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Introduction
Inorganic oxide structural materials, for example carbonates, silicates, and aluminates, are central to the development of mechanical properties in a variety of synthetic and biogenic systems. Despite their importance, the roles and molecular-level structures and compositions of such structural materials are poorly established due to challenges arising from their heterogeneous nature and low NMR signal sensitivity. These difficulties are further exacerbated for complex biomineralized tissues, such as calcium carbonates from coccolithophores, which are a variety of unicellular, eukaryotic marine organisms. Natural-abundance solid-state single-pulse 43Ca magic-angle-spinning (MAS) NMR measurements presented here were recently conducted at the NHMFL and which provide enhanced signal resolution that yields detailed information on the local atomic calcium structures and compositions in biomineralized coccolithophores tissues with 43Ca in natural isotopic abundance. 

Experimental

Solid-state 43Ca NMR experiments were conducted on the 19.6 T Bruker DRX NMR spectrometer at the NHMFL NMR Facility, operating at a nuclear Larmor frequency of 830 MHz for 1H and 55.9 MHz for 43Ca, and using a 7 mm single-resonance MAS probehead specially designed for low-γ nuclei. 
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The atomic-level calcium structures and compositions of biomineralized calcium carbonates are identified and distinguished by comparison of their respective 43Ca MAS NMR signals with those associated with synthetic or geologic crystalline calcium carbonates, such as calcite and vaterite. For example, the natural-abundance single-pulse 1D 43Ca MAS spectra of geologic calcite and synthetic vaterite are shown in Fig.1 a,b, which exhibit well-resolved signals at 19 and 2 ppm, respectively. Fig.1 c-e shows the natural-abundance single-pulse 1D 43Ca MAS spectra of three different strains of coccolithophores (i.e., 371, 3266, and NZEH) that each exhibit similar (±0.4 ppm) narrow (<3 ppm fwhm) 43Ca signals centered at 19 ppm. Comparison of the 43Ca shifts of these signals with those for the pristine calcite and vaterite (Fig.1 a-b) establishes that the coccolithophore biominerals are almost entirely composed of calcite. In addition, there is no evidence for the presence of vaterite or aragonite within the detection limits of the measurement, which is consistent with our previous X-ray scattering and solid-state 13C NMR results. Importantly, despite the different coccolithophore strains and their macroscopic morphologies, the 43Ca NMR measurements establish that the associated biomineralized tissues exhibit surprisingly similar atomic-level structures and compositions for the biomineralized tissues. 
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Fig.1 Solid-state natural-abundance 1D single-pulse 43Ca MAS NMR spectra of (a) geologic calcite, (b) synthetic vaterite, and three different strains of coccolithophores: (c) 371, (d) 3266 and (e) NZEH acquired at the U.S. National High Magnetic Field Lab, Tallahassee, FL under identical conditions of 19.6 T, 25 °C, and 5 kHz MAS. The asterisk in (e) indicates a carrier frequency artifact.








