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Solid-state Nuclear magnetic resonance (NMR) was used here to explore structural
characteristics of samples to be subjected to matrix-assisted laser desorption/ionization
(MALDI) and prepared without the use of any solvent. The analytical systems scrutinized
in NMR were mixtures of a 2,5-dihydroxybenzoic acid (2,5-DHB) matrix and caesium
fluoride (CsF), used as the cationization agent in synthetic polymer MALDI mass analysis,
at different molar ratios (1:1, 5:1, and 10:1). Complementary information could be obtained
from '*C, '*3Cs, and '"F NMR spectra. Grinding the matrix together with the salt in the
solid state was shown to induce a strong modification in the molecular organization within
the MALDI sample. The evidenced mechano-induced reactions allow strong interactions
between the matrix and the cation, up to the formation of a salt, and only occur in the
presence of some water molecules. Addition of a poly(ethylene oxide) polymer as the
analyte did not further modify the observed molecular organizations. Although relative
matrix and salt concentrations in the scrutinized samples were unusual for MALDI
analysis, mass spectra of good quality could be obtained and revealed that cation
attachment on polymers during the MALDI process is not a matrix-independent event
since a lower ionization efficiency was obtained from highly organized solid samples,

mostly consisting of 2,5-DHB caesium salt species.
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atrix-assisted laser desorption/ionization
M(MALDI) is widely used as an efficient ioniza-
tion method to characterize synthetic poly-
mers by time-of-flight mass spectrometry (TOF MS) [1,
2]. A key point in the success of a MALDI-MS analysis
is sample preparation, that is, proper matrix and cation
selection as well as solid-state organization. The matrix
actually plays multiple roles in the MALDI process and
should accordingly present specific properties. Some
criteria are clearly defined, such as a strong absorptivity
at the employed laser wavelength or good vacuum
stability, while other requirements, such as a good
miscibility of the matrix with the analyte in the solid
state, are not easily related to physico-chemical param-
eters of the matrix. As a result, prediction for the
optimal matrix-polymer system is still not possible and
sample preparation methods are usually developed
from published protocols that were shown to work for
a given polymeric system [3]. In particular, solvent-free
MALDI was recently proposed as an alternative to the
conventional dried droplet method [4, 5].
Despite MALDI being a widely used technique, mech-
anisms underlying this desorption/ionization process are
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still not fully understood. To investigate the MALDI
process, many studies have focused on sample mor-
phology using different imaging experiments. Sample
heterogeneity and distribution of molecules within the
MALDI solid sample have been explored using micros-
copy techniques, such as optical microscopy [6, 7],
scanning electron microscopy [8-12], atomic force mi-
croscopy [12], and confocal laser scanning microscopy
[13, 14]. Spectroscopic techniques, such as fluorescence
spectrophotometry [13] or Raman spectrometry [8]
were also implemented in conjunction with microscopy
to obtain complementary information. Imaging tech-
niques based on mass spectrometry [12, 15, 16] were
also used to evidence segregation phenomenon within
the sample. X-ray diffraction was performed to reach
atomic level information [17, 18]. A similar approach,
involving various imaging techniques, has recently
been reported to investigate the morphology of solvent-
free MALDI samples [19].

Solid-state nuclear magnetic resonance (NMR) has
proven to be a valuable spectroscopic method to char-
acterize solid-state structure at the atomic level. Cur-
rently, using state of the art techniques, such as magic
angle spinning (MAS) [20] to increase resolution, and
cross polarization (CP) [21] to improve sensitivity, it is
possible to obtain high-resolution solid-state NMR
spectra similar to those obtained in the liquid state.
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Chemical shift is extremely sensitive to local changes in
the structure, and differences in the NMR spectra can be
detected for samples that are identical for other solid-
state techniques. NMR spectra are influenced by the
local nucleus environment, extending to few spheres of
bonding, so long range order is not required. Although
amorphous materials spectra tend to display broader
lines than polycrystalline powder, NMR is able to
explore various morphological systems. In particular,
the use of solid-state NMR was very recently reported
to test the influence of crystallization conditions on
MALDI sample morphology [22]. Moreover, a main
advantage of this technique is its ability to access many
different nuclides, so that data from different elements
in a given sample provide complementary information.

In this work, the ability of solid-state NMR to explore
structural characteristics of MALDI samples has been
evaluated. So far, most studies have addressed the
interaction between the matrix and the analyte, and little
information has been reported on the possible interaction
between the matrix and the cationization agent, which is
required in the case of synthetic polymer ionization.
Although cation attachment in MALDI of polymers
was reported to be largely a matrix-independent
event [23], the presence of specific functional groups
(such as OH or COOH) was shown to be very impor-
tant for the cationization process [24]. The present study
is focused on solvent-free MALDI samples consisting of
2,5-dihydroxybenzoic acid (2,5-DHB) and caesium flu-
oride ground together in the solid state at different
molar ratios. This particular matrix/salt system was
selected as it is currently used in our laboratory for
MALDI of large poly(ethylene oxide) polymers, and
because it allows complementary NMR data to be
obtained from '°C, '**Cs, and '°F spectra.

Experimental
Chemicals

The matrix, 2,5-dihydroxybenzoic acid (2,5-DHB), and
the cationization agent, caesium fluoride (CsF), were
obtained from Sigma-Aldrich (St. Louis, MO, USA). The
tested polymer sample was poly(ethylene oxide) (PEO)
with M,, 1790 from Sigma Aldrich. External mass cali-
bration was performed with polystyrene M,, 1790 from
Sigma-Aldrich.

Sample Preparation

Matrix and salt mixtures analyzed in solid-state NMR
were prepared by grinding 2,5-DHB and CsF in a
mortar during 10 min in different matrix/salt molar
ratios (1:1, 5:1, and 10:1). To study the influence of the
analyte on the matrix/salt solid mixture by NMR, as
well as to perform MALDI analysis, the PEO polymer
was added to the matrix/salt solid mixture to reach a
matrix/polymer molar ratio of about 250:1. For prepa-
ration in a dry nitrogen atmosphere, the mixtures were
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ground in a glove box after heating 2,5-DHB, CsF, and
polymer under vacuum to remove residual water. Note
that NMR data obtained for so-dried materials (data not
shown) did not evidence any modification due to this
thermal treatment. For MALDI analysis, a few grains of
the solid mixture were applied to the MALDI target and
pressed with a small spatula to form a thin film.

Mass Spectrometry

MALDI-TOF MS experiments were carried out using a
Bruker Autoflex (Bruker Daltonics, Leipzig, Germany).
The instrument is equipped with a nitrogen laser emit-
ting at 337 nm, a single-stage pulsed ion extraction source,
and dual microchannel plate detectors. Data acquisition
was performed in reflectron mode. Positive ion mode was
used for all analyses, using a pulse frequency of 10 Hz and
an accelerating voltage of 19 kV. The delay time used in
delayed extraction mode was optimized based on the
mass range of the polymer distribution and was gener-
ally around 100 ns. FlexControl software version 2.2
(Bruker Daltonics) was used for instrument control and
data acquisition, and FlexAnalysis software version 2.2
(Bruker Daltonics) for data processing.

Solid-State NMR Spectroscopy

Solid-state NMR spectra were obtained on a Bruker
Avance DSX 400 (9.4T) spectrometer. '°F MAS experi-
ment spectra were recorded using a 2.5 mm double
channel Bruker probehead, spinning at 25 kHz. **C and
133Cs experiments were acquired on a 4 mm double
channel Bruker probehead, with a spinning rate of 8 to
10 kHz. "°C were observed using variable amplitude
cross polarization and magic angle spinning (CPMAS).
Detailed experimental set-up is provided as Supple-
mentary Material, which can be found in the electronic
version of this article. Chemical shifts were referenced
with respect to tetramethylsilane (set to 0 ppm) for *C,
to a 0.1 M KF (aq) solution (set to —119 ppm) for '°F and
to 0.5 M CsCl (aq) solution (set to 0 ppm) for '**Cs.
NMR spectral simulations were made using DMFIT
software [25].

Results and Discussion
Solid-State NMR

Solid-state NMR experiments were first performed on
starting material samples. '°F and '**Cs MAS spectra of
caesium fluoride are shown in Figure 1a, while the '*C
CPMAS spectrum of 2,5-dihydroxybenzoic acid is dis-
played Figure 2a. Caesium fluoride is characterized by
a "F signal at —14 ppm and a '*°Cs signal at 175 ppm,
as reported [26, 27]. On both '°F and '**Cs MAS spectra,
weak resonances are observed, and have been ascribed
to surface hydrated species [27, 28]. These signals disap-
pear as residual water molecules are removed after heat-
ing the sample under vacuum. The '*C CPMAS spectrum
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Figure 1. 'F (left) and '**Cs (right) MAS NMR spectra of (a) CsF,
and 2,5-DHB/CsF ground mixtures in (b) 1:1 and (c) 5:1 molar ratio.
*Spinning side bands.

of 2,5-dihydroxybenzoic acid displays seven resonances
associated to seven carbon atoms, indicating a single
type of molecule in the asymmetric unit. In the solid-
state, carboxylic acids form centrosymmetric dimers,
linked by hydrogen bonds between carboxylic groups
(as illustrated in the inset of Figure 2a). In 2,5-DHB,
dimers are stacked to form columns, which are held
together by hydrogen bonds involving hydroxylic
groups in position 5 to form sheets [29]. This particular
organization explains the shifts observed in the solid-
state experiments (compared with liquid state NMR
data), in particular for signals of carboxylic (C7) and
both phenol carbons (C2 and C5), which are character-
istic of the strong intra- and intermolecular hydrogen
bonds in the crystal.

After grinding the matrix and the salt, NMR spectra
are strongly modified. For example, while signals of
CsF and hydrated species disappear, new high field
shifted resonances are observed in both '**Cs and "’F
spectra. However, observed differences were also shown
to depend on the matrix/salt molar ratio in the studied
samples. The investigated mixtures were prepared using
quite low matrix/salt ratios (i.e., 1:1, 5:1, and 10:1) with
regards to usual MALDI experimental conditions, to
improve the sensitivity of NMR "*C experiments.

For the 1:1 matrix/salt molar ratio, the single peak
resonance observed in the '’F NMR spectra is strongly
shifted down to —126 ppm (Figure 1b), and would be
consistent with a F~ species strongly interacting with
H,O" [28, 30]. Similarly, the chemical shift measured
for the **Cs NMR signal is high field shifted compared
with the value obtained for the pure salt sample. The
strong shift of both the anion and cation signals gives
clear evidence of a dramatic modification in nucleus
local environments. In particular, the high field shift in
133Cs NMR spectrum is consistent with a coordination
of the Cs* cation by oxygen atoms. Chemical shift
measured in Figure 1b suggests approximately eight to
ten oxygen atoms around the Cs™ cation [31], which is
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consistent with the irregular coordination sphere of Cs*
ion reported for caesium salicylate crystal [32], exclu-
sively consisting of eight oxygen atoms. However,
although CsF is a highly hygroscopic salt, observed
133Cs chemical shifts are neither compatible with sur-
face hydrated species (expected at 74 ppm and 101
ppm) nor with fully hydrated species (usually observed
near 45 ppm). The *C NMR spectrum (Figure 2b)
shows, in addition to weak signals from residual 2,5-
DHB, new isotropic resonances in the chemical shift
range of aromatic and carbonyl carbons, indicating
strong modifications in the hydrogen bond network
resulting from the deprotonation of carboxylic groups
[33]. Therefore, the shifts observed for the 1:1 mixture
may be consistent with an electronic distribution of a
carboxylate form obtained by deprotonation of the
2,5-DHB, as described by Fernandez-Bertran et al. [34].
Data obtained in '>C CPMAS experiments performed
on 2,5-DHB sodium salt (data not shown) further sup-
port this assumption since a similar trend of chemical
shift variation was observed for C1, C2, and C5. Acid-
base reactions were described to occur upon grinding
carboxylic acids with amines [35] or alkali fluorides [34,
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Figure 2. '3C CPMAS spectra of (a) pure 2,5-DHB (inset: solid-
state structure of the matrix) and 2,5-DHB/CsF ground mixtures
in (b) 1:1 and (c) 5:1 molar ratio.
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36], leading to the formation of hydrogen bonded
complexes or to proton transfer reaction with salt
formation, respectively. These reactions imply the de-
struction of intermolecular hydrogen bonds of carbox-
ylic acid dimers. In the case of alkali fluorides [34, 36],
milling an acid—alkali fluoride mixture in 1:2 stoichio-
metric ratio was shown to result in a proton transfer
with the formation of a carboxylate and a bifluoride
acidic ion HF; . In such reaction, the driving force was
reported to be the formation of the HF, anion [34, 36].
Therefore, grinding a mixture of 2,5-DHB and caesium
fluoride in a 1:1 ratio would give rise to a solid in which
molecular organization (further referred to as Form I)
can be described as 2,5-DHB caesium salt while fluoride
anions are in strong interaction with H;O™. It should be
noted that for a mixture prepared with dehydrated spe-
cies, no spectral modification was observed compared
with individual starting material, indicating no mechano-
induced structural reorganization during grinding.

For the 5:1 matrix/salt molar ratio, a different mo-
lecular organization (further called Form II) is revealed
by NMR data. The main "’F resonance observed at —110
ppm (Figure 1c) actually consists of two overlapping
signals, one of which is particularly broad and reflects a
large distribution of the chemical shift, suggesting a
substantial participation of atmospheric water mole-
cules in the reaction [37]. The '**Cs MAS NMR spec-
trum still exhibits a typical signal of Cs™ coordinated
with multiple oxygen atoms [31], but the chemical shift
observed for this Form II is weakly down-fielded com-
pared with Form I (=5 ppm versus —11 ppm, respec-
tively). This difference is due to a slightly modified
organization and participation of ligands in the caesium
coordination sphere, in terms of number and distance.
This result is further supported by the distinct line
shapes, observed for each form in static '**Cs experi-
ments (see Figure S1 in Supplementary Information).
Indeed, the chemical shift anisotropy parameters ex-
tracted from the line shape analysis highlight the struc-
tural difference of both coordination spheres. Clearly,
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Cs™ coordination environments are different in Form I
and Form II. Deconvolution of the "*C CPMAS spec-
trum revealed up to 12 different resonances. This split-
ting of some signals is clearly due to two distinct
molecules in the asymmetric unit. Comparison of these
variations with those observed for Form I indicates that
one of the two molecules corresponds to an intermedi-
ate molecular structure with a partial proton transfer,
while the second one could be assigned to an unmodi-
fied 2,5-DHB species. In contrast, solid-state NMR data
obtained after grinding the matrix and salt mixture in a
5:1 ratio under nitrogen atmosphere did not show any
spectral modification compared with individual start-
ing material.

Further increase of the matrix/salt ratio did not yield
new molecular organization, but rather gave rise to a
mixture of the Forms I and II, showing a strong sample
heterogeneity with locally very low matrix/salt concen-
tration ratios. Moreover, addition of a PEO analyte in
the matrix/salt solid mixtures did not induce new NMR
signals. Indeed, the same NMR spectra as those pre-
sented above were obtained (data not shown), at least
when using a matrix/polymer molar ratio of about
250:1, which is appropriate to perform MALDL

MALDI-TOF-MS Analysis

Although the matrix/salt ratios were set to low values
for the purpose of NMR study and were unusual for
MALDI analysis, good quality mass spectra could be
obtained. Figure 3 shows PEO 1790 mass spectra ob-
tained for samples prepared in atmospheric conditions
using various matrix/salt ratios. Two main differences
allow us to distinguish data obtained using the 1:1
matrix/salt ratio (Figure 3a) from those observed for
the 5:1 ratio (Figure 3b). First, when using the lowest
matrix/salt ratio, a higher laser fluence (69% versus
53%) was required to obtain similar signal level by
performing the same number of laser shots. In other
words, polymer cationization is shown to be more
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Figure 3. Solvent-free MALDI MS spectra of PEO 1790 using a 2,5-DHB/CsF molar ratio of (a) 1:1,
using a 69% laser fluence and (b) 5:1, using a 53% laser fluence. The matrix/polymer molar ratio was

250:1 in both cases.
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difficult from Form I, where the matrix is mostly
present as a caesium salt, than from Form II, where free
molecules of 2,5-DHB were shown to be present to-
gether with intermediate molecular structure with a
partial proton transfer. This result is consistent with
previously reported observation indicating that carbox-
ylic acid matrices perform better in cationizing analytes
when converted to a salt at a low level, while 100% salt
conversion leads to very poor MALDI performance [24,
38, 39]. As suggested in these studies, the ability of the
matrix to assist analyte desorption may be lost as the
matrix becomes a salt. The other difference observed
between data in Figure 3a and b is the presence of
additional peaks in the low m/z range of the mass
spectra obtained from the 5:1 mixture. Based on m/z
values, the intense signal at m/z 991 could be assigned to
a cationized cluster of the matrix caesium salt, namely
[25-DHB — H + Cs];Cs™. The homologue cationized
cluster consisting of four salt units gives rise to the
signal detected at m/z 1277. Similarly, the weak abun-
dance peaks at m/z 837 and 881 would correspond to
mixed cationic clusters, [2,5-DHB — H + Na],Cs* and
[2,5-DHB — H + Cs],[2,5-DHB — H + Na]Cs™, respec-
tively. This last result indicates the presence of residual
sodium in the matrix sample. Interestingly, although
the matrix was shown to predominantly exist as its
caesium salt form in the 1:1 mixture, salt agglomeration
was not observed to occur from this Form I. This
could either suggest low intermolecular interaction in
Form I or the availability of a limited number of Cs*
cations, which would preferentially attach to polymer
molecules.

Since significant differences were observed in solid-
state NMR while changing the preparation conditions
of the MALDI samples (e.g., atmospheric conditions
versus nitrogen atmosphere), MALDI MS experiments
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were also performed for samples prepared in dried
conditions. However, it should be noted that although
prepared under strictly anhydrous conditions, samples
might experience some contact with the atmosphere
during the transfer of the MALDI target from the glove
box to the MALDI source. MALDI efficiency was sys-
tematically found to be higher for samples prepared in
the absence of water molecules. Using a 10:1 matrix/
salt mixture in which both Form I and Form II are
present, PEO 1790 signal could be obtained from the
dried MALDI sample with a laser fluence of 43%
(Figure 4a), while a 52% laser fluence was required to
obtain peaks of similar intensity from the sample pre-
pared at atmospheric conditions (data not shown).
Solid-state NMR data have revealed that atmospheric
water molecules actually play a role in the molecular
organization of the solvent-free MALDI samples. Dep-
rotonation of 2,5-DHB, availability of caesium cations,
and their interaction with the matrix, together with
solvation of the salt counter-anion, were indeed mainly
induced by grinding all raw materials in atmospheric
conditions, showing the crucial role of water in this
reorganization of the solid. As a result, preparing
samples under dried conditions is shown in our case to
benefit to the MALDI process for polymer cationization.
Results obtained from samples prepared under dried
conditions also show that such a molecular organiza-
tion is detrimental to the MALDI process for polymer
cationization. Interestingly, leaving the “dried” sample
on the MALDI target in the atmosphere of the labora-
tory for 24 h was sufficient to induce some molecular
reorganization, since a higher laser fluence (47%) was
required to obtain the targeted PEO 1790 signal (Figure
4b). It should also be noted again that cationized salt
clusters, which were poorly observed in the low m/z
range from the “dried” sample, are readily formed after
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Figure 4. Solvent-free MALDI MS spectra of PEO 1790 using a 2,5-DHB/CsF molar ratio of 10:1
prepared (a) in dried conditions (laser fluence: 43%) and (b) after leaving the dried sample in
atmospheric conditions for 24 h (laser fluence: 47%). The matrix/polymer molar ratio was 250:1 in

both cases.
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the MALDI sample has been exposed to atmospheric
water.
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