5589(3) Å, V = 996.06(6) Å3, Z = 4, μ(MoKα) = 0.138 mm−1, Dcalc = 1.501 g/cm3, 20,576 reflections 
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measured (7.082 ≤ 2Θ ≤ 61.014), 3048 unique (Rint = 0.0393, Rsigma = 0.0220) which were used in all 
calculations. The final R1 was 0.0332 (I > 2σ(I)) and wR2 was 0.0872 (all data). 

2.2.2. Crystal Data for Li5[(C4H2O6)2B]·5.5 H2O (Li5T2B) 

M = 776.40 g/mol; orthorhombic, space group C2221 (no. 20), a = 11.7611(2) Å, b = 15.6633(2) Å, c 
= 19.4260(3) Å, V = 3578.61(9) Å3, Z = 4, T = 293(2) K, μ(Cu Kα) = 1.197 mm−1, Dcalc = 1.441 g/cm3, 26,418 
reflections measured (9.104 ≤ 2Θ ≤ 123.532), 2790 unique (Rint = 0.0331, Rsigma = 0.0159) which were 
used in all calculations. The final R1 was 0.0415 (I > 2σ(I)) and wR2 was 0.1135 (all data). The free water 
molecules are disordered and were treated with OLEX2 solvent mask routine (void determination) 
[10]. 

2.3. Computational Methods 

The calculations were performed with the GAUSSIAN16 set of programs [11]. All the structures 
were optimized by gradient-based techniques [12–15] without symmetry constraints at the DFT 
B3LYP level of theory, [16,17] in conjunction with the 6-31G(d) basis set [18].Each critical point was 
characterized as an energy minimum by calculating its analytical frequencies. The total dipole 
moment, polarizability and the first-order hyperpolarizability were calculated at the same level of 
theory. Despite the fact that the computational model is generally not recommended for reliable NLO 
calculation [19,20], the size of the fragments did not allow the use of a more suitable model. However, 
this level of theory has shown, in our previous works, to be in good agreement with the trend of 
experimental data [21–23]. Molecular volumes were computed by averaging ten different volume 
calculations on the optimized geometries at the B3LYP level of theory with the Gaussian16 options 
scf = tight, volume = tight, and iop(6/45 = 500, 6/46 = 1) [24]. 

2.4. Second Harmonic Generation Measurements 

The SHG efficiency of the powdered compounds was measured by the Kurtz and Perry method 
[25]. The 1064 nm wavelength of a Nd:YAG pulsed laser beam was directed on the sealed capillaries 
containing powdered samples, previously ground in an agate mortar. The scattered radiation was 
collected by an elliptical mirror, filtered to select only the second-order contribution, and recollected 
with a Hamamatsu R 5108 photomultiplier tube. The SHG efficiency was evaluated by taking the 
SHG signal of sucrose as reference. 

2.5. The e_LiBANS Neutron Irradiation Facility 

A new photonuclear thermal neutron facility has been developed at the Physics Department of 
University of Torino within the INFN e_LiBANS (Electron-LINAC Based Actively monitored 
Neutron Sources) project. The facility is based on a medical electron LINAC coupled to a compact 
converter and moderator assembly. A homogenous thermal neutron field of the order of 106 cm−2s−1 
is achievable in the enclosed irradiation cavity with low gamma and fast neutron contaminations. Its 
intensity can be tuned, varying the LINAC current. These characteristics make the source appropriate 
for several applications such as detectors development, material studies, and BNCT preclinical 
research. 

3. Results and Discussion 

The compound discussed in this work can both be considered as esters of boric acid. Similar 
compounds with mannitol were used in the past for the titration of boric acid [26,27] and those with 
tartrate were studied in solution [28,29], but in both cases, no compounds were isolated in the solid 
state. With the synthetic method proposed in this work, it was possible to isolate the solid compounds 
and thus completely characterize them with X-ray Diffraction for the first time. 
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3.1. Crystal Structures 

The asymmetric unit of LiM2B consists of one half boron atom covalently bonded to two half 
mannitol fragments, one half Li+ ion, one water molecule coordinated to the lithium atom, and one 
free water molecule (Figure 1). 

 
Figure 1. View of the asymmetric unit of compound LiM2B. 

The boron atom is connected to the central third and fourth oxygen atoms of two mannitol 
fragments. The terminal hydroxyl groups of one mannitol fragment are coordinated to the Li+ ions, 
to afford infinite one-dimensional chains (1D-MOF) parallel to the b-axis (Figure 2). Each lithium 
cation is coordinated by the four oxygen atoms of two OH groups of mannitol and of two water 
molecules, with an approximately tetrahedral geometry. The water molecules coordinated to the 
lithium ion form strong hydrogen bonds (O1w-H1wb···O1A 1.84 Å) with the two oxygen atoms of 
the [BO4]− tetrahedron and contribute, together with the free water molecules, to the network of 
hydrogen bonds that connects the 1D-chains (Table S7). 
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Figure 2. Fragment of the crystal structure of LiM2B optimized at the B3LYP level of theory. 

In the asymmetric unit of compound Li5T2B there are five Li+ ions, two tartrate fragments 
covalently bonded to one boron atom, three water molecules bonded to two lithium ions, and 5.5 free 
water molecules that untidily occupy the empty cavities of the crystal (Figure 3). Also in this case, the 
boron atom is connected to the central third and fourth carbon atoms of two tartrate fragments, 
forming a slightly distorted [BO4]− tetrahedron. The two water molecules coordinated to the Li5 ion 
are disordered in two positions with 50% occupation factors. All the oxygens of the tartrate 
fragments, including the ones connected to boron, are coordinated to the lithium ions. Applying 
symmetries to the asymmetric unit, an intricate 3D-MOF structure is evidenced (Figure 4). It is 
noteworthy that the lithium ions are directly connected (bond distances from 2.933 to 3.127 Å) to form 
helixes along the c-axis direction (Figure 5). 

 
Figure 3. View of the asymmetric unit of compound Li5T2B. 
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Figure 4. Fragment of the crystal structure of Li5T2B optimized at the B3LYP level of theory. 

 
Figure 5. Infinite helix of connected lithium ions in compound Li5T2B, along the c-axis. 

Despite the absence of stereogenic centers in the structures, both compounds crystallize in 
acentric space groups, suggesting the ability to show interesting NLO properties. 

Contrary to the majority of MOF structures present in the literature, the two ones studied in this 
work are not porous, due to the flexibility of the organic molecules involved. This is an interesting 
feature for the NCT applications since they require the highest number of fissile nuclei per unit 
volume. 

3.2. Computational Results and SHG Measurements 

In order to penetrate in biological cells, the solid compounds LiM2B and Li5T2B should be 
reduced into crystalline fragments of nanoscale size. For this reason, it is important to determine the 
SHG behavior of small fragments of the compounds, also considering the structural distortion that at 
the nanoscale level, the surface forces can induce. Therefore, small crystal fragments of the two 
compounds were selected (Figures 2 and 4) and the relevant geometries were recomputed by 
optimizing the atomic coordinates derived from the X-ray structures. The fragment of LiM2B is 
composed of four lithium ions, eight mannitol molecules, four boron atoms, four water molecules 
coordinated to the Li+ ions and four free water molecules. The fragment of LiT2B is formed by 19 Li+ 
ions, 8 tartrate molecules, 4 boron atoms, 12 water molecules bonded to 4 lithium atoms, and 6 free 
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water molecules. Sucrose is the reference compound usually used for SHG measurements, the same 
type of calculation as those performed on the fragments was carried out on a model of bulk sucrose 
composed of four sucrose units from the crystal structure of the CSD data base. All geometries were 
re-optimized at the B3LYP level of theory to obtain the corresponding minima. 

The average interatomic distances in LiM2B are reported in Table 1 (complete data in 
Supplementary Materials, Table S2) and show small deviations from the corresponding X-ray data: 
the maximum difference between the calculated and experimental average atomic distances ranges 
between 0.4% of the C-O averaged bond distance to 3% of the Li-O averaged bond distance, 
confirming that the theoretical calculation model used is suitable to describe the LiM2B crystal. 

Table 1. Comparison between media values of selected atomic distances (Å) obtained from XRD 
experiment and computational optimization at B3LYP/6-31G(d) level of theory for LiM2B. 

 LiM2B Li5T2B 
 XRD B3LYP/6-31G(d) XRD B3LYP/6-31G(d) 

Li-O 1.944 2.011 2.096 2.201 
Li-OW 1.929 1.987 1.941 1.942 
B-O 1.471 1.483 1.474 1.476 
C-O 1.426 1.431 1.305 1.317 
C-C 1.526 1.536 1.535 1.544 

Li···B   2.682 2.588 
Li···Li   2.998 3.209 
Li···C   2.715 2.775 

The optimized structural parameters of the LiT2B complex show greater deviations from the 
corresponding X-ray data (Table 1 and complete data in SI, Table S5): the maximum difference 
between the calculated and experimental average atomic distances ranges between 0.05% of the Li-
OW averaged bond distance to 7% of the Li···Li averaged interatomic distance. 

The total dipole moments 𝜇 and the mean polarizabilities 𝛼 >in a Cartesian frame are defined 
as 𝜇 = (𝜇௫ଶ + 𝜇௬ଶ + 𝜇௭ଶ)ଵ ଶ⁄  (1) 𝛼 > (1 3⁄ )(𝛼௫௫ + 𝛼௬௬ + 𝛼௭௭) (2) 

The total intrinsic hyperpolarizability 𝛽௧௢௧ is defined as 𝛽௧௢௧ = (𝛽௫ଶ + 𝛽௬ଶ + 𝛽௭ଶ)ଵ ଶ⁄  (3) 

where 𝛽௫ = 𝛽௫௫௫ + 𝛽௫௬௬ + 𝛽௫௭௭, 𝛽௬ = 𝛽௬௬௬ + 𝛽௬௭௭ + 𝛽௬௫௫, and 𝛽௭ = 𝛽௭௭௭ + 𝛽௭௫௫ + 𝛽௭௬௬ [30,31]. 
The relationship between the macroscopic second-order susceptibility, the quantity that 

correlates to the second harmonic intensity, and the microscopic total hyperpolarizability is given by 
Equation (4) 𝜒(ଶ) = 𝛽௧௢௧ 𝜀଴𝑉⁄  (4) 

where 𝑉 is the molecular volume. 
In Table 2 the computed values of dipole moment (μ), mean polarizability (<α>), first static 

hyperpolarizability (βtot), second-order susceptibility (χ(2)) and measured I2ω/I2ωsucrose are reported for 
both compounds. The ratio between the second-order susceptibility of the compounds and that of 
sucrose are also reported, in order to compare the computational results to the experimental SHG 
measurements. 
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Table 2. Computed dipole moments μ (Debye), mean polarizabilities <α> (a.u.), first static 
hyperpolarizabilities βtot (10−30 cm5 esu−1), second order susceptibilities χ(2) (pmV−1), and second order 
susceptibilities ratios with respect to sucrose values and experimental I2ω/I2ωsucrose values. 

 LiM2B LiT2B 
μ 14.469 19.196 

<α> 840.337 719.428 
β 3.9 8.0 
χ(2) 0.65 1.53 

χ(2)/χ(2)sucrose 0.4 0.8 
I2ω/I2ωsucrose (measured) 0.6 0.5 

Table 2 shows that the values of <α> are similar for the two compounds, while the dipole 
moments are more affected by the structural differences between the two clusters. The 
hyperpolarizability β values are also influenced by the cluster structure, LiT2B showing a value twice 
that of LiM2B. The static susceptibility χ(2) is a macroscopic property that depends on the molar 
volume: since the molar volume of LiT2B is lower, the χ(2) is more than two times that of LiM2B. 

Comparing the trend of χ(2)/χ(2)sucrose ratio with respect to the measured I2ω/I2ωsucrose, we can 
conclude that both the computational and experimental methods give similar SHG efficiency for both 
compounds, and it is slightly lower than sucrose. This result is not considered optimal for biosensor 
applications, but suggests that the SHG intensity emitted by both compounds can be detected by a 
suitable microscope. 

3.3. The Neutron Irradiation Campaign 

To preliminarily test the behavior of the powdered LiM2B under thermal neutron irradiation, we 
analyzed the X-ray Diffraction Powder patterns (XRPD) collected with a single crystal diffractometer, 
both before and after irradiation. For both LiM2B and 6LiM210B, a ball of powder of 0.45 mm diameter 
(less than the collimator diameter of the X-ray beam 0.5 mm) was prepared, compacting the powder 
with paraffin oil. The balls were placed on a glass capillary inserted in a small wood tube mounted 
in the goniometer head for the pattern collection or in a polystyrene disc for the neutron irradiation. 
The XRPD patterns were collected before and after irradiation with thermal neutron fluences of 1.2 × 
1010 cm−2, 3.6 × 1010 cm−2 and 1.0 × 1011 cm−2. 

The fraction of nuclei absorbing thermal neutrons with a fluence of 1.0 × 1011 cm−2 are 3.42 × 10−10 
for 10B and 8.36 × 10−11 for 6Li. Thus, a very limited fraction of the enriched nuclei is involved in the 
nuclear reactions. However, if we consider that each emitted alpha can damage a significant number 
of crystal sites around the point of emission, we could expect the damaged fraction of the crystalline 
material to be detectable in the powder patterns. 

A detail of the patterns in the 2θ range between 10 and 20 deg is reported in Figure 6. Effective 
neutron activation of 6Li and 10B isotopes should result in an appreciable decrease of the diffraction 
peak intensities, due to the local destruction of the crystal lattice. 
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Figure 6. Powder patterns collected for 6LiM210B (a) and LiM2B (b) before neutron radiation (black 
line), after irradiation with thermal neutron fluences of 1.2 1010 cm−2 (red line), 3.6 1010 cm−2 (green 
line) and 1.0 1011 cm−2 (blue line). 

The patterns of both the enriched and natural samples exhibit a comparable decrease of intensity 
of the irradiated with respect to the non-irradiated sample up to the fluence 3.6 × 1010 cm−2. However, 
after irradiation with the maximum fluence of 1.0 × 1011 cm−2, a significant lowering the intensity of 
all peaks is detectable in the enriched sample, but not so in the natural sample. These are encouraging 
results, although still affected by a high statistical error. Further irradiation experiments can help 
achieve more quantitative results. 

4. Conclusions 

In this work, we introduced a new type of solid materials that could be used for applications in 
SHG biosensors and, once enriched with 6Li and 10B, for application in NCT. 

Unfortunately, both theoretical and experimental analysis demonstrated that the two 
compounds studied exhibit low intensity of the SHG with respect to sucrose. However, for biological 
purposes, their SHG intensity should be sufficient to be detected with a suitable SHG microscope. In 
any case, it should be preferable to produce new similar compounds more efficient in the SHG and 
this will be the purpose of future syntheses. 

From the point of view of NCT applications, the preliminary tests on the effects of neutron 
irradiation on the two compounds are encouraging, although not quantitatively conclusive. The 
improvement of this method will be the subject of future works. 

In general, we expect the effect of neutron irradiation on biological cells with inserted enriched 
nanoparticles of such compounds to be more pronounced, since cells are more sensitive to the 
damage of alpha particles emitted by 10B and 6Li with respect to the crystal. Therefore, since biological 
experiments on cells are time consuming, a method that can preliminarily test the effects of neutron 
irradiation on crystals could be very useful to screen candidate compounds and select those that are 
best suited for subsequent in vitro experiments. 

Supplementary Materials: The following are available online at www.mdpi.com/2227-9717/8/5/558/s1, Table S1: 
Crystal data and structure refinement for LiM2B, Table S2. Bond lengths for LiM2B from X-ray diffraction and 
theoretical calculations, Table S3: Bond angles for LiM2B from XRD, Table S4: Crystal data and structure 
refinement for Li5T2B, Table S5: Bond lengths for Li5T2B from X-ray diffraction and theoretical calculations, Table 
S6: Bond angles for Li5T2B from X-ray diffraction, Table S7. Strong hydrogen bond lengths and angles for LiM2B 
and Li5T2B from X-ray diffraction and theoretical calculations, Figure S1: Infinite linear thread showed in the 
structure of compound LiM2B Figure S2: View of the Li5T2B structure. 
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