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ABSTRACT: Trapped ion-mobility spectrometry combined with ESI-TIMS(-isCID)-MS/MS

quadrupole time-of-flight mass spectrometry (TIMS-QTOFMS) was et branched linear
evaluated as a tool for resolving linear and branched isomeric ’% 1*‘“«0\*‘“2‘5

polyester oligomers. Solutions of polyester samples were infused /)f 3 . ‘;“‘a
Vg

directly into the ion source employing electrospray ionization (ESI). ~ ® oo N +
TIMS-MS provides both mobility and m/z data on the formed ions, @ o 554,2:'% >+% ': .h*.
allowing construction of extracted-ion mobilograms (EIMs). EIMs of [ty Lo_____rTT=T =
polyester molecules showed multimodal patterns, indicating collisional cross section

conformational differences among isomers. Subsequent TIMS-MS/

MS experiments indicated mobility differences to be caused by (degree of) branching. These assignments were supported by liquid
chromatography-TIMS-MS/MS analysis, confirming that direct TIMS-MS provided fast (500 ms/scan) distinction between linear
and branched small oligomers. Observing larger oligomers (up to 3000 Da) using TIMS required additional molecular charging to
ensure ion entrapment within the mobility window. Molecular supercharging was achieved using m-nitrobenzyl alcohol (NBA). The
additional charges on the oligomer structures enhanced mobility separation of isomeric species but also added to the complexity of
the obtained fragmentation mass spectra. This complexity could be partly reduced by post-TIMS analyte-decharging applying
collision-induced dissociation (CID) prior to Q1 with subsequent isolation of the singly charged ions for further fragmentation. The
as-obtained EIM profiles were still quite complex as larger molecules possess more possible structural isomers. Nevertheless,
distinguishing between linear and symmetrically branched oligomers was possible based on measured differences in collisional cross
sections (CCSs). The established TIMS-QTOFMS approach reliably allows branching information on isomeric polyester molecules
up to 3000 Da to be obtained in less than 1 min analysis time.

KEYWORDS: polyesters, trapped ion-mobility spectrometry, TIMS, IMS-MS, high-resolution mass spectrometry, branching,
polymer supercharging

B INTRODUCTION (DSC),””*" matrix assisted laser desorption ionization
(MALDI),”** and electrospray ionization (ESI) mass spec-
trometry (MS)”'? are often applied.

SEC is the most used technique to determine the molecular
weight distribution (M,,)'**’ of polymers, but can also provide
insights in the overall DB. Branched molecules exhibit reduced
hydrodynamic volumes (Vj;) relative to their linear counter-
parts of identical molar mass and elute later in SEC.”*
However, at a given elution volume often molecular weight
dispersity and topological heterogeneity resulting from
variation in M,, and chain architecture results in broad
nonresolved peaks.”'”** Furthermore, dispersity often is
overestimated and linear analogues (as references) are not

The ever-expanding fields of application for synthetic polymers
not only derive from the introduction of new chemistries but
also from subtle manipulation of polymer structures.
Alterations on the molecular level can result in significantly
different solid-state propertiesl_4 and, thus, also in the
characteristics of the produced material, defining its potential
application field.” Polymer branching with short (~10 carbon
units) or long side chains (>300 carbon units) is an essential
property as it strongly affects crystallization behavior as well as
rheological, flow, and mechanical properties.” Determination
of the type, degree of branching (DB), and the distribution is
therefore an important aspect for polymer production. Several
techniques have so far been used for investigating branch-
ing,7_ll including one- and two-dimensional 'H and "*C Received:  February 24, 2021
nuclear magnetic resonance spectroscopy (NMR),”*~" Revised:  April 28, 2021
capillary electrophoresis (CE),"" size exclusion chromatog- Accepted: May 4, 2021
raphy (SEC) with multiangle light scattering, differential Published: May 14, 2021
viscometry, or dynamic light scattering, and differential

refractometry detectors. Also differential scanning calorimetry
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always available, which is required to distinguish branched
polymers.'”***” CE can be employed to separate linear from
branched chains in concordance with their electrophoretic
mobility as they differ in Vi and thus charge-to-size/shape
ratio.'®*® However, CE evidently only applies to charged
polymers."* NMR is the only technique capable of determining
the average DB quantitatively as shown for poly(acrylic acid)*”
and poly(alkyl acid).”” However, NMR generally suffers from
limited sensitivity concerning differentiating short-chain
branching (as the concentration is low) and long-chain
branches of various lengths (chains up to 300 carbon units
are typically pooled together).'"' Therefore, NMR is most
useful for polymers containing high levels of short-chain
branching. Moreover, conventional carbon-NMR experiments
can be time—consuming.31 Nevertheless, the total number of
branch sites is determinable based on the quaternary carbon-
atoms that represent branching points.>”

To date, one-dimensional analytics capable of separating
molecules in accordance with both molar mass and the number
of branches is not available.”*”® Two-dimensional separation
has shown potential toward determining the overall DB of
polyesters (PES) in an offline as well as online fashion.”*™*° In
particular, liquid phase separation in combination with high
resolution MS (HR-MS) often provides complementary and
corroborative results with which polymer identification can be
easily realized. However, differentiation of coeluting isomeric
architectures is not possible as these exhibit the same mass.

Recently, ion-mobility spectrometry (IMS), a gas phase
mobility-based separation technique, has gained increasing
attention in the area of molecular characterization, especially in
combination with high-resolution (HR) MS. The mobility of a
molecule is dependent on its mass, size, shape, and charge.
Differences in molecular composition and structure, such as
branching, may result in different molecular sizes and
conformations and, in turn, may enable ion-mobility
separation.”” A recent IMS technology development is the
trapped ion-mobility spectrometer (TIMS) introduced by Park
et al. and commercialized by Bruker Daltonics (timsTOF). An
extensive description of TIMS can be found elsewhere.’**’
Briefly, a direct current (DC) electric field gradient is applied
to hold ions stationary against a constant flow of drift gas. Ions
are eluted from the TIMS analyzer by reducing the electric
field strength over time, yielding ion-mobility-based separa-
tions. The TIMS instrument operates in a low electric field,
thus preventing ion heating and fragmentation in the ion
funnel.*® Furthermore, it utilizes a dual-funnel so that
accumulation of analytes can be performed parallel to the
separation.”® This allows for duty cycles up to 100%. The
analytes are pushed into the funnels by the drift gas, which
allows for small physical dimensions of the IMS cell while
preserving, or even enhancing, analytical performance. In
TIMS, an electric field gradient stagnates the analyte ions
axially when their steady state drift velocity vy exactly
counterbalances the drift gas velocity."' The stationary
position of the “trapped” ion depends on their exhibited
mobility that is often presented in its reduced form (K,), i.e.,
normalized with respect to pressure and temperature.
Mobilities can be converted to analyte collisional-cross sections
(CCS; Q), using the Mason—Schamps equation,* where q is
ion charge, y is the reduced mass of ion and drift gas molecule,
k, is the Boltzmann constant, and T is temperature:

1499

=31 |27
16 K, \ uk,T (1)
IMS-MS analysis on polymer systems has been performed
earlier.”®*”**~* For instance, Foley et al. showed that IMS

can separate linear from n-armed star-shaped poly(ethylene
glycol)-based polymers (PEG) as their gas-phase compactness
varies.** More recently, Austin et al. separated varying star-
branched PEG architectures by utilizing multiply charged
species.”” With an increase in charge, the separation perform-
ance is typically enhanced as was previously shown by Morsa et
al.** for linear, 4-arm, 6-arm, and 8-arm star polymers. Reports
on IMS separation of isomeric polymer systems exhibiting
small molecular or architectural differences, such as single unit
variances, are scarce.

The aim of this study was to investigate the potential of
TIMS-MS for the separation of isomeric PES. In particular its
capability to resolve small polymer architectural differences
and determination of the branching-point location. This was
first realized for low molecular weight PES (500—1400 Da) as
higher molecular weight analytes were not efficiently trapped
within the available mobility range. To overcome limitations of
observing larger structures (up to 3000 Da), polymer
supercharging was attempted to ensure increase of analyte
mobility. In order to extract valuable information from the
highly charged structures, postmobility decharging was studied.
This appeared imperative to reduce the complexity of the MS/
MS data of the larger multiply charged ions.

B MATERIALS AND METHODS

Materials; nonstabilized tetrahydrofuran (THF >99.9%),
sodium iodide (Nal >99.5%), meta-nitrobenzyl alcohol (m-
NBA 98%), sulfolane (99%), propylene carbonate (PC 99.7%),
formic acid (FA; MS-grade), acetonitrile (ACN; MS-grade),
and isopropyl alcohol (IPA; MS-grade) were purchased from
Sigma (The Netherlands). Water was of milli-Q grade (18.2
MQ cm; Merck Millipore, MA, US). The PES consisted of
various chemistries based on propylene glycol (PG),
terephthalic acid (TPA), and/or trimethylolpropane (TMP)
and were kindly provided by DSM Resins & Functional
Materials (Waalwijk/Zwolle, The Netherlands). As PG was
added in excess, the PES predominantly were alcohol
terminated structures (see Figure 1A). Branched species
were formed in the presence of trimethylolpropane (TMP)
(Figure 1B). The branching point depends on the location of
TMP incorporation.

The studied PES samples are listed in Table 1 together with
the hydroxyl (OH) and acid value (AV) determined with *'P
NMR. These values confirmed that the majority of the polymer
chains are alcohol terminated. The number-average molecular
mass and functionality values are also determined, which
respectively represent the expected chain sizes and degree of
branching. "H NMR and "*C NMR experiments confirmed the
overall composition of all samples, and these details are
provided in the Supporting Information (SI).

Sample preparation stock solutions of 1.0 mg/mL were
prepared and further diluted to 0.2 mg/mL, both in
nonstabilized THF. Aliquots of the diluted solutions (100
uL) were further mixed with 400 uL THF, 490 uL water, and
10 L 100 mM Nal in water yielding 20 ug/mL of polymer.
Nal is added to promote formation of sodium adducts during
electrospray ionization of the oligomers. Polymer super-
charging was studied by adding pure m-NBA (1) to the sample

https://doi.org/10.1021/jasms.1c00071
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Figure 1. Polycondensation reaction of TPA and PG (A; top) and of TPA and PG in the presence of TMP (B; bottom). Here, n > 1 and x > 1,

and y, z > 0.

solution to a final concentration of 0—1 vol%. For LC analysis,
solutions of 1.0 mg/mL in THF/water/Nal (50/49/1 v/v/v)
were prepared. All samples were passed through a 0.45 ym
filter before analysis.

Table 1. Studied PES Samples and Their Characteristics

sample OH“ AV Mn” FY
1 45.2 1.9 2385 2.00
2 83.2 2.0 1848 2.84

“OH, hydroxgl value; AV, acid value. OH and AV were determined by
P NMR. °M,, calculated number average molecular mass; F,
calculated functionality value. F is the average number of end groups
per molecule. F > 2 indicates presence of branched structures.

TIMS-QTOFMS IMS-MS analysis was performed with a
timsTOF instrument (Bruker Daltonics, Bremen, Germany)
equipped with an ESI source. The instrument combines TIMS
with high resolution quadrupole time-of-flight (qTOF)-MS.
Data processing was performed using the DataAnalysis
software version S5.1. The instrument was calibrated regarding
mass and mobility daily or upon alteration of the instrumental
settings, using MMI-TOF Tune Mix (Agilent Technologies,
Waldbronn, Germany). Postanalysis calibration was also
performed, to compensate for intermeasurement variation
and to allow for semiautomated data processing. Taking into
account a polycondensation reaction accompanied by the loss
of water related to the extent of the reaction, the theoretical
mass can be calculated per degree of polymerization.
Subsequently, the formation of for instance sodium adducts
upon ESI can be considered to attain the theoretical m/z value.

The polymer solutions were directly infused (DI) into the
ion source at a flow rate of 3 uL/min. Data was collected and
averaged over a 1 min period. The ESI capillary voltage was
6000 V, the end plate offset 2000 V, the nebulizer pressure 0.3
bar, and the flow and temperature of the dry gas (nitrogen) 3.0
L/min and 200 °C, respectively. Unless otherwise stated, the
measured ion mobility (1/K,) range was 0.65—1.90 Vs/cm*
using a 500 ms ramp (analyzer 2; Figure S1). The duty cycle
was set to 100%, and the end of the mobility accumulation
range is set to 2.00 Vs/ cm? (analyzer 1; Figure S1). The so-
called “D” parameters were optimized for the PES samples.
These parameters are the potentials applied between particular
regions in the TIMS analyzer, as shown in Figure S1, and affect
the ion transmission efficiency and the dynamic mobility range
in TIMS. The values were as follows for D1—6: 20, 0, 100, 200,
0, and 100 V, respectively.

MS/MS was used for structural elucidation of PES ions. The
quadrupole was set to isolate predefined m/z values +2 m/z.

1500

The fragmentation energies were optimized for each particular
m/z of PES ions.

LC separation of PES samples was carried out using an
Ultimate 3000 rapid separation UHPLC instrument (Thermo
Scientific, MA, US) equipped with a dual pump, autosampler,
column oven, and a diode array detector-ultraviolet detector
set at 250 nm. A 2.1 X 150 mm Acquity C18 bridged ethylene
hybrid (BEH, Waters) column with 1.7 um particles was used.
The mobile phase solvents consisted of (A) 0.1% formic acid
in water and (B) ACN/IPA (70/30, v/v). The linear gradient
was 25% B to 100% B in 35 min, kept at 100% B for 4 min,
returning to 25% B in 0.1 min, and an equilibration at 25% B
for 3 min. A 5 puL injection volume and a 0.3 mL/min flow
were used. LC-TIMS-MS was performed with IMS oftf and
IMS on. The timsTOF settings are as described in the previous
section except nebulizer pressure (1.4 bar), dry gas flow (9.0
L/min), and source temperature (240 °C).

B RESULTS AND DISCUSSION

DI-ESI-MS. Figure 2 shows mass spectra of PES oligomers
synthesized in the absence (sample 1, Table 1) and presence of
TMP (sample 2, Table 1). PES oligomers predominantly yield
sodium adducts, allowing assignment of their overall
composition based on accurate mass after subtracting the
mass of the sodium ion. Increments of 206 m/z reflect
repeating [TPA-PG] units and were annotated by an asterisk
(*) in Figure 2. The signals at m/z 511 and 569 were assigned

Intensity x10°

*
1.0 A 717.2155 Linear
923.2734
0.5 *
: 511.1575 1129.3314
. %« 1335.3891
. 15414472
N *
0 lll JAIA I | * * *
: 717.2156
15 B Branched
1.0
923.2736
: *  1129.3314
0.5 511.1575 1335.3891
oLy |2 fo g, e
0.0 500 1000 1500 2000
m/z

Figure 2. Mass spectra obtained during DI-ESI-MS of PES samples 1
(A) and 2 (B). Signals from [(TPA-PG),-PG + Na]* ions (blue) are
annotated by an asterisk and signals from [(TPA-PG),-TMP + Na]*
ions (red) are annotated by a delta.
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Figure 3. DI-ESI-TIMS-MS of PES oligomers. Heat map of sample 2 (A; 1+ and 2+ indicate charge of ions) and extracted-ion mobilograms (B) for

m/z 775 and 1187 as observed for sample 2.

to the smallest observed structures regarding linear and
branched structures consisting of respectively [(TPA-PG),-
PG + Na]* and [(TPA-PG),-TMP + Na]*. Predominantly
alcohol-terminated oligomers were observed; furthermore a
limited number of monoacid functional oligomers (i.e.,
containing one alcohol (PG) and one acid end-group
(TPA)), a very low number of acid-terminated oligomers,
and no cyclic oligomers were detected. Distinction of TMP-
incorporated and linear structures could be made based on the
mass difference of 58 Da between PG and TMP (i.e., linear
[(TPA-PG),-PG] vs branched [ (TPA-PG),-TMP] molecules).
TMP containing oligomers are annotated by a delta (A) in
Figure 2. The TMP branching unit can be present at various
locations within the oligomer structures, of which the
occurrence and branching extent exhibit a particular
probability. Resolving the resulting isomers with TMP at
different positions is not possible by MS. As these isomers
show a similar fragmentation behavior in collision-induced
dissociation (CID), their reliable distinction by direct tandem
MS is also not feasible. Resolution of the TMP-containing
isomers requires separation prior to MS detection. For this we
studied the potential of TIMS.

DI-ESI-TIMS-MS. The PES solutions were analyzed by DI-
ESI-TIMS-MS, obtaining high-resolution mass spectra for each
oligomer leaving the TIMS analyzer. The resulting array of
mobility and m/z data can be presented in a heat map as
shown for sample 2 in Figure 3A. It clearly shows that the d.p.
(degree of polymerization, i.e., the number of monomeric
units) of the oligomer ions is inversely proportional to their
mobility (upper trend indicated). A lower trend of signals in
the heat map reveals doubly charged oligomer species, which
consequently have a higher mobility (i.e., lower 1/K,) that also
decreases with size (i.e, higher 1/K,). Interestingly, each
oligomer ion observed at a specific m/z value shows a mobility
distribution (non-Gaussian) across a certain range. For each
m/z, an extracted-ion mobilogram (EIM) can be constructed
by averaging the data across an 1 min time span. Figure 3B
shows the EIMs for m/z 775 and 1187, which correspond to
[(TPA-PG);-TMP + Nal]* and [(TPA-PG);-TMP + Nal*,
respectively. The EIMs show a multimodal distribution,
indicating the presence of isomeric species which significantly
differ in ion mobility (RSD of CCS values 0.1—-0.7% with an
average of 0.3%; See Figure S2 and Table S1). The observed
ion-mobility distribution might relate to the specific TMP

1501

HO

Figure 4. Structural isomers of [(TPA-PG)3-TMP] (dp. = 7)
indicating that TMP potentially can either be located at the end of the
chain (top), in the chain without causing branching (middle), or in
the chain causing branching (bottom).

location within the structure and to whether TMP has led to
branching as visualized in Figure 4. In order to elucidate the
actual structure of the PES isomers with different ion mobility,
TIMS was combined with tandem MS.

DI-ESI-TIMS-MS/MS. To permit efficient MS/MS of the
PES oligomer ions with m/z 775, the funnel voltages were
adjusted so that the measured 1/K, range was between 1.15
and 1.40 Vs/cm?, which is scanned with a rate of 500 ms. This
time is adequate for MS/MS experiments. MS/MS results
obtained using collision energies of 40 and 50 eV on the m/z
7785 ions observed in sample 2 are shown in Figure S3 top and
bottom, respectively. These are average spectra obtained across
the entire mobility window providing an overall dissociation
pattern of the m/z 775 ion. The most common fragmentation
patterns of for the TMP containing PES is provided in Figure
SA. Assigned composition of ions observed during fragmenta-
tion of PES-oligomer ion with m/z 775 are listed in Figure SB
and are formed via a charge remote 1,5-H rearrangement over
the ester group as described by Wesdemiotis et al.>* or via the
charge migration fragmentation mechanism.>’!

The mass spectrum of the m/z 775 ion (Figure 6A, top)
with a mobility (1/K,) of approximately 1.20—1.24 Vs/cm®
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Figure 5. Most common fragmentation patterns for the TMP
containing PES (A) and overall composition assignment of ions
observed during fragmentation of PES-oligomer ion with m/z 775
from sample 2 analyzed by DI-ESI-TIMS-MS/MS (B). Legend: P,
propylene glycol; A, terephthalic acid; T, trimethylolpropane.

(Figure 6B, red) shows hardly any fragmentation and merely
the precursor ion. Minor fragments are observed at m/z 717
and 529, which could be assigned to the loss of a PG unit and a
[TPA-PG] unit, respectively. These findings suggest that the
top spectrum corresponds to a structure that contains TMP in
the backbone of the polymer. The middle and bottom mass
spectra (Figure 6A), corresponding to ions with a mobility of
1.25-1.30 Vs/cm® (Figure 6B, blue) and 1.30—1.35 Vs/cm®
(Figure 6B, green), respectively, show similar fragment m/z
values. However, the intensities of m/z 323 and 659 ions differ
with respect to the parent peak m/z 775 when comparing the
middle and bottom mass spectra (e.g., m/z 323:775 ratio is 1:8
(blue) and 1:2 (green)). This can be related to the probability
with which particular fragments are formed. As ion-mobility
separation takes place prior to ion fragmentation, EIMs of the
product ions can be constructed. The resulting EIM profile can
subsequently be compared to the parent-ion mobilograms.
Figure 6B shows the EIMs constructed from the TIMS-MS/
MS data obtained for the m/z 775 ion with the trace for the
parent ion (top), and the EIMs for the fragment ions at m/z
323 (middle) and m/z 659 (bottom). The latter two
correspond to [(TPA-PG);-TMP + Na]* and a PES ion that
lost two PG units or a single TMP unit, respectively. Three
mobility regions as defined above (red, green, and blue) are
indicated in the EIM traces. The parent-ion and m/z 323
product-ion EIMs both show distributions between 1.25 and

1.35 1/K,, whereas the parent EIM also shows a distribution
between 1.20 and 1.25 1/K,. From this it can be deduced that
these higher mobility (i.e.,, lower 1/K,) species cannot exhibit
an m/z 323 fragment (assigned to the [(TPA-PG),-TMP +
Na]* ion). To form this specific fragment from a branched
structure requires a double (TPA-PG), scission which is
improbable. This finding supports the preliminary assignment
above. Notably, the results imply that the branched structure
has a smaller CCS (because larger K;) and thus has a more
compact conformation than the linear isomers.

The bottom EIM shows the m/z 659 profile which has
signals across the entire mobility range when compared to the
parent EIM. Therefore, this profile cannot be used to identify a
structurally unique fragment. However, the relative intensities
per mobility region differ. This implies that the fragment is
more likely to occur for the lower mobility structure (higher 1/
Ky; green area) as the intensity there is higher. The ion with
m/z 659 corresponds to the loss of either two PG units or one
TMP unit, and it is reasonable to assume that dissociating one
TMP end-group unit is more likely than simultaneously
dissociating two PG units at opposite sides of the molecule.
This would imply that the most intense mobility band
corresponds to a structure that contains a TMP end-group
(green area). In turn, the blue area corresponds to the
structure where the TMP resides in the middle of the chain but
does not constitute a branch site.

LC(-UV)-TIMS-MS(/MS). In order to support the structural
assignment by DI-ESI-TIMS-MS/MS, sample 2 (branched
PES) was also analyzed by LC-ESI-TIMS-MS. The attained
base peak chromatogram is shown in Figure S4A. The most
intense peaks observed at 9.5, 15.0, 17.5, 21.0, and 23.0 min
correspond to [(TPA-PG),-PG] up to[(TPA-PG)4PG]
oligomers, respectively. Multiple minor peaks are observed,
e.g. six peaks appeared between 12 to 14 min. The extracted-
ion chromatogram (EIC) of m/z 775 (inset Figure S4A) shows
that RPLC separates isomeric species.

Peaks 1, 2, and 3 exhibit ion-mobility values (1/K, 1.20—
1.24 Vs/m? CCS of about 250 AZ) that are similar to values
previously found for the branched structures by DI-ESI-TIMS-
MS (see Figure S4B). Subsequent LC-TIMS-MS/MS analysis
revealed similar fragmentation spectra as for DI-ESI-TIMS-
MS/MS. Indeed, it is plausible that the branched structures
elute first in RPLC as the hydrophobic sites are more shielded
by the hydrophilic end-groups. The reason that three peaks are

A B
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o 775m/z
717
Eata 529 | |
. ¢
g 775
265 Seodey 323m/z
\ 323 " §77 Dhorna,
[ B | |
¢
g 775
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T g g g g T l\ T T T g T T T
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Figure 6. Mass spectra (A) and EIMs (B) for the [(TPA-PG);-TMP + Na]* ions obtained during TIMS-MS/MS of sample 2. Precursor EIM trace
(B; top), 323 m/z EIM (B; middle), and 659 m/z EIM trace (B; bottom). The red, blue, and green circle indicate the mobility regions of which the

averaged mass spectra are presented (A).
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obtained with RPLC can be related to the methyl side-group at
the chiral center of the PG unit. The position of the methyl
group will be on either one of the PG backbone carbons, which
results in positional isomers and stereoisomers. Peaks 4 and §
show more retention indicating of relatively more hydrophobic
species, as is expected for the linear oligomers, containing a
TMP in the structure. The acquired IMS data reveal mobility
values (1/K,) between 1.25 and 1.35 (CCS of 260—270 A?).
The EIM traces of peaks 4 and S exhibit multimodality, which
align with the fact that the TMP can either be an end-group or
positioned within the polymer backbone. As indicated earlier,
these isomeric structures have a slightly different mobility. The
tandem MS spectra observed for the LC peaks were similar to
those obtained for the DI-ESI-TIMS-MS/MS experiments.
Overall, the RPLC-ESI-TIMS-MS(/MS) results confirm the
previous assignments of the linear and branched structures by
direct TIMS. Notably, peaks 6, 7, and 8 exhibit similar mobility
values across the range of the parent EIM. Furthermore, MS/
MS on these features showed similar fragmentation patterns as
the analytes of interest.

TIMS-MS OF Larger Oligomers. TIMS-MS/MS is
capable of resolving relatively small linear and branched PES
structures. However, as can be seen in the heat map (Figure
3A), larger singly charged ions with an m/z above 2000 are not
observed within the mobility window as they are not captured
by the electric field gradient. Detection of larger species
requires additional charging of the molecules in order to
increase their ion mobility (lower 1/K,). Under the applied
conditions, the ionization efficiency of the larger molecules was
too low to create useful EIMs. Therefore, multiple charging of
the larger PES molecules by means of supercharging was
attempted. In protein analysis, compounds such as glycerol,
sulfolane, dimethyl sulfoxide (DMSO), propylene carbonate
(PC), and m-nitrobenzyl alcohol (NBA) have been used for
supercharging.sz_54 We tested sulfolane, PC, and NBA for PES
oligomer analysis by adding these separately in varying
concentrations to the sample solutions. Sulfolane did not
yield enhanced signal intensities in ESI-MS for multiply
charged PES species, and PC even caused charge reduction of
PES molecules, as was also observed previously for other
hydrocarbon-based polymers.”” In contrast, NBA led to signal
intensity enhancement of multiply charged PES ions. NBA will
be present at the droplet interface where it interferes with the
ejection of Na* ions from the droplets during ESI. This leads to
increased charge density within the droplet promoting
adduction of Na' ions with the molecules. The cumulative
relative intensities of the most prominent ions of PES
oligomers with n = 7—12 observed upon ESI-MS, were plotted
per charge state as a function of the concentration of NBA
(0.0—1.0 vol%; Figure SS). NBA caused a slight reduction in
intensity for singly and doubly charged PES ions, but the signal
intensity of the triply charged PES ions (m/z 666—1147:
[(TMP-PG),,_1s-PG + 3Na]** and [(TMP-PG),,_;-TMP +
3Na]*") increased up to an average factor of 12 when using
0.5% NBA.

Supercharging of the larger PES molecules did provide ion
mobilities that were within the measurable window of the
TIMS instrument, i.e. between 0.65 and 1.90 1/K; and also led
to enhanced separation power which will be discussed later on.
However, subsequent tandem MS analysis of the multiply
charged analytes—in order to extract structural information—
resulted in complicated fragmentation patterns, showing triply,
doubly, and singly charged fragments making assignment near-
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impossible. In order to reduce the complexity of the fragment
spectra, a postmobility CID (pmCID) approach was applied to
achieve removal of adduct ions (i.e., decharging) after the ions
left the IM analyzer and before they entered the quadrupole.
That is, a small electric field is applied at the lens of the second
funnel leading to sodium stripping. The triply charged PES
ions ([M + 3Na]*") were first resolved by ion-mobility and
subsequently pmCID was used to remove sodium adduct ions
providing [M + Na]* and [M + 2Na]** ions that were
subjected to MS(/MS) analysis. As the adduct-ion removal
takes place after IM separation, the EIMs constructed for [M +
2Na]** and [M + Na]* contain information on the virtual [M
+ 3Na]** EIM. [M + Na]* and [M + 2Na]** ions already
generated during ESI obviously will also appear in the EIM;
however, they will not overlap with the bands related to the
original [M + 3Na]*" ions due to differences in 1/K, values.
The [M + 2Na]** ions were used to construct the parent ion
EIMs, and the [M + Na]* ions obtained after pmCID were
isolated and fragmented for structural assignment. To illustrate
this procedure, the IM separation of [(TPA-PG),;-TMP +
3Na]*" isomers is shown in Figure S6. The ion with m/z 823
corresponds to triply charged species. The parent-ion EIM is
constructed based on the m/z 1223 jon, i.e. the doubly charged
species ([(TPA-PG),;-TMP + 2Na]*). Fragmentation is
subsequently performed on the m/z 2424 ion, i.e. the singly
charged molecule ([(TPA-PG),;-TMP + Na]*).

The number of possible structures increases drastically for
longer chains, making it more difficult to reliably assign
structures to the observed IM bands. Moreover, observed
fragments, such as the previously mentioned ion with m/z 323,
are no longer uniquely indicative for branched structures as the
branching point can be at any position within the chain. Still,
the m/z 323 fragment ion will indicate the IM band that
corresponds to a chain where the TMP group is at the end or
one repeating unit from the end of the chain i.e. [(TPA-PG),-
TMP] or [(TPA-PG),_-TMP-TPA-PG]. The spectral inter-
pretation is illustrated in Figure S6, which shows EIMs
obtained when analyzing sample 2 by TIMS-pmCID-MS/MS.
The EIM of the m/z 323 fragment ion shows a single IM band
corresponding to the 1.04 1/K, peak of the parent EIM. By
subsequently comparing the fragment EIM of the m/z 323 ion
with the fragment EIM at m/z 529, which is one single
repeating unit larger, it is evident that the latter exhibits two
peaks. The right peak is at the same position as the EIM of m/z
323 implying that the TMP is still a (near-)end group. The left
band of the m/z 529 EIM does not overlap with the m/z 323
traces which implies that the TMP-group is more centrally
located, or the extent of branching is larger (illustrated in
Figure S7). This interpretation scheme can be expanded by
successively evaluating increments of single repeating units and
comparing these to the traces of shorter fragments. Any
emerging peak that is not in overlap with a previous trace will
provide information on the structure of the oligomer
corresponding to that band and will allow distinguishing the
linear and symmetrically branched structures. When the TMP
is more centrally located, it becomes more difficult to
distinguish small-chain branched structures from the linear
structures, as the respective peaks will start to overlap strongly.
This is for example shown in Figure 7, where the parent EIMs
of oligomers with d.p. 21—27 are provided (i.e., [(TPA-PG),o-
TMP + 3Na]** up to [(TPA-PG),;-TMP + 3Na]*"). The
symmetrically branched (red dot) and linear (green dots)
oligomers can still be assigned. However, the signals in the
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Figure 7. EIM traces of [(TPA-PG),-TMP + 3Na]** with n = 10, 11,
12, or 13 from top to bottom. Indicated are the fully branched (red
dot) and linear structures (green dot).

interstitial region are caused by other possible isomers, which
include ions where the TMP is located more centrally and
where the structure contains short-chain branches. Further-
more, the position of the sodium ions on the PES chains may
also affect the CCS leading to wider distributions. Indeed,
when the polymer sample solution was analyzed in the
presence of the trivalent metal jon lanthanum, the peak widths
of the EIMs of [(TPA-PG),;-TMP + La]* was significantly
more narrow (up to 4 fold) than the peak width of [(TPA-
PG)5-TMP + 3Na]*. Clearly, the sodium ion location on the
polymer chain influences the obtained CCS of the adduct ions
complicating identification. The fragment EIM approach
provides useful structural insights; however, its span is limited
by the sheer number of possible oligomer structures, and
corresponding similarity of their ion mobility values for which
the current IM resolution is not sufficient.

As briefly mentioned, another benefit of multiple charging is
the higher resolving power that is accompanied with IMS-MS
analysis. It has been shown for linear and n-armed star-
polymers that better isomer separation can be achieved when
ions are multiply charged.** Molecular charging promotes
electrostatic elongation of the polymer chains and therefore
can improve resolution by IMS. This is evaluated in the current
study for sample 2 by TIMS-pmCID-MS/MS employing the
described approach for higher charged ions. EIMs of all
perceived m/z values were converted to CCS distributions.
Subsequently, the CCS values were determined for symmetri-
cally branched (open) and linear (filled) PES oligomers
without (A) and with 0.5 vol% NBA added (B) to the sample
(Figure 8). A distinction is made between CCS values derived
from 1+ (black), 2+ (red), 3+ (blue), and 4+ (green) ions.
When no NBA is used, CCS values can be assigned up to d.p.
24; however, distinction between branched and linear chains is
only possible up to d.p. 17. At higher d.p. values, the IM bands
overlap too strongly to confidently assign CCS values to linear
or symmetrically branched structures. Furthermore, the
number of observed 3+ species is limited and 4+ ions are
not detected. When NBA is added to the sample solution, the
CCS for PES chains up to d.p. 29 could be confidently
determined. Moreover, 3+ and 4+ ions are more abundant,
which allows for structural assignment up to d.p. 29. The extra
charging by sodium ions also highlights the difference in
observable CCS values (ACCS) of the branched PES
oligomers compared to the linear ones. This difference is
indeed larger for higher charges. Notably, the observed CCS
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Figure 8. CCS values as a function of the d.p. for symmetrically
branched (open circles) and linear (filled circles) oligomers without
(A) and with 0.5 vol% NBA added (B) to sample 2 in 50/50 THF/
water containing 100 mM Nal. A distinction is made between CCS
values derived from 1+ (black), 2+ (red), 3+ (blue), and 4+ (green)
charged ions.

value for a given d.p. increases with the number of charges on
the oligomer, as is particularly apparent for d.p. 17. The
increase is caused by the relative contribution of the sodium
ion to the overall size of the oligomer as well as by the chain
elongation induced by electrostatic repulsion between the
adduct ions. This allows discrimination between linear and
branched structures at higher d.p. values.

B CONCLUSION

The feasibility of TIMS for the separation of isomeric PES
oligomers was assessed. DI-ESI-IMS of PES samples revealed
signature masses of structures which contain a branching unit.
As verified by LC-TIMS-MS/MS, the exact structures for small
molecules could be assigned to the observed mobility bands by
using ESI-TIMS-MS/MS. This was accomplished by con-
structing EIMs of both the parent and fragment ions revealing
unique fragment ions for small linear polymeric species. In
turn, this led to the assignment of branched species by means
of fragmentation and the probability of occurring fragments.
Larger polymers were initially not observed in the ion mobility
dimension. To overcome this limitation, 0.5 vol% m-NBA was
added to the sample solution to enhance ion charging (and
reduce 1/K,). Employing pmCID to remove adducts post ion-
mobility separation allowed partial structural assignment of
larger isomeric species (up to 3000 Da). Overall, it is shown
that the employed approach enables discrimination between
branched and linear polymer architectures. The quantitation of
the degree of branching remains challenging due to the large
variety of structural isomers present. Future work encompasses
creating an adequate and reliable quantitation tool for assessing
the degree of branching with TIMS-MS. Another relevant
study would be to further utilize online LC-timsTOF to
enhance resolving constitutional isomers and stereoisomers,
and to extend the polymer accessible mass range by
postcolumn addition of m-NBA. Also, automated data analysis
such as Kendrick mass defect tools that can deal with
(polymer) timsTOF data would be beneficial and should be
(further) developed.
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