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The main goals in the analysis of synthetic polymers include the determination of the molecular weight,
molecular weight distribution and dispersity along with complete characterisation of the chemical struc-
ture and end groups. These measurements must be made accurately and efficiently. Matrix-assisted laser
desorption/ionisation mass spectrometry is a readily available and frequently used technique for the ana-
lysis of synthetic polymers. However, this can be challenging due to issues with matrix interference and
analyte suppression as well as the suspected inability of shorter oligomer chains to bind cations with
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sufficient strength to survive the desorption/ionisation process. This has led to our study where we
present the use of carbon-based matrices (specifically colloidal graphite) with polyethylene glycol poly-
mers doped with LiCl as an appropriate and powerful methodology for the successful analysis of low
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Introduction

The analysis of synthetic polymers is crucial to several research
areas. There are many spectroscopic and analytical techniques
which can be applied to this task, including mass spec-
trometry (MS), however, the diversity of polymers means that
no single technique is universally applicable. A combination of
techniques is most often applied to gain the desired infor-
mation. A recent review describes the merits of a wide variety
of analytical techniques when applied to synthetic polymer
analysis."

“Soft” ionisation methods for MS, such as electrospray ion-
isation (ESI) or matrix-assisted laser desorption/ionisation
(MALDI), where the analyte chains are transferred into the gas-
phase without any fragmentation or change in the structure
are preferred for polymer analysis. During development, poly-
ethylene glycol (PEG) was chosen as a demonstration analyte
to show the potential of ESI to analyse high-mass substances.”
Where ESI falls short though, is in measuring the molecular
weight distribution.>” ESI shows a clear bias towards longer
polymer chains and the observed distribution is also highly
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sensitive to the potentials and temperatures of the ESI source.
This makes it challenging to measure polymer distributions
reproducibly with high degree of confidence.®> On the other
hand, the simplicity and relative ease of interpretation of
MALDI-MS spectra are the key advantages leading to it becom-
ing the method of choice for polymer analysis and the reliable
determination of polymer molecular weight distributions.

Due to the diversity and chemical complexity of synthetic
polymers, analysing them can be challenging. The goals of the
analysis range from the determination of the average mole-
cular weight, molecular weight distribution and measurement
of dispersity as well as complete characterisation of the chemi-
cal structure and determination of end groups. These tasks
become problematic for polymers containing chains that fall
below about 500 Da because they are usually suppressed or
dominated by the traditional matrices. A further complication
is that it is unclear whether these smaller species can be
detected at all if they cannot bind to a cation. Both problems
result in the distortion of the observed molecular weight distri-
bution towards higher masses.

Two separate studies by Guttman et al. show that MALDI
can accurately measure the molecular weight distribution of
various polystyrenes by comparing results from over thirteen
institutions.”® The spectra produced provide an absolute
measure of this distribution, which removes the need for mass
calibration using polymer standards. This attribute of MALDI
makes it an attractive option for any polymer analysis. But
MALDI does still have limitations to do with reproducibility
and quantification (for example, relative peak areas do not
necessarily correlate with the relative amounts of individual
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components of a mixture - this is especially true for the ana-
lysis of polymers).

Most biological polymers are ionised by proton transfer
from the more traditional acidic matrices, but synthetic poly-
mers are not easily ionised this way with cationisation by an
alkali or transition metal cation being the more common
route. This attachment could either occur because of pre-
formed ions in the sample being lifted into the gas-phase by
the laser or because of secondary reactions in the desorbed
plume. Knochenmuss et al., suggest that gas-phase reactions
in the desorbed plume are the most likely route to
cationisation.®™® It is not exactly understood how the choice of
the matrix affects the efficiency of the cation attachment but
the presence of photoelectrons in the desorbed plume may
result in the reduction of metal cations. A separate study by
the same group showed that Cu(u) can easily be reduced to
Cu(1) by free-electron capture in the gas-phase.'® The ionis-
ation of synthetic polymers via MALDI, therefore, involves a
complex interplay between the polymer, the matrix, and any
metal cation additives.

Choosing a matrix for the analysis of polymers requires the
matching of the polarity of the polymer and the matrix."* Care
is needed here, however, because polymers with a wide distri-
bution of chain lengths may exhibit a change in polarity from
the shorter to the longer chains, especially in polymers where
the polarity is mainly determined by its end groups. Matrices
such as DHB and CHCA, which are popular general matrices,
are also commonly used for synthetic polymers. But there is
still much investigation into possible novel matrices in this
area. Colloidal graphite (CG) applied by airbrush has shown
considerable success in the analysis of a wide variety of
different low-molecular weight (LMW) analytes.'>"?

As mentioned before, synthetic polymers primarily ionise
via cation attachment rather than protonation. Therefore, a
metal salt is a vital ingredient during sample preparation.
Polymers that contain double bonds or aromatic systems, such
as polystyrenes and polybutadienes, tend to bind well to Ag"
and Cu’ cations.' These cations are well known to interact
with the n system present in unsaturated hydrocarbons and
are generally added in the form of a trifluoroacetate salt.®"°
Saturated polymers which are devoid of heteroatoms, such as
polyethylenes and polypropylenes, are challenging to analyse
by MALDI, but some studies have shown that silver can also be
used in specific circumstances.'>'® Polymers that contain
heteroatoms, such as polyethers, tend to ionise well with the
addition of alkali metal salts. The cations Na' and K" are
usually present as impurities from glassware, solvents or even
the matrix. In this case, it is not usually necessary to add the
salt during sample preparation.

The flexible backbone of PEG allows it to adopt a structure
where multiple oxygen atoms can interact with cations. A
theoretical study by Ehlers et al. determined the binding ener-
gies of various cations to PEGs and claimed it is not possible
to detect PEG chains that have fewer than five monomer
units."”” The results of their study suggested that there was a
dependence on the radius of the cation: longer PEG chains

440 | Polym. Chem., 2021,12, 439-448

View Article Online

Polymer Chemistry

could form a more stable complex when interacting with a
larger cation, conversely smaller PEG chains could bind more
strongly to smaller cations. This effect has also been observed
with similar polymers, such as polymethyl methacrylate'® and
polyethylene terephthalate.'® When this is applied to the ana-
lysis of PEGs by MALDI, this would mean that the addition of
a large alkali metal salt could skew the observed mass distri-
bution towards the higher masses. Shimada et al. studied the
cationation affinity of single PEG species - i.e. those that had a
uniform length and a specific order of polymerization with no
molecular weight distribution.*® This study was able to infer
that longer chains prefer larger cations. For example, chain
lengths of n = 34-39 were more stable when attached to Cs",
and n = 12-17 were more stable when attached to Na'. Neither
of these previous studies considered the behaviour of the
LMW PEGs (i.e. with a degree of polymerisation below 8).
Ehlers stated that it was not possible to observe PEG units of
n < 5, but this work was only conducted using the Na™ cation."”
It might be expected, that according to the trend in cation
affinities, that the addition of a Li* during sample preparation
would allow the smaller chains to be seen if they were indeed
present. There is already considerable literature precedence for
the use of Li" as a cationising agent for the ESI analyses of PEGs
- for example see separate studies by Li and O’Conor.>"**
Experiments on these small chains, regardless of which
cation was used, have not been previously reported and so the
question of whether it is possible to detect these small chains
by MALDI has not been satisfactorily answered. This is most
likely due to the matrix used in these studies, DHB, which pro-
duces considerable low-mass noise and can entirely suppress
the ionisation of LMW analytes — as discussed in our previous
paper.'* Graphite-MALDI-MS was developed for the analysis of
LMW analytes due to the very low intensity of any matrix ions
observed in spectra (often total matrix suppression by the
analyte is observed) making it potentially an ideal matrix to
study the ionisation of LMW polymers by MALDI-MS.'?324
Carbon based matrices have been widely studied in the lit-
erature due their highly efficient dispersal of energy to the
analyte®® and the tendency to produce spectra that contain
very few matrix peaks in the low-mass region.">** Applications
range from the analysis of small molecules using carbon nano-
tubes®® and fullerenes®” to the analysis of small peptides using
graphite suspensions in glycerol*® or SALDI analysis of thin-
layer chromatography plates using powdered graphite sus-
pended in isopropanol.>® There have also been some previous
studies on the application to the analysis of LMW polymers.*°
Therefore, there are two main aims of this study. The first
is to investigate whether small PEG chains, (n < 5) can be
detected by MALDI using graphite as a matrix and the second
is determining whether this is influenced by the choice of the
cation. This study will investigate the general effectiveness of
different forms of graphite matrix for analysing LMW PEGs
and compare the results obtained to the other commonly used
matrices. Single spot imaging will also be performed in an
effort to determine the extent matrix:analyte co-crystallisation
has on the quality of the results obtained. The overall outcome
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is to demonstrate the effectiveness of graphite matrices for the
analysis of LMW polymers by MALDI-MS and to determine
whether graphite gives an accurate reflection of the true distri-
bution of the polymer through the fitting of Gaussian distri-
butions to the results obtained.

This study shows that the application of colloidal graphite
as the matrix in conjunction with a suitable metal salt (for
example LiCl) avoids the detrimental mass discrimination
affects and, as a result, allows for more reliable measurement
of the molecular weight distribution for low molecular weight
polymers.

Experimental
Instrumentation

MALDI-MS was performed on a 4700 Proteomics Analyzer
(Applied Biosystems, Warrington, UK). This is a reflectron
Time-of-Flight/Time-of-Flight (TOF/TOF) mass analyser, used
in reflectron mode. All spectra were recorded at 1000 shots per
spectrum (comprised of 8 sub-spectra, over a 5 s run) at a
resolution of approximately 25 000 FWHM. The laser used was
a 200 Hz Nd/YAG at a wavelength of 355 nm with a beam dia-
meter is 50 pm, a pulse energy of 12 pJ and pulse length of
less than 500 ps. Calibration (better than 5 ppm) was achieved
using the 4700 Proteomics Analyzer Calibration Mixture
(Applied Biosystems, Warrington, UK).

Chemicals

Sinapinic acid (SA), a-Cyano-4-hydroxycinnamic acid (CHCA)
and dithranol (DTH) were all obtained from Sigma Aldrich
(Gillingham, UK). 2,5-Dihydroxybenzoic acid (DHB) was
obtained from Fisher Scientific (Loughborough, UK). All sol-
vents were HPLC gradient grade purchased from Fisher
Scientific (Loughborough, UK). The organic matrices were all
prepared as 10 mg mL ™" solutions in methanol : water (2: 1, v/v)
with 1 pL drops deposited by pipette and dried on the sample
plate before the analyte. Lithium chloride, obtained from Sigma
Aldrich (Gillingham, UK), was prepared at 1 mg mL™" in water.

Colloidal graphite (CG) and micronised graphite (MG) were
obtained from The Graphite Trading Company (Halesowen,
UK). 99.9995% high purity graphite rod (GR) was obtained
from Sigma Aldrich (Gillingham, UK) and a Staedtler Mars
Lumograph 4B pencil (4B) (Staedtler, Niirnberg, Germany) was
purchased from local artists supply shop. CG and MG were
each applied by airbrush using the previously published proto-
col.”® 4B and GR were transferred to the sample plate by
drawing a line across the required spots ensuring that the spot
was fully covered but trying to avoid scratching the plate
surface.

PEG200, PEG400 and PEG600 were obtained from Sigma
Aldrich (Gillingham, UK). All PEGs were prepared at a concen-
tration of 1 mg mL™" in methanol : water (2:1, v/v). In the
experiments using LiCl, the PEG and salt solutions were mixed
(1:1, v/v). In all cases, 1 pL of analyte solution was deposited
on top of the previously applied matrices and left to dry.

This journal is © The Royal Society of Chemistry 2021
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Methodology

Ten spots were deposited on the target plate for each PEG/
matrix combination. For each spot, twenty sub-spectra were
measured and averaged to produce a single spectrum per spot.
When a polymer chain contributed two peaks to the observed
spectrum (e.g. due to sodiation [M + Na]" and potassiation [M
+ K]') the sum of these two peak areas was taken to be the
measured abundance of that specific polymer chain length.
The peak areas were averaged over the ten spots to obtain the
distribution of polymer chains for that PEG sample.

Origin was used to fit a Gaussian function to the tabulated
data of polymer chains (see eqn (1)).*"

y:Lexp {fz(x_x‘?)q + Yo (1)
PP v

where A, w, x. and y, are the fitting parameters used by Origin.
A is the area of the curve, y, is the offset, x. is the position of
the centre of the distribution (the mean or x*) and  is the
width of the distribution. The standard deviation, o, is there-
fore w/2 and the dispersity, D, is given by eqn (4) in the study
by Harrisson.*> Any of the fitting parameters can be con-
strained. For example, setting the offset y, to 0 would cause
the Gaussian to sit just above the x-axis. The only constraint
used in this experiment is to restrict the area of the Gaussian,
A, to match the total number of measurements (that is, the
total number of counts). The goodness of fit was assessed via
the reduced chi-square (y*) value calculated via eqn (2), where
the sigma value has been estimated using the standard devi-
ation of the repeated measurements.

2 _ g (x) = fx)]
X _; ci(g) @)

MALDI imaging

MALDI imaging was performed on prepared spots of analyte
and matrix. Three PEG polymers (PEG200, 400 and 600) were
spotted with five matrices, DHB, DTH, 4B, GR, CG. For
imaging, 1 puL of CG suspension in ethanol was deposited by
pipette in the same way as the traditional matrices. The
imaging parameters where: 255 shots per spectrum at a stan-
dard laser Intensity of 3000 and a digitizer bin size of 2 ns. A
region encompassing the entire spot was selected and imaged.

Results and discussion
ESI and GC-MS analysis

Prior to the MALDI analysis, the PEG samples were analysed
by ESI-MS and by GC-MS (see ESI{ for spectra and experi-
mental details). For the ESI analysis (see Fig. S1 ESI) there is
clearly a bias towards the longer polymer chains. For PEG200,
the distribution runs from n = 4 to n = 15 with the maxima at
n =6 (m/z 305 for [M + Na]') when it is expected to centre at
n = 4. Ions formed by ESI can readily be multiply charged
leading to complications in the spectra with overlapping peaks
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and separate envelopes for each charge state. This is most
apparent for PEG600 where doubly and triply charged ions are
observed but this is even visible in the PEG200 and PEG400
spectra. The GC-MS study was performed as a sanity check to
make sure that the commercial PEG samples had Gaussian
distributions. The results are contained in Fig. S2 ESL{ For
PEG200, the distribution runs from n = 2 to n = 8 and appears
to be highly Gaussian centred around n = 3 and n = 4. For
PEG400, the distribution runs from n = 3 to n = 9 and also
appears Gaussian centred around n = 6.

Methodology

In the first series of MALDI experiments, the performance of
several carbon matrices and the organic matrix DHB with
PEG400 and PEG600 were considered and compared to the
performance of the established polymer matrix DTH.*>® The
spectra produced were examined to view any matrix associated
mass discrimination effects in the ionisation of the polymer
solutions, as well as to ascertain the utility of CG for analysis
of polymers. MALDI imaging of spots of each solution with
each matrix was also carried out (see later).

DTH performed well - it produced a wide and even distri-
bution of oligomers for all PEGs and gave high signal-to-noise
values. DHB generally performed poorly with the signal inten-
sities being considerably lower. The three carbon-based
matrices tested gave more intense spectra than DTH or DHB,
however, they showed significant differences to each other in
other characteristics, and these are discussed below.

Firstly, there were noticeable variations in the dominant
adduct ion present in the spectrum for the 4 samples. This
effect was most noticeable with DTH, where the relative abun-
dance of the sodiated and potassiated molecular ions varied
greatly with each polymer solution. CG also showed this vari-
ation, but peak heights of the sodiated and potassiated species
were only marginally different. These variations are a result of
various contributions but mainly exist simply due to the vari-
ation in cation availability on the surface of each spot. 4B
showed potassiation dominating over sodiation for all
samples, suggesting that 4B must act as an abundant source of
potassium cations to the analyte leading to a preference for
cationation with this species. This was also reported in a study
by Langley et al. who hypothesised that the source of potass-
ium to be various clays used in the pencil manufacturing
process, possibly montmorillonite.>* DHB however, generally
showed a preference for sodiation, although some variation
was seen. What is notable, is the near absence of protonation
for all matrices including DHB. This is indicative of PEG
having a higher cation affinity than proton affinity (PA).

Fig. 1 shows representative MALDI-MS of PEG400 with DTH
and DHB matrices. Spectrum (a) shows a high level of analyte
suppression by the matrix peaks, most notably an intense
signal for matrix cation [DTH]" at m/z = 226. The much greater
intensity of matrix peaks compared to those of the analyte is
due to preferential ionisation of the matrix. This can occur to
such an extent that it may be necessary to rescale the intensity
axis to observe the full polymer distribution. This is most pro-
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Fig. 1 The MALDI-MS of PEG400 with (a) DTH and (b) DHB as matrices.
With DTH [PEG, + KI* is most abundant, whereas with DHB [PEG,, +
Nal™ is most abundant.

blematic for the analysis of polymer mixtures consisting of oli-
gomers in the low-mass range. The additional issue of low-
mass overcrowding by the high-intensity matrix peaks is
noticeably worse for the analysis employing DHB as the matrix
in spectrum (b). Here several very intense matrix signals for
[DHB + H — H,0]" (m/z 137), [DHB + H]" (m/z 155), [DHB +
Na]" (m/z 177), [DHB + K]" (m/z 193) and higher mass matrix/
salt cluster ions (m/z 383) considerably confuse the low-mass
region.

Analysis of LMW PEGs using colloidal graphite matrix

The next study was a comparison of the performance of graph-
ite matrices to those of some traditional matrices (see Table 1)
for the analysis of LMW PEGs. The graphite matrices have all
been investigated before for the analysis of a range of LMW
analytes**?* but no thorough study has been conducted for
LMW PEGs. The traditional matrices are those that are con-
sidered the general matrices for MALDI-MS. The most rele-
vance is probably DHB, which is the matrix most often used in
the literature for the analysis of LMW PEGs. The specific
grades of PEG were chosen so that they would encompass the
mass range of most interest (100-1000 Da). This mass region
is interesting as it is low enough mass to investigate to what

Table 1 The graphite-based and traditional matrices used in this study

Graphitic based matrices Traditional matrices

Colloidal graphite (CG)
Micronised graphite (MG)
Graphite rod (GR)

4B pencil lead (4B)

2,5-Dihydroxybenzoic acid (DHB)
Dithranol (DTH)

Sinapinic acid (SA)
a-Cyano-4-hydroxycinnamic acid (CHCA)

This journal is © The Royal Society of Chemistry 2021
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extent graphite matrices have an advantage, if any, over their
traditional counterparts.

Gaussian functions were fitted to the observed distribution
for PEG400 using Origin. An example is shown in Fig. 2, which
shows the observed polymer distribution and its Gaussian
fitting for PEG400. From the function various parameters can
be calculated, some of which correspond to physical properties
of the polymer. The average value of the Gaussian function,
that is, the position of its maximum, can be taken as a
measure of the number average molecular weight of the
polymer. The goodness of fit was assessed using the reduced
chi-square (y?) value.

A summary of the data analysis for all the PEG/matrix com-
binations is presented in Table 2. The dashed horizontal lines
separate the graphite-based matrices from the traditional
matrices. Also shown in the table are graphical representations
of the measured distributions and their corresponding
Gaussian fit, to allow examination and comparison of the
dataset by eye.

The graphite matrices, taken as a group, perform at least as
well as the traditional matrices for both the PEG analytes. The
values for the reduced y* are generally closer to the optimal
value y* = 1 for the graphite matrices, indicating that a more
accurate Gaussian shape was observed for the polymer distri-
bution. Also, some of the larger orders of polymerisation (n > 9),
having been unambiguously identified using graphite
matrices, were missing from the spectra of the traditional
matrices. Notably, DHB, which is well known for its ability to
successfully ionise larger PEG analytes, performed poorly at
the mass range used in this experiment.

The statistics-based measures described above appear to
favour the graphite matrices, but other advantages are not con-
sidered by these methods. For example, it is noted in our pre-

Molecular Mass (Da)

238 282 326 370 414 458 502 546 590 634 678 722 766 810 854 898
90000 T T T T v T v v T v T T T v T
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40000 — -

Intensity (Counts)
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Fig. 2 Graph showing the observed distribution of PEG400 analysed
with CG matrix. The top horizontal scale gives the corresponding mass
for each polymer chain length given on the bottom scale. The graph
also shows the fitted Gaussian function (black line). See ESI Tables S1t
for further details of the values and fitting parameters.
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Table 2 A summary of the observed PEG distributions for the various
matrices used. The dashed horizontal lines separate the graphite-based
matrices from the traditional matrices for each PEG grade. Note the oli-
gomer scale is shifted for PEG600 when compared to PEG 400

PEG grade  Matrix  Distribution Reduced y*>  Skewness
PEG400 CG I 1.3 0.11
.II |I||.,
MG || 1.1 0.09
Al
GR ||| 1.4 0.15
II III.
4B || 1.4 0.18
III IIII-
DHB I| 2.6 0.29
il
SA I| 2.0 0.27
il
DTH I| 2.1 0.21
illl,
CHCA || 1.9 0.19
il
PEG600 CG || 1.7 0.23
il
MG || 2.4 —-0.26
.||| ||
GR ||I 2.0 —-0.02
||II I|||
4B ||I 1.3 0.05
||| ||l. ,
DHB |III|| 5.0 0.08
SA II 3.1 0.16
Il
DTH || 2.1 —0.05
illfh,
CHCA 3.8 -0.11

vious study that the graphite matrices cause little to no inter-
ference in the low-mass region, resulting in very clear spectra
with a good ion yield (matrix suppression).'” This is also the
case in the present study, however, the spectra obtained with
traditional matrices are all affected by matrix-related ions in
the region of interest; this hampers the reading of the spectra
because the unwanted ions dominate the analyte signal
(analyte suppression).

Although the graphite matrices perform at least as well as
the traditional matrices, the overall performance of the
matrices is still questionable. For example, the values for the
reduced y* are still all above 1 and some are significantly
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higher. This effect can also be observed by visual inspection of
the distributions in Table 2 where the Gaussian function does
not smoothly follow the peaks for the abundances of each
chain. It is especially apparent for the shorter chain lengths,
where the function overestimates the number of observed
ions. This is backed up by the values for the skewness of each
distribution, shown in the far-right column in Table 2. The
values are mostly positive, which means that the distribution
is more heavily weighted towards longer chain lengths. This
means that there were fewer small polymer chains detected in
the spectra than would be expected if the distribution were
truly Gaussian.

There could be several explanations for this departure from
the expected Gaussian behaviour. It could be that the hypoth-
esis that the distribution of the polymer is Gaussian is incor-
rect. An ideal polymerisation process would indeed yield a
Gaussian distribution, but real reactions are seldom ideal and
there may be other factors inherent in the way the sample is
prepared for commercial consumption that could affect the
distribution. In other words, the smaller chains may simply
not be present in the sample and hence will not be seen in the
spectra. However, the GC-MS analyses shows that this is not
case, and that the PEG200 and PEG400 samples do indeed
contain the shorter chain oligomers.

It is also possible that the shorter chains are not being
detected because they are unable to bind cations present in
the sample tightly enough, thus skewing the distribution
towards higher mass polymer chains that can. This obser-
vation is consistent with the previous research where it was
claimed that the binding energy between the polymer chain
and added Na" or K" cations is too small to survive the MALDI
process.'”*>*' The reason for this appears to be that the
cation is too large for the short-chain to be able to form a
stable conformation with it. Assuming that this skew in the
results is due to undetected low-mass polymer chains, the
question must be asked of whether it is possible to detect
these small chains using MALDI along with a salt of the smal-
lest alkali metal, for example LiCl.

To test this idea, CG applied by airbrush'® was compared
with DHB to analyse PEG200. PEG200 was chosen as the
analyte to ensure that there would be an appreciable number
of small oligomer chains present. In this sample, the average
molecular weight is expected to be around 200 Da, which
corresponds to n = 4 being the most abundant chain length.
Typical spectra from this experiment are shown in Fig. 3. In
spectrum (a), the polymer chains of the type [PEG,, + Na]" can
be identified - labelled in green with the value of n, however,
the low mass range of spectrum is dominated by ions due to
the matrix itself at m/z 137, 155 and 177 (labelled with a red
star). These ions are attributed to [DHB + H — H,0]", [DHB +
H]" and [DHB + Na]' respectively (along with some higher
masses cluster ions). There was also a large variation in the
abundances detected for each order of polymerisation, and the
overall distribution does not increase smoothly towards the
maximum and then decay as would be expected for a Gaussian
distribution.
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Fig. 3 Positive ion MALDI-MS of PEG200 with a range of matrices.
Spectrum (a) is with DHB matrix, (b) is with airbrushed CG matrix and (c)
is with airbrushed CG matrix with the PEG being doped with LiCl during
the sample preparation. With DHB and CG [PEG,, + Nal]* is most abun-
dant, whereas with PEG doped with LiCl, [PEG, + Li]* is the most
abundant.

In spectrum (b), the experiment was repeated with CG as
the matrix. Here it is clear that there are no large interferences
from matrix ions and the unobstructed distribution of the
polymer chain can now be seen. The peaks observed are the
cationised polymer chains [PEG, + Na]" and [PEG,, + K]" from
n =4 to n =9 where n is the order of polymerisation and
labelled in green on the spectrum. However, at the lower end
of the spectrum, there appears to be a sudden cut-off in the
intensity, where the abundance drops off rapidly when the
order of polymerisation decreases below n = 6 and the peak for
n = 4 could only be detected in some spectra. This effect was
also present in the previous work on larger PEGs (see above)
but here it is more pronounced due to the smaller average
mass of PEG200.

Spectrum (c) shows PEG200 again with CG matrix but this
time with the analyte doped with LiCl. The peaks observed are
the cationised polymer chains [PEG,, + Li]' from n=2 to n =10
where n is the order of polymerisation labelled in green on the
spectrum. There are also peaks resulting from the adduction
of LiCl i.e. [PEGy,_4j + LiCl + Li]" occurring at 2 Da less for each
peak. These ‘cluster ions’ are probably due to inhomogeneous

This journal is © The Royal Society of Chemistry 2021
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drying of the sample spot leading to areas of the spots with
higher LiCl concentration and are therefore not considered
further. The results show that the PEG chains are readily able
to be cationised by lithium down to n = 2. PEG chains of this
size were not previously known to be able to be detected by
MALDI, but given the right matrix and salt additive, it is poss-
ible to get a clear picture of the molecular weight distribution
of these polymers, without interference from matrix ions. The
base peak in this spectrum corresponds to the n = 4 chain,
which has a mass of 194 Daltons, which is as expected for the
PEG200 sample and corresponds well with the GC-MS analysis.
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In the spectra where no lithium has been added (spectrum (b))
the n = 4 peak is barely observed.

MALDI imaging to monitor matrix:analyte co-crystallisation

In addition to the chemical process of ionisation and cationi-
sation, the effect that any variation in matrix:analyte co-crystal-
lisation might have on the ionisation process and resulting
spectra is also studied. This is performed through single-spot
MALDI imaging of PEG co-spotted with DHB, DTH, and the
three carbon matrices (4B, GR and CG) matrices. Fig. 4 shows
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Fig. 4 MALDI imaging of PEG200 with various matrices. The 5 matrices (DHB, DTH, 4B, GR and CQ) are all imaged at fixed oligomer masses for the
PEG200 (n = 6, 7 and 9) and a monitoring mass for the matrix (m/z 155 for DHB, m/z 226 for DTH and m/z 180 for 4B, GR an CG). A linear colour
scale is also provided from red (high intensity) to purple/black (low intensity). The mass spectrum of the same spot is provided on the right-hand
side. Matrix peaks for DHB and DTH are indicted by a red star and PEG peaks with the corresponding chain length in red. With DHB [PEG,, + Na]* is
most abundant, whereas with DTH [PEG,, + K|* is most abundant. With all graphite-based matrices, a combination of [PEG,, + Nal* and [PEG,, + KI*

is observed with the latter being most abundant.
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the imaging results for PEG200 (see ESIT for results with other
PEG grades).

The matrix peaks for the traditional matrices are seen in
the resulting single spot MALDI images. The [DHB + H]|" (m/z
155) shows a large variation in intensity over the spot - this is
typical behaviour for DHB which has a high tendency to form
“sweet spots”.** Across large areas of the spot, the intensity of
the matrix ions is greater than the analyte ions showing con-
siderable analyte suppression. In the spectra, the three ident-
ifiable matrix peaks are at least as intense as the analyte, and
it is seen that some analyte signal is missing from the spec-
trum at the low-mass end. This suggests that with DHB,
analyte suppression is a dominant process, leading to fewer
analyte ions being observed than for any of the other matrices
used. Also, the overall intensity of the mass spectrum is about
an order of magnitude lower than the others in this study.
With DHB (monitor mass m/z 155) the images mirror the poor
performance seen in the spectra. A large level of variation over
the spot for all three oligomers is shown with both “sweet”
and “dead” spots visible, indicating a very inhomogeneous
spot. The highest intensity spectra are produced from the
edges indicative of the “coffee ring effect” commonly observed
with DHB, with the central region producing poor quality low
intensity spectra.®® Although there is large amount of variation
visible, the areas of highest analyte intensity generally corres-
pond with areas of high matrix intensity, suggesting some
degree of matrix:analyte co-crystallisation is taking place.
However, there is considerable lateral diffusion of the analyte
to the edges of the spot.

With DTH m/z 226 is chosen as the monitor mass as it is
the most intense matrix ion observed, generally showing
highest intensity at the centre of the spot, with moderate
intensity over the rest of the spot. The high-intensity central
area is at least twice the intensity of the analyte ions
suggesting a degree of analyte suppression is taking place. The
molecular weight distribution of the analyte seems more
Gaussian than observed with DHB, however fewer lower mass
oligomers are observed when compared to DHB and the centre
of the distribution is at n = 7 rather than n = 6 with DHB.

DTH produces a uniform signal intensity across the whole
of the spot for all three oligomer masses monitored. This
suggests an even spread of matrix and polymer over the spot
and implies that analyte:matrix co-crystallisation is occurring,
producing a highly homogenous spot. In general, the
maximum intensity spectra are produced from the central area
of the spot as expected. Examination of Fig. 4 shows that the
abundance of the different oligomer peaks is also uniform
over the spot, which is highly indicative that the oligomers
crystallise equally over the spot - i.e. co-crystallisation with the
matrix is not dependent on the size of the oligomer, and
different oligomers diffuse equally to all areas.

With the carbon-based matrices, m/z 180 (corresponding to
Cy5) was monitored and its images show almost zero abun-
dance. This highlights the excellent level of matrix suppression
possible when using carbon matrices. Examination of the
spectra leads to the conclusion that there are no matrix ions
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observed in the mass range studied. However, the three carbon
matrices produced significantly different spot characteristics,
and this is evident in the contrasting images. Due to their
method of application for 4B and GR, analyte:matrix co-crystal-
lisation is not possible, a factor that would suggest spot hom-
ogeneity to be poor for these matrices. This is very evident in
the case of 4B, which shows the lowest level of homogeneity of
the three carbon-based matrices tested. Each oligomer showed
a noticeable ring of higher intensity towards the edges of the
spot, indicating that lateral diffusion of the analyte is taking
place on the plate surface. When compared to DHB, the overall
homogeneity and signal intensity compares well, with the area
inside the ring producing consistent spectra of medium to low
intensity. There are some differences in the images that
suggest that a variation in the distribution of differently sized
oligomers exists over the spot. GR shows improved perform-
ance over that of 4B, with greater homogeneity observed. This
is expected since the wax esters and fatty acids that are present
in the 4B pencil are not present in GR and as a result the
graphite is present at very high purity (>99.9995%). CG pro-
duces images with the highest level of homogeneity of the
three carbon-based matrices tested (roughly equal to that of
dithranol) indicating that analyte:matrix co-crystallisation is
occurring which is probably a result of pipette deposition.

With CG, the correlation between the images for different
oligomers is also very high, indicating an extremely even distri-
bution of oligomers over the spot surface. This is most prob-
ably due to the extremely thin and homogenous layer of
carbon deposited, and the absence of any hydrophobic glide
agents that are present in 4B. The high correlation between
the molecular ion images and the consistently weak image for
the matrix (i.e. no diffusion of the matrix is occurring) further
indicates that excellent mixing and/or analyte:matrix co-crystal-
lisation is occurring during spot preparation. Finally, CG
shows the presence of the shortest chain length PEGs of all the
matrices studied here, this is in agreement with the previous
results.

Conclusions

The graphite-based matrices are demonstrated to perform
similarly to traditional matrices when analysing LMW PEGs by
MALDI-MS when comparing their performance with a theore-
tical function that models the polymer chain distribution, and
when using common sample preparation methods. When this
performance is coupled with good reproducibility and a lack of
interfering matrix-related ions, as is the case with CG, then the
matrix offers improved performance compared to those more
commonly used, such as DHB.

A discrepancy between the theoretical model and the
observed results for the smaller chains was interpreted as orig-
inating from their low binding energy with the large cations
present in the sample, therefore they could not be detected in
the mass spectra. PEG200 was therefore analysed with the
addition of a LiCl — a smaller cation - to test our hypothesis

This journal is © The Royal Society of Chemistry 2021
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about cation size and PEG chain length. From the results
obtained, it appears that the Li" can bind strongly enough with
the individual polymer chains to survive the desorption/ionis-
ation process and therefore make them visible in the mass
spectra. Chains with degree of polymerisation as low as n = 2
were very clearly observed. This is contrary to the theoretical
study by Ehlers et al. in which it is claimed that it is not poss-
ible to detect PEG chains that have fewer than five monomer
units.'” However, in that work, the use of Li" as the cation was
not considered. The fact that we can easily observe n = 2, 3, 4
and 5 and that the distribution of PEG200 is Gaussian suggests
that the use of CG doped with LiCl should be the technique of
choice to analyse LMW polymers.

Finally, we attempted to demonstrate the effects of analyte:
matrix co-crystallisation on the spectral quality through single
spot MALDI imaging. The analysis of DHB showed the
expected inhomogeneity of the spot with a highly undesirable
combination of “sweet” and “dead” spots and considerable
analyte suppression. The total intensity was also an order of
magnitude lower than the other matrices - despite the same
preparation method being employed. DTH perform well, with
good spot coverage for both matrix and analyte showing good
analyte:matrix co-crystallisation, however, the high intensity of
the matrix peak leads to analyte suppression. With the carbon-
based matrices, high level of matrix suppression was observed.
However, there were considerable difference in the homogen-
eity of the spots. Although 4B generated the highest intensity
spectra, there is an element of skewness to higher massed oli-
gomers leading to an incorrect average mass determination.
GR resulted in the highest spot homogeneity, but there was
also considerable skewing to higher-massed oligomers. CG
showed slightly lower spot homogeneity, with the centre of the
spots having the least signal, however, the resulting spectra
showed the lowest amount of skewing with even the n = 3 oli-
gomer being visible and the highest intensity for n = 9 and 10.

As a result of this study, the authors proposed that the
application of colloidal graphite doped with LiCl as a general
methodology for the routine analysis of low molecular weight
polymers to avoid skewing the mass distribution to higher
masses. With this methodology we were easily able to observe
PEG oligomers down to as low as n = 2. This contrasts with the
previously published study.'” We believe that this is due to
poor cation binding of polymers for Na" and/or K". Colloidal
graphite also has the added benefit of producing very few det-
rimental low-mass matrix signals.
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