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Abstract 

Matrix-assisted laser desorption/ionization time-of- flight (MALDI-TOF) is one of the most 

powerful high-throughput ionization methods in mass spectrometry for detecting biomolecules. With 

relatively easy and fast sample preparation and analysis, MALDI is now employed in hospitals to 

differentiate bacteria species. However, different analytes require different matrices to enhance their 

ionization efficiency. Thus, researchers are often tasked with the difficulty of selecting a proper matrix 

for their desired analytes. In this work, we will provide some insight towards a systematically 

designed universal matrix that can be applied to MALDI mass spectrometry imaging (MSI) in both 

positive and negative ion modes. This deliberate approach led to a compound that is suitable for 

analyzing the main major biomolecules in tissue samples with high intensity.  

  In this study, a series of novel anthranilic acid derivatives I-IV, of which COOH-NH2 (I) and 

COOH-NHMe (IV) are endowed with acid and base bifunctionality, were designed and synthesized 

for MALDI-TOF mass spectrometry applications in dual polarity molecular imaging of biological 

samples, particularly for lipids. The heat of protonation, deprotonation and proton transfer reaction 

as well as the capability of analyzing biomolecules in both positive and negative ion modes for I-IV 

were systematically investigated under standard 355-nm laser excitation. The results indicate 

correlation between dual polarity and acid-base property. Further, COOH-NHMe (IV) showed a 

unique performance and was successfully applied as the matrix for MALDI-TOF mass spectrometry 

imaging (MSI) for studying the mouse brain. Our results demonstrate the superiority of COOH-

NHMe (IV) in detecting more lipid and protein species compared to commercially available matrices. 

Moreover, MALDI-TOF MSI results were obtained for lipid distributions, making COOH-NHMe 

(IV) a potential next generation universal matrix. 
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Introduction 

1-1 Mass Spectrometry  

Mass spectrometry (MS), with its high sensitivity and selectivity, has been utilized in 

analyzing chemical molecules over several decades. Owing to the high sensitivity in MS, the 

acquisitions of low abundance molecules in a mixture become possible.1 As for its advantages 

that can detect a wide range of chemicals ranging from small molecules such as carbohydrates 

to super large proteins, MS nowadays has already become indispensable in chemistry research. 

The data provided by MS not only qualitative but also quantitative, which enhances the 

ability for chemists to have better insight into their desired compounds. Furthermore, MS is 

famous for its high-throughput property, which displays the capability of untargeted analysis.2 

Every millisecond, hundreds or thousands of pieces of the chemical information are detected by 

the sensor. This fast analysis process enables MS to accomplish truly real-time analysis. 

The recent development of MS with various of different ionization methods, such as 

electrospray ionization (ESI), matrix-assisted laser desorption/ionization (MALDI), and 

desorption electrospray ionization method (DESI), enrich the analysis of different categories 

and types of samples. Also, they thoroughly minimize the sample pretreatment and separation; 

hence accelerate the duration time of analysis.  
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1-2 Mass Spectrometry Imaging (MSI) 

In recent 10 years, mass spectrometry imaging has significantly improved. Many research 

fields have been benefited by this emerging technology, such as “Metabolomics”, “Proteomics”, 

“Pharmacodynamics”, and “Toxicology”.3–5 The distribution of various compounds on the 

sample visualize some precious biological information which gives scientists better insight on 

pathology and suspicious biomarker for diseases.6–9  

While searching the keyword, “mass spectrometry imaging”, on PubChem online, the 

number of publications showing in Table 1 below reveals the increasing trend of publications. 

Thus, we can know that scientists gradually put more emphasis on this research field.  

 

 Table 1. Number of recent publications about “mass spectrometry imaging” on PubChem.  
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Mass spectrometry imaging offers the 2-Dimension biological information on sample 

sections and depicts the chemical molecules’ spatial distribution. By this emerging technology, 

the changing profiles of metabolites ex vivo nowadays can be realized. 

Owing to the “untargeted analysis” advantage of MS, the capability of simultaneous 

detection with multiple chemical compounds becomes the niche of this technology on 

metabolomics and proteomics. Taking the commonly used technology - Liquid-Chromatography 

Mass Spectrometry (LC-MS) for instance, LC-MS indeed has this advantage; however, time-

consuming, less productivity, and lacking spatial information restrict the knowledge we can get 

from the samples. 

Another technology is called “Immunohistochemistry Staining (IHC staining)”, this 

technology traditionally uses the antibodies to identify their desired proteins or antigens and 

stains the targets with dyes. This method although it can reach the same goal as MSI to plot the 

distribution of the molecules on samples, the costly antibody and targeted analysis become the 

shortage of it. Furthermore, the targeted analysis of IHC staining shrinks the detection range of 

chemicals, and it is really a time-consuming step to search for suitable antibodies and dyes.10 

Due to these issues, mass spectrometry imaging combining both untargeted and image 

analysis solves the problems with label-free imaging, offering spatial distribution of chemical 

molecules; hence, it so far applied to detect cancers and some suspicious biomarkers. 
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1-3 Matrix-Assisted Laser Desorption/Ionization Method (MALDI) 

Since its inception in 1985, matrix-assisted laser desorption/ionization (MALDI) coupled 

with time-of-flight (TOF) has shown great promise for biochemical studies.11 In 2002, the 

technique even shared the Nobel Prize in Chemistry with ESI and NMR application on protein 

structure.12 With more than three decades of development, MALDI has become one of the most 

powerful tools for proteomics and lipidomics high-throughput analyses.13–16 Many research 

groups have attempted to unveil the mystery behind how the MALDI mechanism works in order 

to fully realize this technique.17–19 While these theories propose how the laser and the matrix 

combined induce the ionization and desorption process, there is no universal explanation to date. 

Without enough knowledge on the mechanism of MALDI, the development of matrix can only 

be trial-and-error process.20 Although nowadays there are many small organic compounds, large 

molecules with aromaticity characteristic, and nano-particles proposed, the designs of these 

matrix candidates were only based on their laser absorption capability and ionization 

efficiency.21,22 The rest of work to test whether they can serve as MALDI matrix were only 

confirmed by analytes tests and real samples analysis. In our study, we explored a possible 

physical chemical reason to explain the desorption/ionization phase. We then employed our 

theory to successfully design a small organic compound as a MALDI matrix. This matrix has 

high ionization efficiency, high sensitivity towards analytes, and can simultaneously serve for 

positive and negative ion mode.
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1-4 Application of MALDI on Biological Analysis 

Lipids are essential building blocks for cells, storing energy as well as many biological 

functions, such as cell signaling.23,24 Their accumulation is highly correlated with many 

diseases.25,26 Changes in lipid localization and profile are key features of diseases such as 

cancer,25,26 metabolic disorders27 and neurodegenerative disorders.28 Molecular imaging 

techniques of lipid species in tissues are important for researchers to gain insight into the 

biochemical mechanisms involved and possibly provide clinical evaluations of the disease 

status.27 Among these, mass spectrometry imaging (MSI) is a powerful tool for discerning the 

spatial localization of biomolecules.29–31 Matrix-assisted laser desorption/ionization time-of-

flight (MALDI-TOF) MSI is a high spatial resolution technique capable of analyzing a wide 

variety of biomolecules simultaneously32–36 and have been applied in determining biomarkers of 

diseases and tracking target molecule such as administered drugs.25,37–41 Imaging of lipid species 

is one of the most widely utilized applications using MALDI-TOF MSI.36,424344  

Lipids have diverse chemical structures and many of them are more easily detected in one 

ionization polarity than the other, positive or negative ion mode. For example, 

phosphatidylcholines (PC) are typically observed as positive ions, whereas many other lipids, 

such as phosphatidic acids (PA), phosphatidylethanolamine (PE), phosphatidylserines (PS), 

phosphatidylinositols (PI) and sulfatides (ST) are usually observed as negative ions in MALDI-

TOF MSI.20 However, most commercial MALDI matrices are only suitable for single polarity 

detection. For example, 2,5-dihydroxybenzoic acid (2,5-DHB) and α-cyano-4-hydroxybenzoic 

acid (CHCA) are most often used in positive ion detection because their carboxyl group acts as 

a proton donor, while 9-aminoacridine (9-AA) is favored in negative ion detection because its 

amine group acts as the proton acceptor.20,45 A dual polarity MALDI matrix is one approach that 
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allows universal mass spectrometric analysis of both positively- and negatively-charged lipid 

species on one sample.  

Researchers have discovered a few dual-polarity matrices suitable for MALDI MSI at high 

spatial resolution. One early example is 1,5-diaminonaphthalene (1,5-DAN) proposed by 

Thomas et al46–48 and more recently 3-aminophthalhydrazide (luminol) proposed by Li et al.49 

However, in both cases, only MSI results of lipids and small metabolites are shown. Their 

effectiveness for protein and peptide detection not demonstrated. More interestingly, neither of 

the two compounds possess a carboxylic group for enhanced ionization efficiency in positive 

ion mode. 

To discover a truly universal dual-polarity matrix, we used a rational design approach to 

determine the most probable matrix candidates before synthesis and experimentation. In essence, 

an ideal matrix for would have: (i) a high absorption coefficient at the commercial laser 

wavelength, (ii) a simple and low matrix background below 1000 Da and (iii) the ability to 

observe both positive and negative lipid ions. Based on these criteria and the dual acid-base 

functionality, we strategically designed and synthesized a series of new MALDI matrices I-IV 

(see Scheme 1 in Results and Discussion section) containing a simple aniline derivative 

anchored by a carboxyl group for COOH-NH2 (I)  and COOH-NHMe (IV) , and formyl group 

for CHO-NH2 (II) and CHO-NHAc (III). Though I-IV have been synthesized previously, their 

related application as a MALDI matrix as part of a rationally designed strategy have not been 

proposed, especially for II-IV. 50–53 The amphoteric property of COOH-NH2 (I) and COOH-

NHMe (IV)54 could allow the detection of both positive and negative ions in MALDI. In this 

study, we demonstrated that these dual polarity MALDI matrix, COOH-NH2 (I) and COOH-

NHMe (IV), allowed complementary analysis of lipids and proteins, including the positively 
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charged and negatively charged species, within one experiment. Moreover, this novel matrix, 

COOH-NHMe (IV), enables the MSI of phospholipids with enhanced sensitivity as 

demonstrated from mouse brain sections using MALDI-TOF. 
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Experimental Section 

2-1 Material and Instruments 

2,5-DHB and 1,5-DAN were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, 

Japan), while sinapic acid (SA), CHCA and 9-AA were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). 2’,5’-dihydroxyacetophenone (2,5-DHAP) was purchased from Alfa Aesar 

(Ward Hill, MA, USA), and 2’,6’-dihydroxyacetophenone (2,6-DHAP) from Acros Organics 

(Geel, Belgium). PC(14:0/14:0), PE(14:0/14:0), PA(14:0/14:0), PS(14:0/14:0) and 

phosphatidylglycerol PG(14:0/14:0) were purchased from Avanti Polar Lipids, Inc. (Alabaster, 

AL, USA) Mouse brains were purchased from BioLASCO Taiwan Co., Ltd (Taipei, Taiwan). 

Indium tin oxide (ITO)-coated glass slides were purchased from Ruilong (Taichung, Taiwan). 

Protein calibration I kit was purchased from Bruker Daltonics (Bremen, Germany). Methanol 

(MeOH), acetonitrile (ACN), chloroform and ethyl acetate (EA) used as extraction solvent were 

purchased from Duksan (Korea), J.T. Baker (USA) and Macron (USA), respectively.  

The Bruker Autoflex Speed mass spectrometer (Bruker Daltonics, Bremen, Germany) 

equipped with a Smartbeam II Nd:YAG laser (355 nm) was used in this study. The LC-MS/MS 

system was a hybrid LTQ-Orbitrap Elite Mass Spectrometer (Thermo Fisher Scientific, 

Waltham, Massachusetts, US) couple with Vanquish™ Flex Quaternary UHPLC. A sublimation 

apparatus (Singlong, Taichung, Taiwan) and Leica CM1950 cryostat (Leica Microsystem Inc., 

Wetzlar, Germany) were used in tissue preparation.

2-2 Sample Preparation 

A 0.1 M solution of each matrix was prepared in acetonitrile and water (1:1, v/v). Individual 

lipid solutions of PS(14:0/14:0), PE(14:0/14:0) and PC(14:0/14:0) at 0.2 mg/mL was prepared 
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in chloroform and methanol (1:1, v/v). A lipid mixture of PS(14:0/14:0), PE(14:0/14:0), 

PC(14:0/14:0), PA(14:0/14:0) and PG(14:0/14:0) was prepared at the same concentration and in 

the same solvent system. The protein calibration I kit was dissolved in 150 µL of deionized water 

to make the protein mixture. The matrix and standard solutions were mixed 1:1 (v/v) and 1.4 µL 

of each mixture was spotted onto the sample plate and left to air dry. MALDI samples with 

different pH value were evaluated in Figure S1-S2. (See the Figure in Appendix B.)

2-3 Tissue preparation for mouse brain extract.  

Mouse brains were grounded into powder in liquid nitrogen. The powder was then mixed 

with MeOH/ACN/EA 10:7:3 (v/v/v) and sonicated for 15 minutes to extract the lipid species. 

One milliliter of the supernatant was transferred to a clean Eppendorf tube and concentrated to 

250 µL under vacuum. The lipid extract was stored under -20°C until needed. Like the standard 

profile, the matrix and extracts were mixed 1:1 (v/v) and 1.4 µL of the mixture was spotted onto 

the sample plate and air-dried. The remaining pellet after lipid removal was mixed with 1 mL 

water/ACN/TFA 50:50:1 (v/v/v) solution and sonicated for 2 minutes to extract the protein 

species55. In this case, the supernatant was transferred to a clean Eppendorf tube and 1 mL of 

the supernatant was mixed with 10 mL of one of four saturated matrix solutions (COOH-NHMe, 

2,5-DHB, 2,5-DHAP and 1,5-DAN) for analysis. 

2-4 Tissue preparation for MSI.  

A mouse brain was sectioned at 12 µm thickness using a Leica CM1950 cryostat following 

a previously described protocol.56 In short, the tissue was sectioned at -20°C and thaw-mounted 

onto a ITO-coated glass slide. The slides were then stored under -80°C until needed. After 
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desiccation for >30mins, sublimation was carried out using a home-built sublimation system 

where 0.5mg/cm2 of matrix was deposited onto the sample at 60 °C with a 0.7 Torr vacuum for 

10 seconds.  

MALDI-MSI of lipid distribution in a 12-μm thick coronal mice brain section is shown in 

Figure 11. MALDI-MSI of lipid distribution in a 12-μm thick horizontal mice brain section is 

shown in Figure S11. In short, serial sections of mouse brain were thaw-mounted on the same 

ITO-coated glass slide and stored in -80°C until needed. Prior to matrix deposition by 

sublimation, tissue sections were thawed in a desiccator for ~30 minutes under reduced pressure. 

Sublimation was carried out using 150 mg of matrix at 60 °C with a 0.7 Torr vacuum for 10 

seconds. Matrix deposition was carried out as mentioned in the manuscript with the 0.5 mg/cm2 

thickness. As per the parameters mentioned in the manuscript, we conducted the dual mode MSI 

experiments with two different sections for positive and negative mode respectively. The 

detector gain was set at 1837 V for positive mode and1841 V for negative mode. Mass 

spectrometry images (MSI) were accumulated at 100 laser shots per pixel and at a 1 kHz 

repetition rate. Laser operating power was set at 50% with a raster size of 150 μm. The 

measurement order was set at Fast (from top to bottom). The imaging data were normalized by 

total ion counts (TIC). Sublimation for 9-AA was carried out using 150 mg of 9-AA at 150 °C 

with a 0.7 Torr vacuum for 800 seconds. Matrix deposition was carried out as mentioned in the 

manuscript to achieve 0.8 mg/cm2 thickness. The performance of 9AA-sublimed tissue section 

had poor results mainly due to the poor interaction between analytes and matrix.48 (See the 

reference in Table 1. The author investigated in different matrices performance by sublimation 

method and made the conclusion that 9AA showed poor capability in negative polarity MSI.)
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2-5 MALDI-TOF mass spectrometry.  

Both MALDI-TOF MS and MALDI-TOF MSI were performed on a Bruker Autoflex 

Speed mass spectrometer in reflectron geometry at 1 kHz repetition rate. For profiling, mass 

spectra were obtained by accumulating 1500 laser shots with the “random walk” setting. The 

detector gain was set at 2016 V for positive mode and 2012 V for negative mode. Mass 

spectrometry images (MSI) were acquired at 150 µm spatial resolution with 1000 laser shots per 

pixel, with the laser operating power at 50% and a 1 kHz repetition rate. The laser spot size was 

set at “medium”, ~80 µm in diameter. The measurement order was set at Fast (from top to 

bottom). The imaging results shown were normalized by total ion counts (TIC). Image 

acquisition was carried out using FlexImaging 3.0, and spectral analysis was performed with 

FlexAnalysis 3.4.

2-6 LC-MS/MS lipid identify 

LC-MS/MS was performed on a hybrid LTQ-Orbitrap Elite Mass Spectrometer couple with 

Vanquish™ Flex Quaternary UHPLC. A heated electrospray ionization (HESI) was used to the 

ionization source with the following parameters: spray voltage at 4.0 kV in both positive and 

negative ion mode; capillary temperature at 320 °C; HESI heater temperature at 180 °C; sheath 

gas flow at 30 and auxiliary gas at 10. Liquid chromatography was performed using a Unitary 

C18 column (4.6 × 250 mm, 5 μm, ACCHROM, China). A binary gradient was performed with 

mobile phase A of ACN/water 40:60 (v/v) and mobile phase B of IPA/ACN 90:10 (v/v). Both 

A and B solvents contain 0.1% ammonium acetate for negative ion mode, and 0.1% FA for 

positive ion mode. The flow rate was 0.5 mL/min, and a 50-min gradient was established as: 0-
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3 min, 20% B; 3-8 min, 20-70% B; 8-30 min, 70-90% B; 30-30.5 min, 90-99% B; 30.5-40 min, 

99% B; 40-41 min, 99-20% B; 41-50 min, 20%.  

The setting method for lipidomics analysis has been described in the previous report.57 

Three μL mice brain lipid extract was injected for LC-MS/MS analysis. A top-10 data-dependent 

acquisition (DDA) method was applied. MS/MS spectra were acquired via collision induced 

dissociation (CID) with an isolation width of 2.0 Th, normalized collision energy of 40.0, 

activation Q of 0.250, and activation time of 10.00 ms.

2-7 pH control experiment. 

COOH-NHMe (IV) and COOH-NH2 (I) were dissolved in acetonitrile and water (1:1, v/v) 

at a concentration of 0.1 M. The pH values of matrix solutions are around 4. Trifluoroacetic acid 

(TFA) and ammonium hydroxide (NH4OH) were used to adjust the pH value of those matrix 

solutions. Since COOH-NHMe (IV) and COOH-NH2 (I) are zwitterionic and weak acid, they 

work as buffering agents. Mass spectra of lipid signals obtained similar with different pH value 

(See Figure S1-S2 in Appendix B.). Therefore, it is not essential to adjust the pH value of 

MALDI sample when COOH-NHMe (IV) and COOH-NH2 (I) were used as matrix.

2-8 General information and materials. 

Unless otherwise mentioned, commercially available reagents were purchased from Sigma-

Aldrich and Acros Organics without further purification. Solvent purification was accomplished 

according to Purification of Laboratory Chemicals (Perrin, D. D.; Armarego, W. L. and Perrins, 

D. R., Pergamon Press: Oxford, 1980). All reactions were carried out under nitrogen and 

monitored by TLC. Column chromatography used silica gel (230−400 mesh) supplied by Merck. 
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1H, 13C and 19F NMR spectra were recorded at 22 °C on a Varian Unity 400 spectrometer at 400, 

100 MHz and 376 MHz, respectively; the chemical shifts (δ in ppm) were determined with 

respect to residual non-deuterated solvent as an internal reference (DMSO, δ 2.50 ppm for 1H 

NMR and δ 39.52 for 13C NMR). The following abbreviations were used to explain the 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, brs = broad singlet, m = multiplet, 

td = triplet of doublets, dt = doublet of triplets. Low- and high-resolution mass spectra were 

performed on a JEOL model JMS-700 mass spectrometer using electron ionization (EI) and fast 

atom bombardment (FAB). X-ray crystallography were conducted using a Bruker D8 

VENTURE Single-crystal XRD equipped with Oxford Cryostream 800+. The anthranilic acid 

(COOH-NH2, I) and 2-dimethylaminobenzoic acid (COOH-NMe2, VIII) were bought from 

Sigma-Aldrich company.

2-9 Computation Methodology.  

All theoretical calculations were performed using the Gaussian 09 program. The 

corresponding reaction energy of proton affinity, deprotonation, and proton transfer reaction for 

the selected compounds in the gas phase were acquired by the density functional theory (DFT) 

method with B3LYP hybrid function. The 6-31+G(d,p) basis set was employed for all atoms.

2-10 Photophysical Measurement. 

Steady-state absorption and emission spectra were measured under room temperature with 

a Hitachi (U-3310) spectrophotometer and an Edinburgh (FS920) fluorimeter, respectively. All 

wavelength-dependent excitation and emission responses of the fluorimeter have been calibrated. 

Solvents used for photophysical measurements were spectroscopic grade (Merck Inc.). 
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Fluorescence lifetime measurement for COOH-NH2 (I), CHO-NH2 (II), COOH-NHMe (IV) 

were performed with an Edinburgh FL 900 time-correlated single photon-counting (TCSPC) 

system with a hydrogen-filled lamp as the excitation source with 40kHz repetition rate. 

Fluorescence lifetime measurement for CHO-NHAc (III) were performed by TCSPC system 

(OB-900L Lifetime spectrometer, Edinburgh). The light source was generated from Ti sapphire 

laser (Tsunami, Spectra Physics, 82 MHz), followed by second harmonic generation to produce 

excitation beam (380 nm). The polarization of the pump laser was set at the magic angle (54.7˚) 

with respect to pump beam, in order to eliminate the anisotropy. The temporal resolution is about 

20 ps.
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Results and Discussion 

3-1 Design and Synthesis of Organic Compounds 

The synthetic routes of the title compounds are depicted in Scheme 1A. Commercially 

available COOH-NH2 (I) was the initial reactant for the synthesis. COOH-NH2 (I) is first 

reduced by lithium aluminum hydride, followed by an oxidation reaction with MnO2, yielding 

aldehyde CHO-NH2(II). CHO-NH2 (II) was then strategically modified into acetamide 

derivative CHO-NHAc (III). Meanwhile, the amino group of COOH-NH2 (I) is also 

functionalized so that one of the amino hydrogen has been replaced with alkyl substituent (-CH3) 

to obtain derivative COOH-NHMe (IV). Notably, the reactions adopted in this study are facile 

and produces title molecules with good yields (> 50%). Detailed synthetic procedures and 

 
 

Scheme 1. (A) Synthesis pathway for the anthranilic acid derivatives and X-ray structure of 

III and IV. Molecular structure of (B) III and (C) IV resolved from single crystal X-ray 

analysis. 
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characterization of these compounds are provided in the Appendix A section. The crystal 

structures of COOH-NH2 (I) and COOH-NHMe (IV) have been resolved in the literature; 

however, for readers’ convenience the prerequisite structural information of I and IV was shown 

in this study, as well.58,59 Scheme 1B and 1C depict the X-ray structure of CHO-NHAc (III) and 

COOH-NHMe (IV) (see Figure S3 in Appendix B-2. for COOH-NH2, I), respectively, both of 

which are in a planar configuration. Although the N-H hydrogen atom is artificially added in 

solving the X-ray structure, the N-H---O=C intramolecular H-bond formation can be supported 

by the 1H NMR measurement, in which COOH-NH2 (I) in DMSO-d6 and II-IV in benzene-d6 

show downfield shift of the N-H proton in the range of 5.78-11.03 ppm (see Figures S4-7 in 

Appendix B-2.).
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3-2 Dual-Polarity Characteristics and Physical Properties Measurement 

 

 

Figure 1. (A) Absorption spectra of matrix I-IV measured in dichloromethane (DCM). (B) 

Absorption (solid line) and emission spectra (dash line) of matrix I-IV measured in solid state. 

"ex = 340 nm for COOH-NH2 (I), CHO-NH2 (II), COOH-NHMe (IV) and "ex = 320 nm for 

CHO-NHAc (III).

For COOH-NH2 (I) and COOH-NHMe (IV), the carboxylic and amino groups that serve 

as proton donor and proton acceptor, respectively, are expected to effectively produce positive 

and negative ions. CHO-NH2(II) and CHO-NHAc (III), lacking the potent proton donor site, 

were compared with COOH-NH2 (I) and COOH-NHMe (IV) in terms of their dual polarity 

properties. These compounds were rationally designed for the carboxylic/carbonyl group and 

amino derivatives to be in the ortho position in order to form an intramolecular hydrogen bond 

(H-bond) between the carboxylic/carbonyl and amino hydrogen. This strategy has two major 

characteristics. Firstly, the intramolecular H-bond induced #-conjugation, which decreases the 

HOMO-LUMO energy gap to reach the absorption maximum suitable for commercial laser 
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excitation (third harmonic Nd:YAG laser, 355 nm).11,60 In addition, the formation of 

intramolecular H-bond is expected to reduce the intermolecular H-bond interaction and hence to 

increase the efficiency of the desorption.  

Figure 1A shows the absorption spectra of compounds I-IV in dichloromethane (DCM), 

which all exhibit the lowest lying absorption bands in the range of 300 to 400 nm. Nevertheless, 

appreciable absorption extinction of > 2000 cm-1 M-1 was observed for all I-IV at 355 nm of the 

third harmonic Nd:YAG laser, the most popular commercial excitation source for MALDI.5061 

Among the title compounds, COOH-NHMe (IV) exhibits the highest extinction coefficient at 

355 nm. It is also worth noting that the formation of intramolecular H-bond is critical to enhance 

the charge transfer character and hence the red shift of the absorption. For example, anchoring 

carboxyl and amino groups in meta- and para- positions with no intramolecular H-bond 

formation causes the blue shift of the absorption with peak wavelength being far blue shifted 

from 355 nm (See Table 3 for the detailed information of the references).62–64 In fact, aside from 

I-IV, other derivatives have also been synthesized (see compounds V-IX in Appendix A.); 

however, those compounds show either unsuitable absorption band (V-VIII) or low melting 

points (IX) and hence were not investigated further in this study. Figure 1B shows the 

absorption and emission spectra of matrix I-IV measured in solid state. The different absorption 

pattern of matrix I-IV between solution and solid phase suggests slightly intermolecular 

interaction existing in solid state. 
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3-3 Photophysical Properties and Explanation 

The computational approach (TD-DFT, B3LYP/6-31+g(d,p)) depicted in Table S1 in 

Appendix B-3, clearly reveals that HOMO and LUMO have contribution, in part, from -NHR 

and carbonyl (CHO or COOH), respectively and the transition possess partial charge transfer 

character. Therefore, with the same -NH2 functional group, the stronger electron withdrawing 

CHO group (cf. COOH) decreases LUMO energy, rationalizing the lowest lying absorption peak 

wavelength for CHO-NH2 (II) being red shifted relative to that of COOH-NH2 (I). Similarly, 

with the same -CHO group, the -NHAc donating group in CHO- NHAc (III) is weaker than that 

of –NH2 in CHO-NH2 (II). As a. result, the HOMO energy of CHO-NHAc (III) decreases, 

explaining its blue shifted absorption compared with CHO-NH2 (II). Also, the stronger electron 

donating strength for –NHMe lifts the HOMO energy, making COOH-NHMe (IV) much more 

red shifted than that of COOH-NH2 (I). The trend of the absorption gap is thus in the order of 

CHO-NHAc (III) > COOH-NH2 (I) > COOH-NHMe (IV) > CHO-NH2 (II).

Table 2. Time-resolved fluorescence measurements and quantum yield (Q.Y.) compound I-IV in 

solid phase.  

aλex = 340 nm for COOH-NH2, CHO-NH2, COOH-NHMe and λex = 320 nm for CHO-NHAc. 

bλex = 340 nm for COOH-NH2, CHO-NH2, COOH-NHMe and λex = 380 nm for CHO-NHAc.

Compounds Q.Y. (%) Monitor wavelength (nm)  Lifetime (ns) 

COOH-NH2 (I) 15.3 480 14.6 

CHO-NH2 (II) 5.3 480 1.25 

CHO-NHAc (III) 2.9 440 0.112, 1.08 

COOH-NHMe (IV) 43.1 480 8.95 
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COOH-NH2 (I) and COOH-NHMe (IV) show strong fluorescence with quantum yield (QY) 

of 15.3% and 43.1%, respectively, in solid state, and the corresponding lifetime was determined 

to be as long as 14.6 ns (COOH-NH2, I) and 8.9 ns (COOH-NHMe, IV) (Table 2). Decent 

fluorescence yield was measured for CHO-NH2 (II) (QY = 5.3%) and CHO-NHAc (III) (QY = 

2.9%); their fluorescence lifetime in solid matrix was measured to be 1.3 and 1.1 ns, respectively.  

Protonated ion and deprotonated ion are generated by proton transfer reaction and ion-ion 

recombination among matrix (M) and analyte (A) compounds (e.g. M+M⇄[M+H]++[M-H]-, 

M+A⇄[M+H]++[A-H]- and M+A⇄[M-H]-+ [A+H]+)17,19 ; however, these reactions may not 

reach equilibrium in the gas phase. In contrast, ion-molecule reaction (e.g. [M+H]++A⇄M+ 

[A+H]+ and [M-H]-+A⇄M +[A-H]-) may reach equilibrium, which has high correlation to 

intensity of analyte ion.19,65,66 

As shown in Table 4, on the one hand, the PA exhibits a trend with COOH-NHMe (IV) > 

COOH-NH2 (I) > CHO-NH2 (II) > CHO-NHAc (III), which can be rationalized by the chemical 

modification on the -NHR. The substitution with alkyl group increased basicity of the lone pair 

electron on the nitrogen, and hence provides greater driving force for deprotonation. On the other 

hand, the relatively lower DE of COOH-NH2 (I) and COOH-NHMe (IV) (cf. CHO-NH2, II and 

CHO-NHAc, III) suggested that they were more readily to be protonated with carboxylic group, 

rendering a more positive ion signal of the analytes. Moreover, the heat of proton transfer 

reaction between matrix-analyte and matrix-matrix was also deduced by DE – PA (Table 4). As 

a result, the heat of reaction of CHO-NH2 (II) and CHO-NHAc (III) is more endothermic than 

that of COOH-NHMe (IV) and COOH-NH2 (I) during MALDI process, suggesting an 

unfavorable proton transfer reaction. The estimation of the ion yield can be calculated from the 

following equation.67 
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Ion yield = e!
∆"
#$%          (1) 

According to eq. (1), as the heat of reaction increases, the ion yield should decrease.
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Table 3. Absorption peak wavelength of the reported aminobenzoic acid and aminobenzaldehyde derivatives. 

 

aminobenzoic acid derivatives aminobenzaldehyde derivatives 

compound λabs (nm) / solventa compound λabs (nm) / solventa 

p-aminobenzoic acid 290 / methanol63 p-aminobenzaldehyde 296 / cyclohexane68 

m-aminobenzoic acid 306 / ethanol69 m-aminobenzaldehyde 327 / cyclohexane68 

N-methyl-p-aminobenzoic acid 299 / ethanol70   

a Solvent used for the absorption measurements.  
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Table 4. Heat (kcal/mol) of protonation, deprotonation, and proton transfer reaction for the compounds in the gas phase (Calculated 

results are from DFT). Considerations of absorption characteristics at 355 nm. 

Matrix (M) 
Proton affinity Deprotonation energy Proton transfer reaction Extinction coefficientb 

M+H+ à [M+H]+ M à [M-H]-+H+ M+M à [M+H]++ [M-H]- (cm-1M-1)  

COOH-NHMe (IV) 219 333 114 4800 

CHO-NH2 (II) 205 362 157 3800 

CHO-NHAc (III) 197 349 152 2600 

COOH-NH2 (I) 207 336 129 2400 

CHO-NHCOCF3 (VII) 189 335 146 390 

COOH-NHCOCF3 (VI) 190 317 127 60 

COOH-NMe2 (IIIV) 224 339 115 3 

CHCA 197a 316a 119a 13000 

2,5-DHB 202, 200a 323, 325a 121, 120a 2200 
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2,5-DHAP 209a 338a 129a 1100 

SA 212 328 116 2500 

9-AA 204 340 136 2100 

1,5-DAN 216 358 142 1100 

a Calculated results are from ab initio quantum chemistry calculations. 

b All compounds were dissolved in DCM for UV-visible measurement 
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3-4 Standards Analysis and Observation with Physical Explanations  

We then used I-IV as the matrix and PS(14:0/14:0) as the analyte to demonstrate the 355-

nm laser desorption property. COOH-NHMe (IV) clearly shows the highest ion signal (see 

Figure 2) due to its strongest absorption at 355 nm among I-IV (Table 4.), suggesting that the 

ion efficiency is highly related to the extinction coefficient. Moreover, the characteristic signals 

for PC(14:0/14:0), PS(14:0/14:0) and PE(14:0/14:0) were most strongly detected by COOH-

NH2 (I) and COOH-NHMe (IV) (Figure 3). In fact, only COOH-NH2 (I) and COOH-NHMe 

(IV) yielded signals for PS(14:0/14:0), while no signal could be observed when applying CHO-

NH2(II) and CHO-NHAc (III) as the matrix (see Figure 2).
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Figure 2. Mass spectra of PS(14:0/14:0) obtained from samples prepared with different matrices 

(A) COOH-NHMe (IV), (B) CHO-NH2 (II), (C) CHO-NHAc (III) and (D) COOH-NH2 (I) in 

positive and negative ion mode, respectively. Left column represents the positive ion detection, 

while the right column represents the negative ion detection.
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Figure 3. Signal comparison of lipid standards, PC(14:0/14:0), PS(14:0/14:0) and PE(14:0/14:0), 

using the synthesized compounds and commercially available matrices. The laser intensities 

used for different matrices were optimized to achieve best signals. Analytes in red were acquired 

in positive ion mode, while those in blue were acquired in negative ion mode.  
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These experimental results do not align with the extinction coefficient of the matrix: 

COOH-NHMe (IV) > CHO-NH2 (II) > CHO-NHAc (III) > COOH-NH2 (I) (see Table 4). This 

is not surprising because the extinction coefficient merely accounts for one of multiple factors 

for analyte desorption/ionization. Other factors, such as the difference in fluorescence lifetime 

among I-IV, also need be considered. Since the applied 355-nm laser has a pulse duration time 

of ~5 ns, matrices with longer fluorescence lifetime such as COOH-NH2 (I) and COOH-NHMe 

(IV) (see Table 2) are expected to have a higher chance for multiphoton events. More 

importantly, matrix interaction with analyte is important when it comes to the MALDI process. 

Commonly, positive ions are observed as protonated, sodiated or potassiated ions ([M+H]+, 

[M+Na]+ and [M+K]+), where negative ions are observed as deprotonated ions ([M-H]-). 

71,72,73,74,60,19,17,65 Therefore, in order to quantify the feasibility of the synthesized matrix, 

theoretical calculation based on density function theory (DFT) was conducted to acquire the 

corresponding proton affinity (PA) and deprotonation energy (DE), whose values can provide 

insights into the tendency towards producing [M+H]+ and [M-H]-, respectively. Among the 

synthesized matrices, COOH-NHMe (IV) showed relatively high PA and low DE (Table 4.),67 

and thus is expected to be a suitable matrix in both positive and negative modes. Importantly, 

the values of PA and DE of COOH-NHMe (IV) are comparable to those of commercial matrices 

that are solely suitable in positive or negative mode (see Table 4.), showing its high potential in 

practical matrix applications.
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3-5 Investigation of Synthesized Compounds

To gain more insight into the efficacy of our synthesized compounds, we chose some of the 

most representative commercially available matrices to compare their performances. Figure 3 

shows the relative signal intensities of PC(14:0/14:0), PS(14:0/14:0) and PE(14:0/14:0) from the 

typical commercially available matrices. 2,5-DHB and CHCA provide lower ion abundance of 

negative ion relative to positive ion, and are commonly used in positive ion detection.75 On the 

other hand, 9-AA and 1,5-DAN are suitable for negative ion detection.{Citation}76,77 In 

comparison, compounds I-IV, having a simple aromatic ring endowed with acid-base 

bifunctionality are great candidates of MALDI matrices for dual polarity detection. Figure 4. 

compares the signal intensities of lipid and protein standards detectable with the COOH-NH2 (I) 

and COOH-NHMe (IV) (commercially available) and commonly used matrices. Among them, 

lipids analyzed using COOH-NHMe (IV) as the matrix (Figure 4.) exhibited the highest ion 

signal compared to other compounds, even though the extinction coefficients of all studied 

matrices were within the same order of magnitude. The most comparative commercially 

available matrix was 1,5-DAN for lipid detection, though its protein signals were less impressive 

(Figure 4. and Figure 5.). Additional experiments were performed to analyze proteins extracted 

from mouse brains in both positive and negative ion mode, with results from triplicate analyses 

shown in Figure S8-S10.
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Figure 4. Comparison of the relative signal intensities of lipid species and proteins species when 

using the synthesized COOH-NH2 (I), COOH-NHMe (IV) or some of the most representative 

commercially available matrices. The laser intensities used for different matrices were optimized 

to achieve the most optimal signal. The analytes written in red indicates signals were obtained 

in positive ion mode and blue in negative ion mode. COOH-NHMe (IV) had superior 

performance in lipid analysis and was also capable of analyzing proteins in both positive and 

negative mode.
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Figure 5. Mass spectra of the brain protein extracts obtained from samples prepared by COOH-

NHMe (IV) and commonly used commercial matrices for protein analysis, 2,5-DHB, 2,5-DHAP 

and 1,5-DAN in positive ion mode.
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Figure 6. Mass spectra of the brain protein extract obtained from samples prepared by COOH-

NHMe and commonly used commercial matrices for protein analysis, 2,5-DHB, 2,5-DHAP and 

1,5-DAN in negative ion mode.
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As shown in Figure 5. and Figure 6, a great number of protein species were observed with 

COOH-NHMe (IV) and 2,5-DHAP relative to 2,5-DHB. Moreover, relatively few protein 

species can be observed from 1,5-DAN, implying that this previously-reported dual polarity 

matrix may have limited mass coverage for biomolecules. MSI of protein distribution in Mouse 

brains section was performed by using COOH-NHMe (IV) (Figure 7.).

  



 
 

51 

Figure 7. MSI of coronal mice brain sections sublimated with COOH-NHMe (IV) in positive 

and negative ion mode, demonstrating the capability of COOH-NHMe (IV) in mapping the 

protein distribution. MSI were accumulated 1000 laser shots per pixel and were acquired with a 

1 kHz repetition rate. Laser operating power was set at 10% with a raster size of 150 μm and the 

laser focus was set to “small”.
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3-6 The Comparison with Commercial MALDI Matrices on Biological Samples in Positive 

and Negative Ion mode 

We further demonstrated the superiority of COOH-NHMe (IV) in terms of the molecular 

coverage and dual-polarity compatibility in the MALDI-TOF measurement on mouse brains 

lipid extract. The comparison between COOH-NHMe (IV) and two of the most commonly used 

matrices for lipid analysis, 2,5-DHB (standard matrix for positive ion mode detection) and 9-

AA (standard matrix for negative ion mode detection), is shown in Figure 8. Remarkably, 

COOH-NHMe (IV) showed a rich lipid profile in both positive and negative ion mode, whereas 

2,5-DHB and 9-AA showed only limited coverage due to their single-polarity character.78 

Moreover, the comparison between COOH-NHMe (IV) and early reported ma-trices for dual 

polarity has been made. As a result, the performance of COOH-NHMe (IV) is as good as 2,6-

DHAP and 1,5-DAN in both positive and negative ion mode (Figure 9). Note that due to the 

limited vacuum stability, 2,6-DHAP is not commonly applied for vacuum MALDI MSI, but 

instead used for atmospheric pressure (AP)-MALDI.79,80 
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Figure 8. Mass spectra of the brain lipid extract obtained from samples prepared by COOH-

NHMe (IV) and commonly used commercial matrices for lipid analysis, 9-AA and 2,5-DHB, in 

(A) positive and (B) negative ion mode respectively. COOH-NHMe (IV) outperformed the 

widely used commercial matrices for lipid analysis in both positive and negative mode. The ions 

marked in red indicate that the ions observed only using COOH-NHMe (IV) as matrix. The ions 

observed using 9-AA as matrix but not 2,5-DHB were marked in blue.
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Figure 9. Mass spectra of the brain lipid extract obtained from samples prepared by 2,5-DHB, 

9-AA, COOH-NHMe (IV), 2,6-DHAP and 1,5-DAN, in (A) positive and (B) negative ion mode 

respectively.
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The positive (deprotonation of the matrix) and negative (protonated of the matrix) can be 

explained by their proton affinity and deprotonation energy (Table 4.). The deprotonation 

energy of 2,5-DHB is relatively low, so the proton transfers easily from matrix to analyte, 

producing protonated analyte ion. On the contrary, the proton affinity of 9-AA is relatively high 

and the proton easily transfers from analyte to matrix, yielding deprotonated analyte ions. Figure 

8A. shows the signals of the positive ions, [M+H]+, [M+Na]+ and [M+K]+. In Figure 8B, signals 

of negative ion represent [M-H]- correspond to phosphatidylethanolamines (PE), phosphatidic 

acids (PA), phosphatidylserines (PS), phosphatidylinositols (PI), sulfatides (ST) and 

hydroxylated sulfatides (ST(OH)). LC-MS/MS was conducted on the sample mouse brain 

extract to and the species detected were confirmed by LipidSearch™ (Thermo Fisher Scientific). 

Details of the assignments of mass spectra are listed in Table S2 and Table S3. (See Table in 

Appendix B3.) The results obtained by using COOH-NHMe (IV) as a matrix revealed more 

lipid species than using 2,5-DHB and 9-AA. For example, [PE(40:6)-H]-, [PI(36:4)-H]- and 

[PI(40:6)-H]- were observed when COOH-NHMe (IV) was used as the matrix but missing when 

using 2,5-DHB. Also, the spatial distribution of the three species only detectable by COOH-

NHMe, spatial distributions of [PE(40:6)-H]-, [PI(36:4)-H]- and [PI(40:6)-H]- are shown in 

Figure 10. Distinct distributions of lipids were thus obtained from COOH-NHMe (IV).



 
 

56 

Figure 10. MSI of mouse brains sections sublimated with COOH-NHMe (IV) and 9AA in 

negative ion mode. The color scale for each ion species were under the same intensity threshold. 

The lipid species scan revealed the deprotonated ion at m/z 790.5, 857.5 and 909.6, 

corresponding to [PE(40:6)-H]-, [PI(36:4)-H]- and [PI(40:6)-H]-, respectively.
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Figure 11. MSI of mouse brains sections sublimated with COOH-NHMe (IV) and 9AA in 

negative ion mode. The color scale for each ion species were under the same intensity threshold. 

The lipid species scan revealed the deprotonated ion at m/z 790.5, 857.5 and 909.6, 

corresponding to [PE(40:6)-H]-, [PI(36:4)-H]- and [PI(40:6)-H]-, respectively.
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3-7 MALDI-MSI with Potential MALDI Matrix - COOH-NHMe (IV) 

To demonstrate the capability of COOH-NHMe (IV) in mapping the lipid distribution, we 

applied it as the matrix for MALDI-TOF MSI on a coronal mouse brain section (Figure 11 and 

Figure S11 in Appendix B-2.). In the positive ion mode, we observed PC and sphingomyelin 

(SM) species, in which PC (36:1) was largely observed in the white matter of the brain, while 

PC (32:0) was revealed in the gray matter. These results were in agreement with the previous 

report using the other universal matrices.81–83 In the negative ion mode, we observed several 

glycer-ophospholipids, e.g. PA (34:1), PE (36:1), PS (36:0), PI (38:4) in the gray matter and the 

dimethyl-phosphatidylethanolamine DMPE (34:1p), PG (40:6) in the white matter. ST was also 

resolved in the negative ion mode. As such, similar to the analysis of the brain lipid extract, 

untargeted molecular imaging of lipids can be successfully obtained by MALDI-TOF MSI with 

both positive ions and negative ions simultaneously within one experiment. Also, this matrix is 

potentially capable of performing high spatial resolution MSI, although most of our tests, due to 

the limit of facility, are limited at 80 µm within 2 hours under vacuum. Given that sublimation 

produces sub-nanometer crystals, with a more advanced system such as the Bruker rapifleX 

equipped with a 10 kHz laser, it would be possible to accomplish 5 µm MSI on an entire mouse 

brain section within 2 hours.
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Conclusions 

In this work, we synthesized a series of new anthranilic acid derivatives I-IV, of which COOH-

NH2 (I) and COOH-NHMe (IV) are endowed with acid/base bifunctional properties and have 

demonstrated their potential for dual polarity detection in MALDI-TOF mass spectrometry. The dual 

polarity character can be rationalized by its proton affinity and deprotonation energy. Of them, 

COOH-NHMe (IV) exhibits an outstanding efficiency in generating ions of a wide variety of 

biomolecules, including lipids and proteins, upon laser excitation. High quality molecular imaging of 

lipids in mouse brains sections was readily obtained by a commercial MALDI-TOF mass 

spectrometer using our newly designed organic matrix. As many new candidate compounds have 

been recently proposed as suitable dual polarity matrices, 73,84–86 we aim to compare our proposed 

matrix with these compounds in the near future. We believe that via a more thorough and systematic 

investigation that integrates the photophysical and chemical insights, a universal matrix for MALDI 

mass spectrometry shall soon be realized.
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*This thesis is a revised version of the material as it appears in the published article of Analytical 

Chemistry, 2020, 92, pp. 7139-7145. https://doi.org/10.1021/acs.analchem.0c00570. by Penghsuan 

Huang, Chun-Ying Huang, Ta-Chun Lin, Li-En Lin, Ethan Yang, Chuping Lee, Cheng-Chih Hsu, 

and Pi-Tai Chou. The thesis author was the primary author and investigator. 
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Appendix A. Synthesis of a series of anthranilic acid derivatives. 

A-1 Synthesis of 2-aminobenzaldehyde (CHO-NH2, II). 51,87

 

To a solution of anthranilic acid (1.0 g, 7.30 mmol) in dry THF (20 mL) was added dropwise 

a solution of lithium aluminum hydride (LAH) in THF (2.4M, 4.6 mL, 11.04 mmol) while the 

temperature was maintained at -30°C with stirring. The resulting mixture was allowed to warm 

to room temperature and stirred in the same temperature for additional 6 h. Until the end of the 

reaction, the mixture was hydrolyzed by addition of water (20 mL) and 5% NaOH (2.0 mL). The 

resulting suspension was extracted with EtOAc (3 × 50 mL). The combined organic layer was 

dried over anhydrous MgSO4. The dried organic solution was then filtered and concentrated 

under reduced pressure. The residue was recrystallized from ethyl acetate and hexane, affording 

the corresponding 2-aminobenzyl alcohol quantitatively as a white solid. A solution of 2-

aminobenzyl alcohol (0.70 g, 5.68 mmol) was dissolved in DCM (50 mL). Manganese (IV) 

oxide (3.95 g, 45.43 mmol) was added and the reaction mixture was stirred at room temperature 

for about 12 h. Manganese (IV) oxide was filtered off and the resulting filtrate was concentrated 

under reduced pressure. The residue was purified by column chromatography on silica gel 

(hexane:EtOAc = 10:1) to afford CHO-NH2 (II) (0.46 g, 67%) as yellow solid. 1H NMR (400 
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MHz, DMSO-d6, 298 K) δ (ppm): 9.81 (s, 1H), 7.52 (d, J = 8.0 Hz, 1H), 7.30 (t, J = 8.0 Hz, 1H), 

7.11 (b, 1H), 6.75 (d, J = 8.0 Hz, 1H), 6.64 (t, J = 8.0 Hz, 1H); 13C NMR (100 MHz, DMSO-d6, 

298 K) δ (ppm): 193.97, 150.66, 135.55, 135.04, 117.74, 115.80, 114.91.

A-2 Synthesis of N-(2-formylphenyl)acetamide (CHO-NHAc, III). 88

 

2-Aminobenzaldehyde (CHO-NHAc, II, 0.3 g, 2.48 mmol), acetic anhydride (0.33 g, 

3.22mmol) and triethylamine (TEA, 0.376 g, 3.72 mmol) were dissolved in CHCl3 (15 mL). The 

mixture was refluxed at 60 °C for 24 h. After cooling to room temperature, the reaction mixture 

was poured into water (60 mL), and the aqueous layer was extracted with CHCl3 (3 × 30 mL). 

The combined organic layer was washed with 1M HCl (60 mL) and dried over anhydrous 

MgSO4. The dried organic solution was filtered and concentrated under reduced pressure. The 

residue was purified by column chromatography on silica gel (hexane:CH2Cl2 = 5:1) to afford 

CHO-NHAc (III) (0.235 g, 58%) as white solid. 1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm): 

10.71 (b, 1H), 9.96 (s, 1H), 8.10 (d, J = 8.0 Hz, 1H), 7.84 (d, J = 12.0 Hz, 1H), 7.66 (m, 1H), 

7.30 (m, 1H), 2.15 (s, 3H); 13C NMR (100 MHz, DMSO-d6, 298 K) δ (ppm): 193.9, 169.2, 139.8, 

135.2, 132.8, 124.4, 123.8, 121.1, 24.3.
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A-3 Synthesis of 2-(methylamino)benzoic acid (COOH-NHMe, IV). 89 

 

To a solution of sodium carbonate (4.0 g, 37.9 mmol) in water (70 mL) was added 

anthranilic acid (COOH-NH2, I, 10.0 g, 72.9 mmol) with stirring, followed by dropwise addition 

of methyl iodide (5.5 mL, 87.5 mmol) at room temperature. After the addition was complete, the 

mixture was refluxed at 110 °C for 4 h. After cooling to room temperature, water (300 mL) was 

added to the solution, the organic layer was separated, and the aqueous layer was extracted with 

EtOAc (3 × 150 mL). The combined organic layer was dried over anhydrous MgSO4. The dried 

organic solution was filtered and concentrated under reduced pressure. The residue was purified 

by column chromatography on silica gel (hexane:EtOAc = 5:2) to afford COOH-NHMe (IV) 

(6.95 g, 63%) as white solid. 1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm): 7.77 (dd, J = 12.0, 

4.0 Hz, 1H), 7.40-7.35 (m, 1H), 6.67 (d, J = 8.0 Hz, 1H), 6.55 (t, J = 8.0 Hz, 1H), 2.83 (s, 3H); 

13C NMR (100 MHz, DMSO-d6, 298 K) δ (ppm): 169.90, 151.68, 134.47, 131.55, 113.92, 110.67, 

109.88, 29.16.
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A-4 Synthesis of 2-acetamidobenzoic acid (COOH-NHAc, V).90 

 

To a solution of anthranilic acid (2.0 g, 14.6 mmol) in THF (30 mL), acetic anhydride (1.6 

mL, 16.8 mmol) was added with stirring and the resulting mixture was then heated to reflux for 

1h. After cooling to room temperature, the reaction mixture was poured into water (100 mL), 

and the aqueous layer was extracted with ethyl acetate (3 × 50 mL). The combined organic layer 

was dried over anhydrous MgSO4. The dried organic solution was filtered and concentrated 

under reduced pressure. The residue was purified by column chromatography on silica gel 

(hexane:EtOAc = 2:1) to afford COOH-NHAc (V) (1.88 g, 72%) as white solid. 1H NMR (400 

MHz, DMSO-d6, 298 K) δ (ppm): 13.57 (b, 1H), 11.05 (b, 1H), 8.45 (dd, J = 12.0, 4.0 Hz, 1H), 

7.96 (dd, J = 12.0, 4.0 Hz, 1H), 7.57 (t, J = 8.0 Hz, 1H), 7.14 (t, J = 8.0 Hz, 1H), 2.12 (s, 3H); 

13C NMR (100 MHz, DMSO-d6, 298 K) δ (ppm): 169.45, 169.43, 140.83, 133.95, 131.01, 

122.51, 119.92, 116.48, 24.98.
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A-5 Synthesis of 2-(2,2,2-trifluoroacetamido)benzoic acid(COOH-NHCOCF3, VI).91

 

To a stirred solution of anthranilic acid (1.87 g, 13.6 mmol) in THF (30 mL), trifluoroacetic 

anhydride (2.4 mL, 17.3 mmol) was added at 0°C and the resulting mixture was then stirred at 

room temperature for 16h. At the end of the reaction, the solvent was concentrated under reduced 

pressure to give a white powder. The residue was dissolved in ethyl acetate, washed with 

saturated NaCl aqueous solution, and dried over anhydrous MgSO4. The dried organic solution 

was filtered and concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel (hexane:EtOAc = 5:2) to afford COOH-NHCOCF3 (VI) (1.85 g, 

58%) as white solid. 1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm): 12.50 (brs, 1H), 8.27 (d, 

J = 8.0 Hz, 1H), 8.05 (d, J = 8.0 Hz, 1H), 7.71 (m, 1H), 7.36 (t, J = 8.0 Hz, 1H); 13C NMR (100 

MHz, DMSO-d6, 298 K) δ (ppm): 169.3, 154.8, 154.4, 154.1, 153.7, 137.5, 134.3, 131.3, 125.5, 

121.3, 119.9, 119.3, 117.0, 114.2, 111.3; 19F NMR (376 MHz, DMSO-d6, 298 K) δ (ppm): -75.67.
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A-6 Synthesis of 2,2,2-trifluoro-N-(2-formylphenyl)acetamide (CHO-NHCOCF3, VII).

 

To a cold solution of 2-aminobenzaldehyde (0.225 g, 1.86 mmol) in anhydrous CH2Cl2 (15 

mL) was added anhydrous pyridine (0.3 mL, 3.72 mmol), followed by dropwise addition of 

trifluoroacetic anhydride (0.336 mL, 2.42 mmol). After the addition was complete, the resulting 

mixture was warmed to room temperature and stirred in the same temperature for additional 4 h. 

Until the end of the reaction, 1M HCl (5 mL) was added to the solution, the organic layer was 

separated, and the aqueous layer was extracted with CH2Cl2 (3 × 10 mL). The combined organic 

layer was dried over anhydrous MgSO4. The dried organic solution was filtered and concentrated 

under reduced pressure. The residue was purified by column chromatography on silica gel 

(hexane:CH2Cl2 = 5:1) to afford CHO-NHCOCF3 (VII) (0.286 g, 71%) as white solid. 1H NMR 

(400 MHz, DMSO-d6, 298 K) δ (ppm): 11.94 (b, 1H), 10.04 (s, 1H), 8.05 (d, J = 12.0 Hz, 1H), 

7.99 (dd, J = 12.0, 4.0 Hz, 1H), 7.79 (m, 1H), 7.53 (m, 1H); 13C NMR (100 MHz, DMSO-d6, 

298 K) δ (ppm): 194.39, 155.68, 155.31, 154.94, 154.57, 136.58, 135.56, 133.67, 126.46, 125.74, 

122.49, 119.87, 117.00, 114.13, 111.26; 19F NMR (376 MHz, DMSO-d6, 298 K) δ (ppm): -75.32; 

HRMS (EI) m/z: [M+] calc’d for C9H6F3NO2 [217.0351]; found 217.0351.
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A-7 Synthesis of (2-(methylamino)phenyl)methanol (S1). 

 

 

Methyl N-methylanthranilate (6.42 g, 38.9 mmol) in dry THF (25 mL) was added rapidly 

to a stirred solution of lithium aluminum hydride (LAH, 2.4 M in THF, 24.3 mL, 58.2 mmol) in 

dry THF (100 mL) at -78 °C by a cannula. The reaction mixture was allowed to warm to room 

temperature and stirred in the same temperature for additional 5h. Until the end of the reaction, 

water (100 mL) was slowly added to the solution. The aqueous layer was extracted with EtOAc 

(3 × 100 mL). The combined organic layers were dried over MgSO4. The dried solution was 

filtered and concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel (hexane:EtOAc = 5:2) to afford S1 (3.26 g, 61%) as colorless oil. 

1H NMR (400 MHz, DMSO-d6, 298 K) δ (ppm): 7.10 (m, 2H), 6.57 (t, J = 8.0 Hz, 1H), 6.52 (d, 

J = 8.0 Hz, 1H), 5.13 (m, 1H), 5.07 (t, J = 4.0 Hz, 1H), 4.41 (d, J = 4.0 Hz, 2H), 2.73 (d, J = 4.0 

Hz, 3H); 13C NMR (100 MHz, DMSO-d6, 298 K) δ (ppm): 147.4, 128.0, 127.3, 125.7, 115.2, 

108.8, 61.2, 29.9.
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A-8 Synthesis of 2-(methylamino)benzaldehyde (CHO-NHMe, IX). 

 

 

(2-(methylamino)phenyl)methanol (S1, 0.43 g, 3.17 mmol) in dry DCM (8 mL) was added 

rapidly to a stirred solution of manganese(IV) oxide (MnO2, 1.1 g, 12.66 mmol) in dry DCM 

(12 mL) by a cannula. Keep the reaction temperature at 30 °C for 18 h. After cooling to room 

temperature, the reaction mixture was filtrated, and the combined organic layers were 

concentrated under reduced pressure. The residue was purified by column chromatography on 

silica gel (hexane:EtOAc = 5:1) to afford IX (0.27 g, 63%) as yellow oil. 1H NMR (400 MHz, 

DMSO-d6, 298 K) δ (ppm): 9.80 (s, 1H), 8.14 (b, 1H), 7.58 (dd, J = 12.0, 4.0 Hz, 1H), 7.45 (t, J 

= 8.0 Hz, 1H), 6.70 (m, 2H), 2.86 (d, J = 4.0 Hz, 3H); 13C NMR (100 MHz, DMSO-d6, 298 K) 

δ (ppm): 194.0, 150.8, 136.5, 135.9, 118.0, 114.5, 110.5, 28.8; LRMS (EI) m/z: [M+] calc’d for 

C8H9NO [135.1]; found 135.1.

  



 
 

85 

Appendix B. Supplementary Information 

B-1 Control Experiments

Figure S1. Mass spectra of lipid signals obtained from samples prepared by using COOH-

NHMe (IV) at different pH values in positive and negative ion mode, respectively. Lipid species 

are observed at m/z 637.4, 678.5, 591.5, 634.5, 665.5 and 678.6 corresponding to protonated 

PE(14:0/14:0), protonated PC(14:0/14:0), deprotonated PA(14:0/14:0), deprotonated 

PE(14:0/14:0), deprotonated PG(14:0/14:0) and deprotonated PS(14:0/14:0), respectively. Each 

mass spectrum was an accumulation of 300 laser shots. 
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Figure S2. COOH-NH2 (I) Mass spectra of lipid signals obtained from samples prepared by 

using COOH-NH2 (I) at different pH values in positive and negative ion mode, respectively. 

Lipid species are observed at m/z 637.4, 678.5, 591.5, 634.5, 665.5 and 678.6, corresponding to 

protonated PE(14:0/14:0), protonated PC(14:0/14:0), deprotonated PA(14:0/14:0), deprotonated 

PE(14:0/14:0), deprotonated PG(14:0/14:0) and deprotonated PS(14:0/14:0), respectively. Each 

mass spectrum is an accumulation of 300 laser shots. 
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Comparison of matrices using statistical analysis 

Protein (bovine insulin, ubiquitin, cytochrom C and myoglobin) and lipid (PA, PC, PG and 

PS) standard were used as analyte for comparison of eight matrices, including COOH-NHMe 

(IV), COOH-NH2 (I), CHCA, 2,5-DHB, 2,5-DHAP, SA, 9-AA and 1,5-DAN. Ion yield, signal-

to-noise and mass resolution were considered to optimize the laser energy for each matrix. After 

the optimization, MS data were accumulated three times for statistical analysis as shown in 

Figure S8-9. The laser spot was set to medium, while the laser energies were set between 30% 

to 80%. The detail information was described in the figure legend. 

As we know, “hot spots” remain a common problem for MALDI samples, so the standard 

deviations are large. However, from the statistical result, it showed that COOH-NHMe (IV) had 

better performance in lipid analysis and was also capable of analyzing proteins in positive ion 

modes. For the comparison of these matrices, COOH-NHMe (IV), SA and 2,5-DHAP provide 

high performance in positive ion detection, but SA show slightly better result than COOH-

NHMe (IV) and 2,5-DHAP in negative ion detection. To compare these eight matrices, a 

maximum analyte signal was selected as normalized parameter. The analyte signals from these 

eight matrices were divide by the maximum analyte signal. Heat map represents their relative 

intensity as shown in Figure S10.
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B-2 Supplementary Figures

 

Figure S3. Crystal structure of COOH-NH2 (I) resolved from single X-ray analysis. The 

corresponding O-N distance was measured to be 2.70 Å.
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NMR spectra (alcohol.)

 

Figure S4. 1H NMR spectrum (400 MHz, DMSO-d6, 298K) of COOH-NH2 (I). 

 

Figure S5. 1H NMR spectrum (400 MHz, Benzene-d6, 298K) of CHO-NH2 (II).
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Figure S6. 1H NMR spectrum (400 MHz, Benzene-d6, 298K) of CHO-NHAc (III).  

Figure S7. 1H NMR spectrum (400 MHz, Benzene-d6, 298K) of COOH-NHMe (IV). 
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Figure S8. Signal comparison of PA(14:0/14:0), PG(14:0/14:0), PS(14:0/14:0) and 

PC(14:0/14:0) from the lipid mixture using new MALDI matrices COOH-NH2 (I), COOH-

NHMe (IV) and some of the most representative commercially available matrices (CHCA, 2,5-

DHB, 2,5-DHAP, SA, 9-AA and 1,5-DAN). Deprotonated PA(14:0/14:0), deprotonated 

PG(14:0/14:0) and deprotonated PS(14:0/14:0) are observed in the negative ion mode. 

Protonated PC(14:0/14:0) is observed in the positive. Laser energy: COOH-NHMe (IV) 70%, 

COOH-NH2 (I) 50%, CHCA 30%, 2,5-DHB 70%, SA 50%, 9-AA 70%, 1,5-DAN 70%.
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Figure S9. Signal comparison of insulin, ubiquitin, cytochrome C and myoglobin from the 

protein mixture using the new MALDI matrices COOH-NH2 (I), COOH-NHMe (IV) and some 

of the most representative commercially available matrices (CHCA, 2,5-DHB, 2,5-DHAP, SA, 

9-AA and 1,5-DAN) in both positive and negative ion mode. Laser energy: COOH-NHMe (IV) 

70%, COOH-NH2 (I) 70%, CHCA 30%, 2,5-DHB 50%, SA 70%, 9-AA 70%, 1,5-DAN 70%.
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Figure S10. Signal comparison of the lipid mixture and the protein mixture using the new 

MALDI matrices COOH-NH2 (I) and COOH-NHMe (IV) and some of the most representative 

commercially available matrices (CHCA, 2,5-DHB, 2,5-DHAP, SA, 9-AA and 1,5-DAN). The 

laser intensities used for different matrices were optimized to achieve best signals. According to 

the results of Figure S8 and S9, a maximum analyte signal was selected as normalized parameter. 

The analyte signals from these eight matrices were divide by the maximum analyte signal. The 

analytes written with “POS” indicates signals were obtained in positive ion mode and “NEG” 

in negative ion mode. COOH-NHMe (IV) had superior performance in lipid analysis and was 

also capable of analyzing proteins in both positive and negative ion modes. 
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Figure S11. MSI of horizontal mice brain sections sublimated with COOH-NHMe (IV) in positive and negative ion mode. We 

observed glycerophospholipids in both (A) positive and (B) negative ion modes, (C) phosphosphingolipids in positive ion mode, 

and (D) glyco-sphingolipids in negative ion mode. MSI were accumulated 100 laser shots per pixel and were acquired with a 1 

kHz repetition rate. Laser operating power was set at 50% with a raster size of 150 μm. 
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Figure S12. High spatial resolution MSI of a coronal mouse brain section sublimated with 

COOH-NHMe (IV) in negative ion mode. Negatively charged lipid species were observed using 

common sublimation method. MSI were accumulated by sum of 100 laser shots per pixel and 

were acquired with a 1 kHz repetition rate. Laser operating power was set at 50% with a raster 

size of 80 μm.
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NMR spectra of the rest synthesized compounds

Figure S13. 1H NMR spectrum (400 MHz, DMSO-d6, 298K) of CHO-NH2 (II). 

 

Figure S14. 1H NMR spectrum (400 MHz, DMSO-d6, 298K) of CHO-NHAc (III). 
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Figure S15. 1H NMR spectrum (400 MHz, DMSO-d6, 298K) of COOH-NHAc (V). 

 

Figure S16. 1H NMR spectrum (400 MHz, DMSO-d6, 298K) of COOH-NHCOCF3 (VI). 
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Figure S17. 1H NMR spectrum (400 MHz, DMSO-d6, 298K) of CHO-NHCOCF3 (VII). 

 

Figure S18. 1H NMR spectrum (400 MHz, DMSO-d6, 298K) of COOH-NMe2 (VIII). 
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Figure S19. 1H NMR spectrum (400 MHz, DMSO-d6, 298K) of CHO-NHMe (IX) 

 

Figure S20. 13C NMR spectrum (100 MHz, DMSO-d6, 298K) of CHO-NH2 (II). 
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Figure S21. 13C NMR spectrum (100 MHz, DMSO-d6, 298K) of CHO-NHAc (III). 

 

Figure S22. 13C NMR spectrum (100 MHz, DMSO-d6, 298K) of COOH-NHMe (IV). 
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Figure S23. 13C NMR spectrum (100 MHz, DMSO-d6, 298K) of COOH-NHAc (V). 

 

Figure S24. 13C NMR spectrum (100 MHz, DMSO-d6, 298K) of COOH-NHCOCF3 (VI). 
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Figure S25. 13C NMR spectrum (100 MHz, DMSO-d6, 298K) of CHO-NHCOCF3 (VII). 

 

Figure S26. 13C NMR spectrum (100 MHz, DMSO-d6, 298K) of COOH-NMe2 (VIII). 
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Figure S27. 13C NMR spectrum (100 MHz, DMSO-d6, 298K) of CHO-NHMe (IX). 

 

Figure S28. 19F NMR spectrum (376 MHz, DMSO-d6, 298K) of COOH-NHCOCF3 (VI). 
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Figure S29. 19F NMR spectrum (376 MHz, DMSO-d6, 298K) of CHO-NHCOCF3 (VII). 

 

Figure S30. 1H NMR spectrum (400 MHz, DMSO-d6, 298K) of 2-aminobenzyl alcohol. 
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Figure S31. 13C NMR spectrum (100 MHz, DMSO-d6, 298K) of 2-aminobenzyl alcohol.
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B-3 Supplementary Tables

Table S1. Calculated Frontier Orbital of the anthranilic acid derivatives. 

compound structure HOMO LUMO 

COOH-NH2 

(I) 

   

CHO-NH2 (II) 

 
  

CHO-NHAc 

(III) 

 
  

COOH-NHMe 

(IV) 
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Table S2. Mass peak assignments for lipid species in positive ion mode for mice brain. Peaks 

assignments were based on LC-MS/MS analysis or comparing to previous research.23,92,93

 

Tentatively proposed identity Exp. m/z Cal. m/z 

[SM(d18:0_16:0)+Na]+ 725.80 725.56 

[PC(32:0)+H]+ 734.63 734.57 

[SM(d18:0_18:0)+Na]+ 753.66 753.59 

[PC(32:0)+Na]+ 756.63 756.55 

[PC(34:1)+H]+ 760.66 760.59 

[SM(d18:0_18:0)+K]+ 769.64 769.56 

[PC(34:0)+H]+ 762.67 762.60 

[PC(32:1)+K]+ 770.63 770.51 

[PC(32:0)+K]+ 772.61 772.53 

[PC(34:1)+Na]+ 782.65 782.57 

[PC(36:1)+H]+ 788.70 788.62 

[PC(34:1)+K]+ 798.64 798.54 

[PC(34:0)+K]+ 800.66 800.56 

[PC(36:1)+Na]+ 810.69 810.60 

[PC(36:4)+K]+ 820.64 820.53 

[PC(36:1)+K]+ 826.64 826.57 

[PC(38:6)+K]+ 844.63 844.53 

[PC(38:4)+K]+ 848.74 844.56 

[PC(40:4)+K]+ 872.64 872.53 
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Table S3. Mass peak assignments for lipid species in negative ion mode for mice brain. Peaks 

assignments were based on LC-MS/MS analysis or comparing to previous research. 92,93,94,95 

 

Tentatively proposed identity Exp. m/z Cal. m/z 

[PA(34:1)-H]- 673.54 673.48 

[PE(34:1p)-H]- 700.67 700.53 

[PE(34:1)-H]- 716.65 716.52 

[PE(34:0)-H]- 718.68 718.54 

[DMPE(34:4p)-H]- 722.64 722.51 

[DMPE(34:2p)-H]- 726.67 726.54 

[DMPE(34:1p)-H]- 728.69 728.56 

[PE(36:2)-H]- 742.67 742.54 

[PE(36:1)-H]- 744.69 744.56 

[PE(38:6p)-H]- 746.63 746.53 

[PA(40:6)-H]- 747.59 747.50 

[DMPE(36:4p)-H]- 750.68 750.54 

[PE(38:6)-H]- 762.64 762.51 

[PE(38:4)-H]- 766.67 766.54 

[DMPE(38:6p)-H]- 774.67 774.57 

[PE(40:6e)-H]- 776.67 776.56 

[PE(40:4p)-H]- 778.71 778.58 

[PS(36:2)-H]- 786.66 786.53 

[PS(36:1)-H]- 788.68 788.54 
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[PE(40:6)-H]- 790.67 790.54 

[PE(40:4)-H]- 794.69 794.57 

[ST(18:0)-H]- 806.70 806.55 

[PS(38:4)-H]- 810.66 810.53 

[PG(40:6)-H]- 821.75 821.53 

[ST(18:0(OH))-H]- 822.69 822.54 

[PS(40:6)-H]- 834.67 834.53 

[ST(20:0(OH))-H]- 850.73 850.57 

[PI(36:4)-H]- 857.67 857.52 

[ST(22:1)-H]- 860.74 860.59 

[PI(36:2)-H]- 861.74 861.55 

[ST(22:0)-H]- 862.76 862.61 

[PI(36:1)-H]- 863.74 863.57 

[ST(22:1(OH))-H]- 876.77 876.58 

[ST(22:0(OH))-H]- 878.76 879.60 

[PI(38:5)-H]- 883.75 883.54 

[PI(38:4)-H]- 885.76 885.55 

[PI(38:3)-H]- 887.74 887.56 

[ST(24:1)-H]- 888.79 888.62 

[ST(24:0)-H]- 890.79 890.64 

[ST(24:1(OH))-H]- 904.78 904.62 

[ST(24:0(OH))-H]- 906.80 906.64 

[PI(40:6)-H]- 909.78 909.55 
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X-ray Crystallographic Data 

Crystallographic data. The X-ray crystal structure for the anthranilic acid derivatives reported in 

this article have been submitted to the Cambridge Crystallographic Data Centre (CCDC), with 

the deposition number CCDC 1948704 (COOH-NH2, I), 1947215 (CHO-NHAc, III), 1947199 

(COOH-NHMe, IV), 1947202 (COOH-NHAc, V), 1947210 (COOH-NHCOCF3, VI), 1947216 

(CHO-NHCOCF3, VII) and 1947201 (COOH-NMe2, VIII), respectively. These data can be 

obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.

Table S4. Crystal data and structure refinement for COOH-NH2 (I).  

Identification code  ic19906 

Empirical formula  C7 H7 N O2 

Formula weight  137.14 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 11.6358(2) Å != 90°. 

 b = 7.12450(10) Å "= 90°. 

 c = 15.9044(3) Å #= 90°. 

Volume 1318.46(4) Å3 

Z 8 

Density (calculated) 1.382 Mg/m3 
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Absorption coefficient 0.859 mm-1 

F(000) 576 

Crystal size 0.316 x 0.126 x 0.100 mm3 

Theta range for data collection 6.743 to 74.941°. 

Index ranges -14<=h<=13, -8<=k<=7, -19<=l<=19 

Reflections collected 5821 

Independent reflections 1347 [R(int) = 0.0303] 

Completeness to theta = 67.679° 99.1 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7539 and 0.6819 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1347 / 0 / 119 

Goodness-of-fit on F2 1.062 

Final R indices [I>2sigma(I)] R1 = 0.0339, wR2 = 0.0892 

R indices (all data) R1 = 0.0353, wR2 = 0.0912 

Extinction coefficient n/a 

Largest diff. peak and hole 0.270 and -0.177 e.Å-3 
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Table S5. X-ray single crystal data and structure refinements of CHO-NHAc (III). 

Identification code  ic19354 

Empirical formula  C18 H18 N2 O4 

Formula weight  326.34 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 8.6561(2) Å != 90°. 

 b = 26.3567(6) Å "= 90.3438(8)°. 

 c = 7.0706(2) Å #= 90°. 

Volume 1613.10(7) Å3 

Z 4 

Density (calculated) 1.344 Mg/m3 

Absorption coefficient 0.792 mm-1 

F(000) 688 

Crystal size 0.191 x 0.104 x 0.086 mm3 

Theta range for data collection 3.354 to 74.986°. 

Index ranges -9<=h<=10, -33<=k<=33, -8<=l<=8 

Reflections collected 10871 

Independent reflections 3309 [R(int) = 0.0191] 

Completeness to theta = 67.679° 99.7 %  

Absorption correction Semi-empirical from equivalents 
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Max. and min. transmission 0.7539 and 0.6236 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3309 / 0 / 249 

Goodness-of-fit on F2 1.030 

Final R indices [I>2sigma(I)] R1 = 0.0354, wR2 = 0.0942 

R indices (all data) R1 = 0.0373, wR2 = 0.0972 

Extinction coefficient n/a 

Largest diff. peak and hole 0.222 and -0.160 e.Å-3 
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Table S6. X-ray single crystal data and structure refinements of COOH-NHMe (IV). 

Identification code  ic19414 

Empirical formula  C8 H9 N O2 

Formula weight  151.16 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 7.7626(2) Å != 90°. 

 b = 14.9495(4) Å "= 113.3719(6)°. 

 c = 6.9402(2) Å #= 90°. 

Volume 739.31(3) Å3 

Z 4 

Density (calculated) 1.358 Mg/m3 

Absorption coefficient 0.815 mm-1 

F(000) 320 

Crystal size 0.293 x 0.163 x 0.104 mm3 

Theta range for data collection 6.883 to 74.981°. 

Index ranges -9<=h<=8, -18<=k<=18, -7<=l<=8 

Reflections collected 4214 

Independent reflections 1513 [R(int) = 0.0194] 

Completeness to theta = 67.679° 99.4 %  

Absorption correction Semi-empirical from equivalents 
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Max. and min. transmission 0.7539 and 0.6713 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1513 / 0 / 102 

Goodness-of-fit on F2 1.058 

Final R indices [I>2sigma(I)] R1 = 0.0366, wR2 = 0.1016 

R indices (all data) R1 = 0.0376, wR2 = 0.1029 

Extinction coefficient n/a 

Largest diff. peak and hole 0.260 and -0.189 e.Å-3 
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Table S7. X-ray single crystal data and structure refinements of COOH-NHAc (V). 

Identification code  ic19820 

Empirical formula  C9 H9 N O3 

Formula weight  179.17 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  Fdd2 

Unit cell dimensions a = 10.6729(2) Å != 90°. 

 b = 30.1181(6) Å "= 90°. 

 c = 10.5791(2) Å #= 90°. 

Volume 3400.62(11) Å3 

Z 16 

Density (calculated) 1.400 Mg/m3 

Absorption coefficient 0.894 mm-1 

F(000) 1504 

Crystal size 0.146 x 0.102 x 0.082 mm3 

Theta range for data collection 6.070 to 74.999°. 

Index ranges -13<=h<=13, -37<=k<=37, -13<=l<=9 

Reflections collected 4487 

Independent reflections 1394 [R(int) = 0.0226] 

Completeness to theta = 67.679° 99.8 %  

Absorption correction Semi-empirical from equivalents 
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Max. and min. transmission 0.7539 and 0.6706 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1394 / 2 / 120 

Goodness-of-fit on F2 1.112 

Final R indices [I>2sigma(I)] R1 = 0.0301, wR2 = 0.0832 

R indices (all data) R1 = 0.0304, wR2 = 0.0839 

Absolute structure parameter 0.12(11) 

Extinction coefficient n/a 

Largest diff. peak and hole     0.161 and -0.151 e.Å-3 
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Table S8. X-ray single crystal data and structure refinements of COOH-NHCOCF3 (VI). 

Identification code  ic19616 

Empirical formula  C9 H6 F3 N O3 

Formula weight  233.15 

Temperature  200(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 4.9354(2) Å != 97.9438(12)°. 

 b = 10.0249(3) Å "= 102.1271(12)°. 

 c = 10.0770(4) Å #= 99.2361(11)°. 

Volume 473.44(3) Å3 

Z 2 

Density (calculated) 1.635 Mg/m3 

Absorption coefficient 0.160 mm-1 

F(000) 236 

Crystal size 0.251 x 0.150 x 0.146 mm3 

Theta range for data collection 2.688 to 29.998°. 

Index ranges -6<=h<=6, -14<=k<=14, -14<=l<=14 

Reflections collected 5440 

Independent reflections 2733 [R(int) = 0.0156] 

Completeness to theta = 25.242° 98.5 %  

Absorption correction Semi-empirical from equivalents 
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Max. and min. transmission 0.7460 and 0.6501 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2733 / 16 / 153 

Goodness-of-fit on F2 1.043 

Final R indices [I>2sigma(I)] R1 = 0.0462, wR2 = 0.1253 

R indices (all data) R1 = 0.0508, wR2 = 0.1297 

Extinction coefficient n/a 

Largest diff. peak and hole 0.425 and -0.445 e.Å-3 
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Table S9. X-ray single crystal data and structure refinements of CHO-NHCOCF3 (VII). 

Identification code  ic19356 

Empirical formula  C9 H6 F3 N O2 

Formula weight  217.15 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Orthorhombic 

Space group  Pbcm 

Unit cell dimensions a = 8.4925(2) Å != 90°. 

 b = 16.3061(4) Å "= 90°. 

 c = 6.5289(2) Å #= 90°. 

Volume 904.12(4) Å3 

Z 4 

Density (calculated) 1.595 Mg/m3 

Absorption coefficient 1.366 mm-1 

F(000) 440 

Crystal size 0.210 x 0.108 x 0.043 mm3 

Theta range for data collection 5.208 to 74.913°. 

Index ranges -10<=h<=10, -20<=k<=20, -7<=l<=8 

Reflections collected 6084 

Independent reflections 1019 [R(int) = 0.0254] 

Completeness to theta = 67.679° 99.8 %  

Absorption correction Semi-empirical from equivalents 
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Max. and min. transmission 0.7539 and 0.5708 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1019 / 7 / 110 

Goodness-of-fit on F2 1.069 

Final R indices [I>2sigma(I)] R1 = 0.0577, wR2 = 0.1569 

R indices (all data) R1 = 0.0602, wR2 = 0.1624 

Extinction coefficient n/a 

Largest diff. peak and hole 0.574 and -0.195 e.Å-3 
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Table S10. X-ray single crystal data and structure refinements of COOH-NMe2 (IIIV). 

Identification code  ic19403 

Empirical formula  C9 H11 N O2 

Formula weight  165.19 

Temperature  200(2) K 

Wavelength  1.54178 Å 

Crystal system  Monoclinic 

Space group  P21/n 

Unit cell dimensions a = 7.5334(2) Å != 90°. 

 b = 15.6848(4) Å "= 100.2859(7)°. 

 c = 7.6229(2) Å #= 90°. 

Volume 886.25(4) Å3 

Z 4 

Density (calculated) 1.238 Mg/m3 

Absorption coefficient 0.721 mm-1 

F(000) 352 

Crystal size 0.347 x 0.173 x 0.132 mm3 

Theta range for data collection 6.542 to 74.987°. 

Index ranges -9<=h<=9, -19<=k<=19, -9<=l<=8 

Reflections collected 5594 

Independent reflections 1821 [R(int) = 0.0268] 

Completeness to theta = 67.679° 99.2 %  

Absorption correction Semi-empirical from equivalents 
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Max. and min. transmission 0.7539 and 0.6478 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1821 / 0 / 115 

Goodness-of-fit on F2 1.078 

Final R indices [I>2sigma(I)] R1 = 0.0395, wR2 = 0.1012 

R indices (all data) R1 = 0.0409, wR2 = 0.1025 

Extinction coefficient n/a 

Largest diff. peak and hole     0.227 and -0.164 e.Å-3 

 


