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4 ABSTRACT: This work describes the first exploration of metal−
5 organic frameworks (MOFs) as “next-generation” ion emitters for
6 thermal ionization mass spectrometry (TIMS). MOFs were
7 identified as promising candidates for this application given the
8 synthetic control over their desired structural properties. This
9 tunability results in well-ordered, high-surface-area, high-porosity
10 frameworks with targeted sorption affinities. Here, we explored an
11 aluminum-based, bipyridine-containing MOF (MOF-253) with
12 and without incorporating a high work function metal, rhenium
13 (Re). After analysis of an Nd-bearing MOF, we hypothesized that
14 the well-dispersed, sponge-like interconnected network of the
15 degraded structure would enhance Nd ionization more than
16 traditional TIMS loading techniques (i.e., phosphoric acid).
17 Compared to filaments loaded with phosphoric acid that require an additional benzene carburization step, the Nd ionization
18 efficiencies (atoms detected relative to atoms loaded) for heated filaments loaded with MOF-253 were similar (∼1%). Electron
19 microscopy after TIMS analysis demonstrated that the MOF was retained on the filament. While these results are preliminary, they
20 demonstrate that MOFs have potential to enhance ionization and exceed the performance of traditional loading techniques by
21 forming nanoporous ion emitters. Thus, further experimentation is likely to exceed this performance through more specific selection
22 of the base MOF structure and modifications to porosity and composition. This work represents a novel application of MOFs and a
23 next step in the pursuit of advanced thermal ionization with potential to expand across the periodic table.

24 ■ INTRODUCTION

25 Improving detection limits for high-precision isotopic analysis
26 is of critical importance to a variety of fields. Here, we focus on
27 neodymium (Nd), which is becoming widely applied to many
28 areas outside of traditional geochemistry and geochronology.
29 Recent applications include paleoceanography, nuclear foren-
30 sics, and source attribution with each new application
31 necessitating the analysis of smaller sample sizes.1−3 For
32 example, isotope ratios of neodymium (143Nd/144Nd)
33 extracted from marine animal samples have been used as
34 intrinsic markers of local geology to track their origin.4

35 While multicollector inductively coupled plasma mass
36 spectrometry has become popular for such sensitive measure-
37 ments, the overall efficiency (number of atoms analyzed
38 relative to the number of atoms available) of these systems is
39 1−2%.5,6 By contrast, the efficiency of thermal ionization mass
40 spectrometry (TIMS) measurements varies with the analyte of
41 interest, quality of sample preparation, and loading technique.
42 TIMS is typically favored because of the thermal selectivity of
43 ionization and its ability to distinguish between isobars (e.g.,
44 Nd-144 with Sm-144). Reported efficiencies for Nd range from
45 <0.05 to 80% but are highly dependent on loading techniques

46which can be subject to user error and yield inconsistent
47reproducibility.7,8

48These existing sample loading techniques, utilizing resin
49beads and porous ion emitters (PIEs) as well as running in
50other polyatomic forms such as oxides (e.g., NdO+ rather than
51Nd+), have been developed to overcome innate low ionization
52 t1efficiencies (Table 1).3,9−12 Known strategies for increasing
53sample utilization efficiency for TIMS include: (1) confining
54the sample emission to a point source;10,13 (2) changing the
55oxidation state of the sample;12,14,15 (3) establishing a high
56surface area in the ion emitting region of the filament to
57maximize sample ionization;9,11,16,17 and (4) incorporating a
58high work function, highly refractory metal during the loading
59procedure.18 Resin beads, which address the first two
60requirements listed above, have remained nearly unchanged
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61 since first introduced in the 1970s.10 However, manual
62 manipulation of such small objects is a challenge, and loss of
63 resin beads loaded with samples has been reported to be
64 variable, with failure rates as high as 25% in some
65 laboratories.11 Alternatively, PIEs have been shown to enhance
66 ionization because of high surface areas made of high work
67 function metals.18,19 While PIEs were first developed in the
68 1980s, difficulties remain, as little work has been performed to
69 fully characterize, let alone optimize or engineer, these
70 materials. The earliest PIEs were manufactured by combining
71 sucrose and rhenium (Re) metal powder to yield ionization
72 efficiencies of 1.5% on nanogram sized uranium (U) samples.9

73 Recent revitalization of the PIE concept has generated
74 promising results by combining Re and platinum metal
75 powders with a hot glue matrix followed by sintering to
76 drive off the matrix while carburizing the filament with
77 benzene. This approach has yielded 1−2% ionization
78 efficiencies of picograms of uranium.11,17

79 With the challenge to engineer more efficient PIEs, recent
80 advances in synthetic porous materials have led to the
81 development of tunable metal−organic frameworks (MOFs).
82 In general, these modular structures are formed by the self-
83 crystallization of an organic linker coordinating with a metal
84 salt. Varying combinations of these two monomers result in
85 unique pore morphologies and topologies relevant for
86 numerous industrial applications ranging from catalysis to
87 separations and capture. MOFs are typically characterized as
88 having uniform, high-surface-area intracrystalline pore struc-
89 tures with a large density of available coordination sites for
90 analyte capture/sorption. To the best of our knowledge, MOFs
91 are yet to be utilized as a template for enhancing ionization
92 efficiencies, and this is the first application of engineered
93 materials to compete with traditionally used sample loading
94 methods. In contrast to resin beads and previously developed
95 PIEs, MOFs are a highly engineerable alternative with nearly
96 infinite modular designs. We hypothesize that these inherent
97 qualities of MOFs satisfy three of the four known advantages
98 for improving thermal ionization: redox management, high
99 surface area, and high-work function.
100 In this work, we investigate the synthetic control offered by
101 MOFs to engineer a PIE and understand its role in promoting
102 Nd ionization efficiency by TIMS. In this preliminary study,
103 our approach involves incorporating a high work function
104 rhenium metal into the high-surface-area structure to analyze
105 small (pg) quantities of Nd analytes.

106■ MATERIALS AND METHODS

107MOF Selection and Synthesis. Given the known work
108function benefits of having rhenium (Re) on the filament to
109improve analyte ionization,18 our approach to MOF selection
110began by the constraint of incorporating Re into the structure.
111To the best of our knowledge, MOFs containing Re are yet to
112be derived directly from a Re salt. Instead, limited studies have
113shown Re to be incorporated into the carboxylated organic
114linker.21

115Using the approach described by Bloch et al.,22 Re was
116incorporated into the MOF via postsynthetic modification.
117This particular MOF, Al(OH)(bpydc), named MOF-253 in
118their work,22 is derived from the combination of a carboxylated
119bipyridine linker and aluminum chloride salt. MOF-253 was
120chosen given the presence of open N,N′-chelating pyridines
121available from the linker portion of the MOF structure that
122were shown to coordinate with the pentacarbonylchlororhe-
123nium complex. In brief, the synthesis of MOF-253 was
124performed using commercially available reagent grade
125chemicals in a standard wet laboratory. The linker, 2,2′-
126bipyridine-5,5′-dicarboxylic acid (bpydc), and the metal salt,
127AlCl3·6H2O, were suspended in solvent-grade dimethylforma-
128mide and heated at 120 °C for 24 h. Further details regarding
129washing and isolation of MOF products are described in detail
130by Bloch et al.22 The as-synthesized MOF was desolvated
131under vacuum at 150 °C overnight and then refluxed with
132Re(CO)5Cl under anhydrous toluene at 40 °C for 2 h under
133an N2 atmosphere. After reaction, the resultant powder was
134filtered and washed with methanol and dried under vacuum to
135give a yellow, solid, rhenium-functionalized MOF, herein
136denoted as Re-MOF-253.
137Sample Preparation for TIMS and Analysis. The same
13850 ppb JNdi-1 standard in a matrix of high-purity water was
139used for all analyses. Samarium (Sm) ionization was not
140evaluated as part of this study. Each MOF was tested as a PIE
141by combining 1 μL of JNdi-1 standard and 1 μL of MOF
142suspension (at a concentration of 50 μg MOF/1 μL ultrapure
143H2O). This mixture was then pipetted onto a previously
144outgassed (at 4.5 A for 45 min) high-purity, zone-refined single
145Re filament (procured from H. Cross Company, Moonachie,
146New Jersey). Prior to loading samples, Parafilm dams were
147applied to restrict the sample to the center 3−5 mm of the
148surface. The solution-laden filament was then heated by
149applying a current of 1 A to dry the sample. The time it takes
150to add the Nd-containing MOF solution to each filament is less
151than 2 min per filament. Samples prepared with phosphoric
152acid as a control were loaded by mixing 0.5 μL 3 M phosphoric
153acid with the JNdi-1 solution and drying at 1.8 A.
154Samples were next treated in two ways in a Nu Instruments
155degas bench: carburization or heating. In both cases, the
156chamber was pumped to 3 × 10−5 mbar. Carburized filaments
157were treated with a benzene blend at 1 × 10−4 mbar while
158resistively heating the filament to 1 A (approximately 500 °C)
159at a rate of 0.1 A/min, held at this current for 20 min, and
160returned to 0 A in 30 s. Heated filaments underwent the same
161routine without the introduction of benzene to the system.
162Note that no attempt was made to optimize this routine for
163maximum ionization efficiency1 A was chosen as heating
164beyond this current resulted in apparent MOF sample loss
165based on visual assessment. Further optimization specific to
166MOF loads could yield even higher ionization efficiencies.
167Samples presented in this study were prepared in duplicate.

Table 1. Comparison of Our Nd Loading Techniques and
TIMS Ionization Efficiencies Performed on Flat, Re
Filaments with Wakaki et al.20 and Burger et al.7

Techniques

sample
size (pg) loading method

efficiency
(%) SD n reference

100 liquids, H3PO4 0.36% ±0.17% 10 Wakaki et
al.20

1000−
10,000

liquids, no
additive

0.85% NA NA Burger et
al.7

200 resin bead,
carbon

2.10% ±0.23% 6 Burger et
al.7

50 phosphoric
(heated)

0.30% ±0.02% 2 this work

50 phosphoric
(carburized)

0.90% ±0.08% 2 this work

50 MOF-253
(heated)

1.00% ±0.25% 2 this work
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168 All analyses were performed on a Nu Instruments TIMS
169 equipped with 21 detectors including five full-sized ion
170 counters. The instrument is fitted with a dual-wavelength
171 reference pyrometer to monitor filament temperatures. Instru-
172 ment backgrounds were measured at half mass positions before
173 the start of every analysis. Masses 142 to 146 were monitored
174 over a four-cycle analysis with the mass 144 beam being moved
175 successively through each ion counter to correct for signal drift
176 and calibrate ion counter gains. The vacuum in the source was
177 kept as low as possible using a liquid nitrogen cold trap,
178 typically at 8 × 10−9 mbar. All samples were heated at a rate of
179 1 mA/s to approximately 2 A (approximately 1200 °C) before
180 the line-of-sight valve was opened to look for a signal.
181 Ionization efficiency was calculated by integrating the total ions
182 detected (as counts/s) over the lifetime of the beam, including
183 ions observed during warm up, signal optimization, and the
184 analysis itself, and dividing by total atoms loaded onto the
185 filament.
186 Sample Characterization. Prior to Nd uptake and
187 subsequent TIMS analysis, the synthesized MOFs were
188 characterized to confirm their intended structure and
189 composition. A Rigaku MiniFlex 600 X-ray diffractometer
190 was used to confirm the structural integrity of the synthesized
191 MOF. The powder sample was placed in a holder under
192 ambient conditions, and the diffraction pattern was collected
193 over the scattering angle 2θ range of 4°−30° using a Cu X-ray
194 source. The scan rate was 2° min−1.
195 The textural properties of synthesized MOFs were also
196 characterized using a Micromeritics ASAP 2020 porosimeter.
197 Experiments were performed using ∼0.1 g of each MOF
198 subjected to N2 sorption and desorption at 77 K. Prior to
199 experiment, the samples were degassed under vacuum at 180
200 °C. From this experiment, surface areas and pore volumes were
201 extracted by data reduction via Brunauer−Emmett−Teller
202 theory.23

203 An inductively coupled plasma optical emission spectrom-
204 eter (PerkinElmer Optima 8300 DV) was used to analyze the
205 elemental composition of the digested MOF. Digestions were
206 performed using 7 M nitric acid with addition of trace
207 hydrofluoric acid (0.01 vol %) on a hot plate set to 80 °C.
208 However, dissolution was incomplete as particulates precipi-
209 tated each time the solution cooled to room temperature.
210 These solids were filtered before further dilution and
211 subsequent, qualitative analysis.

212MOF-loaded filaments were also imaged at each stage of
213sample utilization (before treatment in the degas bench, after
214heating or carburization, and after analysis) using a helium ion
215microscope (HIM) developed by Carl Zeiss. The HIM has
216certain advantages over traditional scanning electron micros-
217copy because it has a very high resolution (∼0.5 nm) and very
218high depth of field (>few microns). Before the imaging, a 5
219nm-thick carbon film was deposited on the sample surfaces to
220avoid the sample charging during HIM analysis. Helium ions
221(35 keV) were used to generate the secondary electrons from
222the sample, and emitted electrons were analyzed using
223Everhart−Thornley Detector. Different magnification images
224were recorded using 1 μs dwell time and averaged.

225■ RESULTS AND DISCUSSION

226MOF Structure and Composition. Powder X-ray
227 f1diffraction (PXRD) spectra (Figure 1a) of the synthesized
228MOF-253 and Re-MOF-253 show the presence of dominant
229diffraction peaks (at 6°, 12°, and 18° 2θ) consistent with the
230spectra of the analogous Al(OH)(bpdc) MOF material, also
231known as DUT-5.24 The decreased diffraction intensities are
232likely attributed to the existence of disorder within the sample
233after incorporation of Re. MOF porosity was also confirmed
234using N2 sorption experiments at 77 K (Figure 1b) showing a
235characteristic isotherm shape representative of micropore
236filling at low pressures followed by macropore filling at higher
237pressures. Because of the loading of Re within the MOF pore,
238porosimetry analysis revealed a reduced available surface area
239and pore volume for Re-MOF-253 (670 cm2/g and 0.36 cm3/
240g, respectively) compared to parent MOF-253 (1030 cm2/g
241and 0.53 cm3/g, respectively). Elemental compositions of each
242MOF sample showed that parent MOF-253 primarily contains
243only aluminum with small amounts of other elements (Ba, Ca,
244Cr, Fe, Pb, Mn, Mg, Ni, P, K, Si, Na, and Zn) likely from
245impurities in metal salts used to synthesize the MOF. Similarly,
246Re-MOF-253 primarily contains only rhenium and aluminum,
247as expected. It should be noted that the textural properties and
248observed Re concentration ratio for our samples are less than
249those reported for this procedure likely because of
250experimental error associated with MOF activation and
251consequently, the availability of the N,N′-chelating sites.
252Performance as PIEs. Various TIMS filaments were
253prepared for Nd analysis: a control sample containing no

Figure 1. (a) PXRD spectra of synthesized MOF-253 and Re-MOF-253 compared to the calculated spectra of the analogous Al(OH)(bpdc) MOF,
also known as DUT-5;24 (b) porosimetry analysis via N2 adsorption (filled) and desorption (unfilled) at 77 K for synthesized MOF-253 and Re-
MOF-253.
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254 MOF, only stock Nd standard (JNdi-1) in a phosphoric acid
255 solution; a sample containing MOF-253 premixed with stock
256 Nd; and a sample containing Re-MOF-253 premixed with
257 stock Nd were prepared and deposited onto a fixed region on
258 the filament. Results showing the Nd ionization efficiency
259 using the corresponding MOF platforms and control with both

f2 260 pretreatments are shown in Figure 2.

261 The parent MOF-253 alone, without the addition of
262 rhenium metal or carburization, shows relatively high
263 ionization efficiencies (∼1%). These values are comparable
264 to that of the carburized control sample and approximately 3×
265 higher than that of the heated control sample. This comparison
266 with a control filament elucidates the importance of
267 incorporating a porous material that can concentrate the Nd
268 to a fixed region from which it can ionize. However, the
269 incorporation of the high work function Re metal within the
270 porous MOF leads to a decrease in Nd ionization. The
271 hypothesized increase in ionization from an increased
272 composition of high work function metal within the PIE was
273 not observed. This could be due to a nonoptimized
274 concentration of Re on the MOF. The reduced ionization in
275 Re-MOF-253 may also be directly related to reduced Nd
276 uptake/content on the filament. Given the loading of rhenium
277 atoms within MOF-253 pores, and the resulting known
278 decrease in the surface area/pore volume of Re-MOF-253,
279 there is presumably less volume for Nd to load into.
280 Importantly, our ionization efficiency calculation assumes
281 that all the Nd added to the filament is still present on the
282 filament prior to TIMS analysis (after pretreatment), which
283 was not evaluated in this study. It is interesting to note that
284 carburization (heating in the presence of benzene) for MOF-
285 253 with and without Re does not yield higher ionization. We
286 speculate that the benzene is not necessary for our MOF
287 platform because the structure contains a network of carbon-
288 containing organic ligands already. Together with the high
289 work function metal, these organic, carbon-based ligands can

290provide the electron transport pathway required to facilitate
291ionization throughout the entire PIE. Moreover, removing the
292need for carburization is an appealing advantage for opera-
293tional ease and sample preparation reproducibility because of
294the toxicity of benzene handling in the laboratory and the
295customization required to degas benches for its use. We note
296that these preliminary results are obtained using a non-
297optimized carburization procedure, and further experimenta-
298tion could yield different results.
299Ion emission profiles for these different activators provide
300insight into how MOFs may be encouraging ionization.
301Example profiles of the highest ionization efficiency loads for
302 f3each activator are presented in Figure 3. While the carburized

303phosphoric analysis has decreasing ion emission for the length
304of the analysis despite increasing filament current, both MOF
305analyses presented maintain relatively stable emission rates at
306similar rates of current increase. The currents required for Nd
307ion emission with the MOF are higher compared to the
308phosphoric acid control. This suggests that Nd may be forming
309an intermediate species within the MOF structure which
310stabilizes evaporation to temperatures at which ionization is
311more favorable.25 It may also suggest that the kinetics of
312ionization from Nd captured/sorbed within the MOF scaffold
313to Nd being volatilized and leaving the filament may encounter
314additional energy barriers as compared to the Nd initially
315present on a filament without the MOF. Interestingly, in the
316case of MOF-253, ion emission extends twice as long as the
317other loading strategies, and at currents greater than 2.7 A, ion
318emission became unstable such that a significant pulse of Nd
319ions are observed in a shorter timeframe. This suggests that the
320MOF structure itself is undergoing delamination or degrada-
321tion and releasing any entrapped Nd that may still be present
322within the MOF, as has been described for other PIEs.26

323To gain insight into the possible degradation of the MOF
324structure/porosity, several filaments pulled during the loading,
325pretreatment, and postanalysis steps of TIMS analysis were
326 f4characterized via microscopy images (Figure 4). Compared to

Figure 2. Nd ionization efficiency for duplicate TIMS filaments
prepared using the control (phosphoric acid), MOF-253, and Re-
MOF-253.

Figure 3. Emission profiles of highest efficiency control (phosphoric;
black solid line), MOF-253 (blue dashed line), and Re-MOF-253
analyses (red dotted line). (a) 144Nd signal (cps), (b) temperature
(°C), and (c) filament current (mA) over elapsed time.
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327 the parent (untreated and unmodified) MOF-253, the treated
328 samples show little difference. The images are characterized by
329 plate-like, approximately 200 nm long crystals which, despite
330 being heated or carburized, maintain intracrystalline porosity.
331 Post-TIMS analysis imaging of MOF-253 shows that most of
332 the smaller crystallite particulate features have been lost
333 (Figure 4d). As a result of high temperatures during TIMS
334 analysis, the MOF structure is likely collapsed to form larger,
335 micron-sized agglomerates.
336 It should also be noted that the aluminum which makes up
337 both parent MOF-253 and the backbone structure of Re-
338 MOF-253 is a relatively low work function metal compared to
339 metals usually applied to TIMS applications.19 However, the
340 high electrical conductivity of Al, a parameter not typically
341 associated with TIMS loading methods, may support the
342 potential formation of positively charged particles by providing
343 a medium to shuttle electrons for ionization. The presence of
344 any other nonanalyte metal in the case of ion-emitter platforms
345 (in this study, aluminum, rhenium, and other impurities) is
346 typically believed to inhibit ionization because of a competing
347 ion effect (first ionization energy: 577.5 kJ/mol for Al metal vs
348 533 kJ/mL for Nd metal). Because MOF platforms provide
349 varying redox states for incorporated metals, the competition
350 for the energy of ionization might be reduced. Given this
351 traditional ideology, ion-emitter platforms are usually designed
352 to be as pure as possible containing one or two high work
353 function metals in the presence of the analyte. Knowing this,
354 our results uniquely challenge this approach and show that the
355 highly porous engineered MOF structure of MOF-253
356 containing Al framework metals does not significantly inhibit
357 Nd ionization. Furthermore, trace element characterization of
358 the MOFs shows the presence of multiple metals which should
359 even further inhibit sample ionization. Instead, the presence of
360 homogenously distributed rhenium metal, originally expected
361 to enhance ionization through the conventional approach, is
362 shown to reduce analyte ionization compared to the MOF
363 without rhenium.
364 We have not evaluated the impact of variable loading of high
365 work function metals, and thus there is still potential for
366 improving Nd ionization further with optimized Re amounts.
367 Additionally, we are yet to evaluate if a MOF synthesized with
368 high-purity reagents would yield even higher efficiencies. For

369this set of samples, we attribute the observed ionization
370efficiencies from MOF-253 to a concentrated, yet well-
371dispersed amount of Nd captured and more easily ionized
372from within a high-porosity scaffold.

373■ CONCLUSIONS

374This work describes the first application of MOFs to TIMS.
375We present preliminary results demonstrating that MOFs act
376as PIEs and can be used to derive a new class of PIEsnano-
377PIEs. In contrast to previously developed PIEs, MOFs are a
378highly engineerable material capable of tuning for both
379composition and structure. We show that MOF-253, formed
380from a carboxylated bipyridine linker and aluminum chloride
381salt, emits 350% more ions than the traditional activator,
382phosphoric acid. Though we were able to achieve similar
383efficiencies (∼1%) for MOF-253 and a carburized phosphoric
384load, MOF-253 did not require benzene carburization and
385produced relatively stable ion beams. This is hypothesized to
386be the result of the carbon inherent to the MOF itself and its
387Al-based structure. Our results challenge traditional TIMS
388notions for improving ionization efficiency as the addition of
389high work function Re did not improve performance and the
390presence of Al, a nonrefractory, relatively low work function
391metal, did not inhibit ionization. Instead, the highly porous
392MOF structure is hypothesized to provide a high surface area
393to promote ionization.
394The results of this scoping study establish the need to
395explore MOF platforms as advanced engineered PIEs.
396Although it is not presented in this work, it is expected that
397further optimization of other MOFs containing varying
398concentrations of high work function metals and structures
399should further promote Nd ionization. Alternate MOF
400compositions known to exhibit higher electron conductivity
401may also facilitate the mechanism of ionization. Additionally, it
402is anticipated that MOFs could be tuned for TIMS applications
403to form nano-PIEs for any element across the periodic table.
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Figure 4. Helium ion microscopy images of MOF-253 loaded with
Nd (a) before treatment, (b) after heating, (c) after carburization, and
(d) after TIMS analysis.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.1c04160
Anal. Chem. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kelly+McHugh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6913-2157
https://orcid.org/0000-0001-6913-2157
mailto:Kelly.mchugh@pnnl.gov
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dushyant+Barpaga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2271-6213
https://orcid.org/0000-0003-2271-6213
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Sinnwell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steve+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vaithiyalingam+Shutthanandan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2957-7535
https://orcid.org/0000-0003-2957-7535
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c04160?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


428 Author Contributions
429 K.M. and M.S. designed the study. All authors were involved in
430 experimental data collection/analysis and contributed to
431 writing the manuscript.

432 Notes
433 The authors declare the following competing financial
434 interest(s): This work is patented: “Porous Materials for
435 Enhanced Ionization Efficiency,” File Reference No. 31623-E
436 PROV.

437 ■ ACKNOWLEDGMENTS

438 This work was supported by Laboratory Directed Research and
439 Development Program at Pacific Northwest National Labo-
440 ratory, a multiprogram national laboratory operated by Battelle
441 for the U.S. Department of Energy. The authors would also
442 like to thank Eirik Krogstad and Christopher Brown for their
443 mentorship and reviews of the work. Helium Ion microscope
444 imaging was carried out at the Environmental Molecular
445 Sciences Laboratory (EMSL), a National Scientific User
446 Facility located at Pacific Northwest National Laboratory
447 (PNNL) and supported by the US DOE Office of Biological
448 and Environmental Research.

449 ■ REFERENCES
(1)450 Crocket, K. C.; Lambelet, M.; de Flierdt, T. V.; Rehkamper, M.;

451 Robinson, L. F. Chem. Geol. 2014, 374, 128−140.
(2)452 Krajko, J.; Varga, Z.; Yalcintas, E.; Wallenius, M.; Mayer, K.

453 Talanta 2014, 129, 499−504.
(3)454 Shao, X. P.; Bu, W. T.; Long, K. M.; Tang, L.; Liu, X. M.; Yan,

455 H.; Hao, F. H. Spectrochim. Acta, Part B 2019, 159, No. 105656.
(4)456 Saitoh, Y.; Nakano, T.; Shin, K. C.; Matsubayashi, J.; Kato, Y.;

457 Amakawa, H.; Osada, Y.; Yoshimizu, C.; Okuda, N.; Amano, Y.;
458 Togashi, H.; Kurita, Y.; Tayasu, I. Ecosphere 2018, 9, No. e02365.

(5)459 Rehkamper, M.; Schonbachler, M.; Stirling, C. H. Geostand.
460 Newsl. 2001, 25, 23−40.

(6)461 Albarede, F.; Albalat, E.; Telouk, P. J. Anal. At. Spectrom. 2015,
462 30, 1736−1742.

(7)463 Burger, S.; Riciputi, L. R.; Bostick, D. A.; Turgeon, S.; McBay, E.
464 H.; Lavelle, M. Int. J. Mass Spectrom. 2009, 286, 70−82.

(8)465 Aggarwal, S. K. Anal. Methods 2016, 8, 942−957.
(9)466 Smith, D. H.; Carter, J. A. Int. J. Mass Spectrom. Ion Processes

467 1981, 40, 211−215.
(10)468 Walker, R. L.; Eby, R. E. Anal. Lett. 1974, 7, 563−574.
(11)469 Watrous, M. G.; Delmore, J. E.; Stone, M. L. Int. J. Mass

470 Spectrom. 2010, 296, 21−24.
(12)471 Harvey, J.; Baxter, E. F. Chem. Geol. 2009, 258, 251−257.
(13)472 McHugh, K.; Krogstad, E. Int. J. Mass Spectrom. 2021, 459,

473 No. 116471.
(14)474 Kraiem, M.; Mayer, K.; Gouder, T.; Seibert, A.; Wiss, T.;

475 Thiele, H.; Hiernaut, J. P. Int. J. Mass Spectrom. 2010, 289, 108−118.
(15)476 Kelley, J. M.; Robertson, D. M. Anal. Chem. 1985, 57, 124−

477 130.
(16)478 Burger, S.; Riciputi, L. R.; Turgeon, S.; Bostick, D.; Mcbay, E.;

479 Lavelle, M. J. Alloys Compd. 2007, 444, 660−662.
(17)480 Baruzzini, M. L.; Hall, H. L.; Spencer, K. J.; Stanley, F. E. Int. J.

481 Mass Spectrom. 2018, 430, 57−62.
(18)482 Baruzzini, M. L.; Hall, H. L.; Watrous, M. G.; Spencer, K. J.;

483 Stanley, F. E. Int. J. Mass Spectrom. 2017, 412, 8−13.
(19)484 Lide, D. R. Electron Work Function of the Elements. In CRC

485 Handbook of Chemistry and Physics; CRC Press/Taylor and Francis
486 Group: Boca Raton, FL, 2007; Vol. 88th Ed., pp 12−124.

(20)487 Wakaki, S.; Shibata, S.; Tanaka, T. Int. J. Mass Spectrom. 2007,
488 264, 157−163.

(21)489 Deng, X. Y.; Albero, J.; Xu, L. Z.; Garcia, H.; Li, Z. H. Inorg.
490 Chem. 2018, 57, 8276−8286.

(22) 491Bloch, E. D.; Britt, D.; Lee, C.; Doonan, C. J.; Uribe-Romo, F.
492J.; Furukawa, H.; Long, J. R.; Yaghi, O. M. J. Am. Chem. Soc. 2010,
493132, 14382−14384.

(23) 494Brunauer, S.; Emmett, P. H.; Teller, E. J. Am. Chem. Soc. 1938,
49560, 309−319.

(24) 496Senkovska, I.; Hoffmann, F.; Froba, M.; Getzschmann, J.;
497Bohlmann, W.; Kaskel, S. Microporous Mesoporous Mater. 2009, 122,
49893−98.

(25) 499Watrous, M. G.; Delmore, J. E. Int. J. Mass Spectrom. 2009, 286,
5007−10.

(26) 501Stanley, F. E.; Spencer, K. J.; Schwartz, D. S.; Watrous, M. G.;
502Delmore, J. E. J. Radioanal. Nucl. Chem. 2014, 299, 1447−1452.

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.1c04160
Anal. Chem. XXXX, XXX, XXX−XXX

F

https://doi.org/10.1016/j.chemgeo.2014.03.011
https://doi.org/10.1016/j.talanta.2014.06.022
https://doi.org/10.1016/j.sab.2019.105656
https://doi.org/10.1002/ecs2.2365
https://doi.org/10.1111/j.1751-908X.2001.tb00785.x
https://doi.org/10.1111/j.1751-908X.2001.tb00785.x
https://doi.org/10.1039/C5JA00188A
https://doi.org/10.1039/C5JA00188A
https://doi.org/10.1016/j.ijms.2009.06.010
https://doi.org/10.1039/C5AY02816G
https://doi.org/10.1016/0020-7381(81)80043-5
https://doi.org/10.1016/0020-7381(81)80043-5
https://doi.org/10.1080/00032717408058789
https://doi.org/10.1016/j.ijms.2010.07.015
https://doi.org/10.1016/j.ijms.2010.07.015
https://doi.org/10.1016/j.chemgeo.2008.10.024
https://doi.org/10.1016/j.ijms.2020.116471
https://doi.org/10.1016/j.ijms.2020.116471
https://doi.org/10.1016/j.ijms.2009.10.001
https://doi.org/10.1021/ac00279a033?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ac00279a033?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1016/j.jallcom.2006.11.019
https://doi.org/10.1016/j.ijms.2018.04.004
https://doi.org/10.1016/j.ijms.2018.04.004
https://doi.org/10.1016/j.ijms.2016.11.013
https://doi.org/10.1016/j.ijms.2007.04.006
https://doi.org/10.1016/j.ijms.2007.04.006
https://doi.org/10.1021/acs.inorgchem.8b00896?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b00896?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ja106935d?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ja106935d?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ja01269a023?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ja01269a023?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1016/j.micromeso.2009.02.020
https://doi.org/10.1016/j.micromeso.2009.02.020
https://doi.org/10.1016/j.ijms.2009.06.003
https://doi.org/10.1016/j.ijms.2009.06.003
https://doi.org/10.1007/s10967-013-2813-3
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c04160?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

