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ABSTRACT: Ion mobility spectrometry (IMS) mass spectrometry (MS) centers on the
ability to separate gaseous structures by size, charge, shape, and followed by mass-to-charge
(m/z). For oligomeric structures, improved separation is hypothesized to be related to the
ability to extend structures through repulsive forces between cations electrostatically bonded to
the oligomers. Here we show the ability to separate differently branched multiply charged ions
of star-branched poly(ethylene glycol) oligomers (up to 2000 Da) regardless of whether
formed by electrospray ionization (ESI) charged solution droplets or from charged solid
particles produced directly from a surface by matrix-assisted ionization. Detailed structural
characterization of isomers of the star-branched compositions was first established using a home-built high-resolution ESI IMS-MS
instrument. The doubly charged ions have well-resolved drift times, achieving separation of isomers and also allowing differentiation
of star-branched versus linear oligomers. An IMS-MS “snapshot” approach allows visualization of architectural dispersity and
(im)purity of samples in a straightforward manner. Analyses capabilities are shown for different cations and ionization methods using
commercially available traveling wave IMS-MS instruments. Analyses directly from surfaces using the new ionization processes are,
because of the multiply charging, not only associated with the benefits of improved gas-phase separations, relative to that of ions
produced by matrix-assisted laser desorption/ionization, but also provide the potential for spatially resolved measurements relative to
ESI and other ionization methods.

■ INTRODUCTION

Star-branched polymers were synthesized because of their
unique physical properties and their use in a variety of products,
including food packaging, drug delivery capsules, and
automobile parts.1−3 The degree of branching allows tuning of
the cure time, swelling capacity, tensile strength, and elasticity
for specific applications. Star-branched polymers are often
prepared through a divergent growth process in which arms are
grown outwardly from a core with the number of arms
determined by the type of core.4−6 For example, a pentaery-
thritol core can be used to synthesize 4-arm star-branched
polymers7,8 and glycerol for 3-arm.8 A variety of factors
influence the growth including temperature, solvent polarity,
and reaction site, in theory, allowing monomers to add
symmetrically to each arm.9 Steric hindrance of neighboring
arms, however, may cause asymmetric arm growth, resulting in
architectural dispersity.9,10 Detailed characterization of the
three-dimensional (3-D) architecture of star-branched polymers
is difficult or impossible using well-established polymer
methods. Light scattering, size exclusion chromatography, and
viscometry, or a combination, are employed in determining
average properties of polymer architectures such as polymer size
and shape.11−17 Methods such as (ultra)high resolution mass
spectrometry (MS) coupled with MS/MS have demonstrated
structural characterization in complex polymeric samples.18,19

These methods are limited to specific polymer compositions
such as the presence of a fragile linker group for differentiation of
block copolymer arm length.20

Ion mobility spectrometry (IMS) coupled to MS has been
extensively used to obtain insights into gas-phase macro-
molecular structures including those of synthetic polymers
using home-built instruments.21−27 IMS separates gas-phase
ions by their mobility through a drift gas which is dependent on
the collision cross-section (size, shape, and number of charges).
IMS-MS data are typically represented as a 2-dimensional (2-D)
plot of drift time (td) versus the mass-to-charge (m/z) ratio in
which ion intensity is embedded as a false color plot. This
concept is based on the nested data set of td (m/z)

28 correlating
two gas-phase separation dimensions, in analogy to the
correlation of peaks in a total ion chromatogram and mass
spectra in liquid chromatography-MS. Within a 2-D plot, signals
for a given m/z represent different structures with differing
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mobility which arrive at the detector at slightly different times.29

IMS-MS/MS have been employed to differentiate closely
related structures.30 Computational modeling can be used to
assist in deciphering the 3-D structure of a specific macro-
molecule based on drift timemeasurements.31−39 Using an IMS-
IMS-MS approach, collision-induced activation experiments
have been applied to determine, alter, and monitor gas-phase
conformations.34−36

Early work applied electrospray ionization (ESI)-IMS-MS to
the characterization of linear poly(ethylene glycol) (PEG) of
increasing size and complexity demonstrated baseline-separated
charge-state distributions for a molecular weight (MW) of 6700
Da (PEG-6700).23 It was shown that a relatively small polymeric
system with 30 monomer units formed a compact structure with
two cations [M30 + 2Cat]2+ and an elongated structure with
three cations [M30 + 3Cat]3+ attached. An extended, near-linear
structure (“beads-on-a-string”) PEG ion with 126 monomer
units binding 9 cations [M126 + 9Cat]9+ was also observed.23

These experimental and computational results were explained
based on Coulombic repulsion of neighboring cations, which
stretch the gas-phase PEG ions into an increasingly linear
structure enabling the clean separation of charge states ranging
from 2 to 10. Subsequent work24 demonstrated that some
oxygen-rich polymers, such as PEG, reveal an inverse relation-
ship between mobility and charge states, contrary to that
observed for biopolymers (proteins)40−43 and with other
polymers.24 Sigmoidal transitions relate to extended to folded
structures. These transitions are only observed above a certain
polymer size, which upon folding behave more typical of
compact charge-state relationships common to biopolymers
(proteins). ESI-IMS-MS has also been used to study the
mechanism of PEG-11000 ion formation, expanding on why
certain polymer lengths acquire a specific number of charges and
how charges may be gained or lost.25

The utility of an IMS gas-phase separation dimension
combined with gas-phase MS m/z separation using commer-
cially available IMS-MS instruments has been demonstrated in a
number of areas.44−47 Increasing the charge states for polymer
samples has been shown to enhance separations.44,45,48

Particularly relevant to this work is a more recent ESI-IMS-
MS study that demonstrated the first example of distinguishing
between symmetric and asymmetric star-branched and linear
PEG polymers.48

A number of newer ionization methods have been used for
polymer analyses other than the traditional ESI and MALDI
methods,49−52 such as the atmospheric solid analysis probe
(ASAP) method for sufficiently volatile oligomers and
additives.53−55 Initial proof-of-principle of new ionization
processes, that lead to the Biemann Medal in 2019, for use
with MS and IMS-MS have also been reported for oligomer
analyses.56,57 The ability to generate multiply charged ions
similar to ESI directly from surfaces has been demonstra-
ted.58−60 The ionization process is assisted by temperature,
pressure, and the associated collisions, in addition to the matrix
or solvent used to dissolve the analyte of interest.61−65

Here, a home-built ESI-IMS-MS instrument with high drift
time resolution34−36,66 was used to unravel the architectural
differences of isomeric PEG-based star-branched polymers
having asymmetries based on arm lengths. The potential use
of unique 2-D pictorials for fast characterization of specific
polymeric architectures within a single sample is demonstrated.
Similar analyses of the polymer samples were made using the
traveling wave IMS (TWIMS) (Waters SYNAPT G2) instru-

ment using ESI and newer ionization methods that produce
multiply charged ions.

■ EXPERIMENTAL SECTION
Instrumentation. A home-built instrument (Scheme S1)

that incorporates ESI with IMS and MS was used for all
experiments.34−36,67 Here, a brief description is provided. The
IMS-IMS-IMS-MS instrument contains four ion funnels (F1,
F2, F3, F4), three ion gates (G1, G2, G3), and three activation
regions (A1, A2, A3). A continuous beam of ions is accumulated
with an electrostatic ion gate at the end of the first ion funnel.
Lowering the gate allows a short pulse of ions to enter the drift
region filled with He buffer gas. All m/z values are determined
using an orthogonal reflectron time-of-flight (TOF) analyzer.28

IMS-IMS-MS is used to activate drift time selected ions. The 2-
D plots of td (m/z) are generated with Origin Software 6.1 and
7.0 (OriginLab Corp, Northampton, MA 01060) and processed
using slicing software written in-house.28 The multidimensional
output generated using IMS-MS is expressed using nested data
sets displayed as td (m/z).

23,24,28

The Waters SYNAPT G2 and G2S incorporate a TRI-WAVE
ion mobility region. The drift times were extracted for the
specific mass-to-chargem/z values. DriftScope was used to view
the 2-dimensional plot of drift time versus m/z (snapshot).

Ionization Sources and Methods. On the home-built
IMS-MS instrument, ESI was used.23,24 A Thermo LTQ
Orbitrap classic with ESI was used. The Waters SYNAPT G2
and G2S IMS-MS instruments are equipped with various
interchangeable commercial and home-built sources for ESI,
vacuum MALDI, laserspray ionization (LSI), matrix assisted
ionization (MAI), and vacuum MAI (vMAI). vMAI was
achieved using a commercial intermediate pressure vacuum
MALDI source of the Waters SYNAPT G2 and simple source
modifications that in particular reduce voltages and eliminate
the necessity of a laser.68

The MS prototype vacuum-probe vMAI source69 was used
with the SYNAPT G2S for robust and prompt ionization. The
vacuum-probe assembly was designed to interface with the
SYNAPT G2 and G2S (Waters) in which the commercial ESI
inlet is replaced with the newly designed prototype single
vacuum-probe device. The new ionization processes produce
multiply charged ions from surfaces without the necessity for
using a laser, voltage, or heat for analyte ionization,61−65

although these means can be used (e.g., LSI). In the vMAI
experiment, the matrix, analyte, and salt are cocrystallized,
briefly dried prior to sample introduction, as described below.
The probe is introduced into the vacuum of a mass spectrometer
where ionization commences without any additional energy
input. The cationized polymer ions are spontaneously formed
and transmitted toward the mass analyzer.

Materials and Sample Preparation. Linear PEG-970 and
different 3- and 4-arm star-branched PEG polymers star-
branched 4-arm (PEG-800 and PEG-2000), 3-arm (PEG-
1000) were provided by DuPont. Polymer solutions of
concentrations 0.25 mg·mL−1 in 1:1 (v:v) water/acetonitrile
containing 1 M lithium chloride (Sigma-Aldrich) were prepared
for all experiments according to previous work using ESI.23 The
typical MALDI matrix, 2,5-dihydroxybenzoic acid (2,5-DHB),
LSI matrix 2,5-dihydroxyacetophenone (2,5-DHAP), and MAI
matrix 3-nitrobenzonitrile (3-NBN) were obtained from Sigma-
Aldrich.
For all comparisons, sample preparation was kept similar to

that of ESI using the same samples and solvents. Salt, analyte,
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and MALDI matrix (2,5-DHB) or MAI matrix (3-NBN) were
dissolved individually and mixed. Typically, the matrix/PEG/
salt molar ratio was 5600:1:100 using the 3-NBN matrix and
sodium or lithium trifluoroacetate salts. PEG samples (typically,
20 pmol μL−1 in 1:1 acetonitrile/water) were mixed in equal
volumes with an aqueous salt solution (1mgmL−1) and a matrix
(0.1 mg mL−1 in 2,5-DHB in water, and 3-NBN in acetonitrile).
The solution was briefly vortexed, and typically 1 μL of the
solution was used in the dried droplet fashion for both MALDI
andMAI using the commercial vacuumMALDI source with and
without engaging the laser, respectively. Alternatively, the
analyte, salt, and matrix solution may be applied in a layered
fashion without being previously mixed. Note: improved vMAI
results using the vacuum-probe were obtained using higher
concentrated salt solution directly applied to the probe tip; this
is without concern because the nonvolatile salts remain on the
probe.64,68,69

■ RESULTS AND DISCUSSION

Statistical Considerations of the Synthesis of Star-
Branched Polymers. The synthesis of the commercial star-
branched polymers is proprietary. Therefore, the initial
interpretation begins with certain assumptions for the effect of
branching on the drift time and m/z data sets obtained by IMS-
MS of the various star-branched polymers. The synthesis of
these branched polymers follows a divergent growth process,
where the addition of a new monomer can occur on any of the
arms with a probability inversely proportional to the number of
arms, resulting in structural isomers. For PEG polymers with
more than two arms (Scheme 1), the probability of monomer
addition to any arm is statistically equivalent resulting in
symmetric structures with higher probability than asymmetric
structures. This is exemplified in the following. For illustration,

the branched polymers depicted each have 20 repeat units and
distributed over four (Scheme 1A) and three arms (Scheme 1B).
In the most asymmetric and truncated case, a 4-arm star-
polymer will have only two short arms grown with two long arms
(Scheme 1A (3) and A (3′)), or in the most symmetric isomer
case 4-arms grown with five repeating units each (Scheme
1A(1)). The same principal is depicted for the 3-arm in Scheme
1B. The MW of any of these variations is the same within A or B
but different between samples (A versus B) because of the
differences in the core structures.
The samples used in this study have an average size difference

of 200 Da, which corresponds to 4.5 more monomer units for
the PEG-1000 than for the PEG-800 sample. In the m/z
separation using MS, the 3-arm PEG with its longer arm’s is
expected to have higher charge states than the 4-arm. This is, for
example, observed with a high resolution mass spectrometer
(Scheme S1) for a 4-arm PEG-800 sample versus 3-arm PEG-
1000 star-branched polymer. Nothing can be determined about
the architectural composition by the observed charge states.
For PEG polymers, it has been shown that approximately

seven repeats are needed to stabilize each charge.23 For the star-
branched polymers studied here, the doubly charged ions with
arms of equal length are likely to have two cations bound to two
different arms (Scheme 2A). On the basis of the beads-on-a-
string concept,23,24 the gas-phase ions of isomeric structures of
longer chains will extend to a greater length than those of shorter
chains of multiply charged star-branched polymers having at
least two monovalent cations (here, lithium cations) (Scheme
2B). Specifically, we hypothesized that the near-linear,
asymmetric structures of the same star-branched polymer
(cases (3) and (3′) in Scheme 1) will show increased elongation
over the symmetric structures (cases (1) in Scheme 1). While
the MW is the same, the different degree of elongation each

Scheme 1. Illustrations of Branched PEG Polymer: (A) 4-Arm and (B) 3-Arm
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multiply charged isomer can adopt is likely key in their
separation by IMS. The expectation is that only isomeric
structures in which the two longest arms lead to different length
extended structures can be separated with the IMS-MS
technology currently available. The 4- and 3-arm star-branched
structures of nearly identical shape will be indistinguishable from
each other, e.g. two additional monomers on positions one and
two versus on one and three. Singly charged isomers more likely
adopt globular structures regardless of the isomers’ differences in
arm-length, and separation of these isomers is therefore more
difficult to achieve.
Predicting the ability to separate a 4- from a 3-arm star

polymer with exactly the same number of arm lengths, as is
shown in Scheme 1 for a sum of 18 repeat units, will likely
depend to some extent on the influence of the core. However,
the likelihood of asymmetric structures B (3) and B (3′), in
which three monomer units contribute to elongation, is much
greater than that of structure A (3) and A (3′) in which the
statistically unlikely alterationmust accrue eight monomer units.
Therefore, wemust expect that the extended structures for the 3-
arm relative to that of the 4-arm are much more likely to be
chemically synthesized and therefore more abundant.
The following sections discuss the ability of separating

architectural differences by IMS-MS. For our strategy, we first
used ionization conditions that have been studied in detail for
cation attachments of linear polymers, including those of
statistical polymers, and were studied using IMS-MS in the past
with home-built instruments.23,24 Using Li+ cations for attaching
to the relatively short arm-length was a reasonable assumption to
provide good analytical results that would serve as a means of
validating subsequent results on the commercially available
IMS-MS instruments. On the commercial IMS-MS instruments,
we varied the conditions including those that led to the
formation of singly (MALDI) and multiply charged ions (ESI
and new ionization methods).
Homebuilt ESI-IMS-MS: Different Branched Polymers.

4-Arm Star-branched PEG-800.The 4-arm star-branched PEG-
800 doped with lithium chloride reveals, in the 2-D plot of IMS-
MS, a family of singly charged ions within the nested data set of
td (m/z) ∼33(538) to ∼50(1019), with each m/z having an
associated drift time distribution of ca. 2 ms (Figure 1A).
Extracting the drift time information on specificm/z’s reveals no
specific (useful) features (Figure S2), indicating that separation
of the expected isomers is not achieved based on the singly
charged ions.

A family of doubly charged ions is observed from td (m/z)
∼19(338) to ∼31(624) (Figure 1A). In the inset display of the
doubly charged family (Figure 1B), each m/z has an associated
drift time distribution of ca. 4 ms. These unusually wide drift
time distributions result from specific isotopically resolved
structures at different m/z values. A more detailed analysis is
obtained by extracting specificm/z’s from the data set. Here, for
the first time, the extracted drift time distributions show
separated isomeric star-branched polymers (Figure 2). For
example, the extracted doubly charged ions of m/z 338 reveals
three abundant drift time distributions along with a low-
abundant distribution at the longest drift time all almost baseline
separated. Assuming the core is pentaerythritol (MW 136), the
doubly charged ion [M + 2Li]2+ atm/z 338, havingMW662Da,
would contain 12 repeat units. There is the statistical possibility
that more than four isomers have been formed for this specific
m/z, which could either mean that families of isomers with
similar drift times are separated rather than necessarily
individual isomers, or that some of the more asymmetric
isomers are of very low abundance. This latter possibility is
supported by a lowest-abundance architecture at the longest
drift time. The drift time distribution extracted for each m/z in

Scheme 2. Illustrations of Binding of Two Lithium Ions to 4-
Arm Branched PEG Polymer Symmetrically and
Asymmetrically

Figure 1. 4-Arm star-branched PEG-800 doped with lithium chloride
using home-built IMS-MS. 2-D plot of (A) full range including total
mass spectrum and (B) inset regions including one of the extracted
mass spectra (for complete data set refer to the Supporting
Information). Ion intensities are represented with a false color scale
where blue is the lowest intensity, ranging through green to yellow to
red, which is the highest intensity.
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the doubly charged family shows that the shortest drift times are
highest in ion abundance (Figure 2), suggesting that isomers
with more compact and symmetric structures are present in
higher abundance within the samem/z. The least symmetric are
the most unlikely isomers to form and are expected to have the
most extended structure and therefore the slowest drift time.
With increasing m/z’s from 360 to 536, the width of the

distribution first extends with m/z 382 and 426 showing at least
seven less resolved structures, and then narrows with fewer
distinguishable isomers. The drift time distribution at m/z 492
shows clearly that the more symmetrical distributions are in
higher abundance, and the least symmetric structures fade into
the background. Because of the larger number of potential
isomers, each drift time observed may contain multiple similar-
sized extended structures. The cross-section differences of the
isomers with smaller m/z values can be expected to be
significant, as is observed with the number of detectable drift
time distributions, e.g., m/z 360 (six drift time distributions).
With increasing size, the statistical likelihood for different
structures increases and the relative differences in their cross
sections become smaller and therefore more difficult to cleanly
separate from each other. Even though the more compact
isomers with the shorter drift times are more abundant and
resolved at lowest m/z’s, beginning at m/z 382, the most
symmetrical structure is no longer resolved judging the width of
the drift times.
Diagonal slices from the 2-D plot of the doubly charged family

were extracted to obtain the mass spectral information at early,
middle, and late drift times for each distribution (Figure S3A).
The extracted mass spectra have signals at the same m/z,
confirming that the drift time distributions of charge state +2
(Figure S3B (1) and (2)) are isomers or potentially conformers.
To differentiate between these principle options, another set of

experiments was performed in which ions were drift time
selected using the G2 ion gate and activated by applying a
potential in IA2 for the purpose of increasing the internal energy
of the ions, and where possible, change their conformation,34−36

which would likely result in a change in drift time after traversing
D2 and D3 (Scheme S1). Such activation experiments of the 4-
arm branched polymer ions resulted in no change in drift time.
These observations indicate that these ions are structural
isomers and not conformers.
Contrary to previous results with PEG and other oxygen-rich

polymers,24 no charge-state inversions or sigmoidal transitions
were observed in this sample. This absence is an indication of the
low number of repeat units per arm that is detectable. In other
words, folding transitions are not an option in the short-armed
star polymers, contrasted to the same number of polymer
monomer units assembled in a linear analogue. The branching of
the 4-arm PEG-800 prevents folding transitions related to metal
cation charge repulsion and chain rearrangements and are
assumed to be related to the presence of the core.
Interestingly, an unexpected singly charged polymer distri-

bution separated by a difference of m/z 44 was detected at
shortened drift times relative to those of the doubly charged ions
but faster drift times than the singly charged ions of the 4-arm
PEG-800 (Figure S3B (3)). The presence of a significantly
smaller sized PEG-based polymer suggests asymmetric arm
growth of the core structure, in which at least one arm did not
grow during synthesis. Further studies on what we refer to as a
truncated PEG side-product are detailed below.

Blend of 4-Arm Star-Branched PEG-800 and Linear PEG-
970. With the observation of a truncated 4-arm polymer, a
mixture of linear and 4-arm star polymer was blended for study.
The 2-D plot of the polymer blend of a 4-arm star-branched
PEG-800 and a linear PEG-970 (Figure 3) resulted in a wide
drift time distribution from td (m/z) ∼19(338) to ∼31(624)
and td (m/z) ∼29(582) to ∼37(802). The observed drift times
are similar to those observed in Figure 1, which correspond to
the doubly and singly charged ions of the 4-arm branched
polymer (Figure 3A), respectively. Additional doubly charged
ions from td (m/z) ∼24(412) to ∼32(610) and singly charged
ions from td (m/z) ∼29(582) to ∼37(802) corresponding to
linear PEG-970 are also readily detected. The ions of the linear
PEG have longer drift times than the star-branched PEG in both
the singly charged and the doubly charged ions. These
differences must be related to a complete elongation in case of
the linear PEG the linear PEG resulting in a more extended
structure. Intriguingly, the direct comparison of the doubly
charged families reveals that the linear PEG-970 architecture at
td (m/z) ∼25(434) lines up closely to the extended, low-
abundant 4-arm architecture, e.g., td (m/z) ∼24(426). This not
only shows that the different architectures can be easily
differentiated, but also clarifies that the 4-arm star-branched
PEG isomers with longer chain length exhibit longer drift times
as they approach an increasingly linear structure. Between these
architecturally different polymers, the truncated form of the 4-
arm is also detected as singly charged ions. The truncated and
the linear polymers, observed as doubly and singly charged ions,
are well separated from each other to be directly observed on the
IMS-MS 2-D plot without additional extraction procedures of
either the drift time or m/z dimensions.

3-Arm Star-Branched PEG-1000. The 3-arm star-branched
PEG-1000 sample doped with lithium chloride reveals in the 2-
D plot of IMS-MS a family of singly charged ions in the region
from td (m/z) ∼29(580) to ∼39(803) with each m/z having

Figure 2. Extracted drift time distributions for the doubly charged 4-
arm star-branched PEG-800 doped with lithium chloride using home-
built IMS-MS with the specific m/z 338 to 536.
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associated drift time distributions of a few tenths of a ms for each
respective m/z (Figure 4A). A family of doubly charged ions is
observed from td (m/z) ∼19(359) to ∼28(579) with associated
drift time distributions of roughly 2 ms for each respective m/z
(Figure 4A,B). The 3-arm polymer reveals more extended
structures, as expected (Scheme 1), relative to that of the 4-arm
at ∼19(338) to ∼26(536) (Figure 2). The drift time
distributions of each doubly charged m/z value indicates the
presence of many well-resolved drift time distributions (Figure
S4). The drift time distributions for the lower m/z’s are nearly
baseline separated, and with increasing m/z’s the drift time
distributions show increasing overlaps, similar to the 4-arm
sample (Figure 2). These structural isomers are more numerous
than those observed in the 4-arm PEG-800 (Figure 2). The
extracted drift times of the charge state +1 show no separation of
isomers charged only by one cation (Figure S5), as was the case
with the 4-arm polymer (Figure S2).
A direct comparison of the drift time distributions summed

over all them/z values where polymer ions were observed for the
3-arm and 4-arm star-branched architectures is shown in Figure
5. The overall distributions of the 3-arm polymer (Figure 5A)
are observed with shortened drift times relative to the 4-arm
polymer (Figure 5B). The 2+ charge is centered for the 3-arm
polymer at ca. 25.5 ms versus the 4-arm polymer ca. 23 ms. This
is a result of the 3-arm polymer likely having the statistically
longer and more extended arms as well as the presence of a
slightly higher MW (PEG-1000 versus PEG-800), which

Figure 3. 4-Arm star-branched PEG-800 doped with lithium chloride
using home-built IMS-MS. 2-D plot of (A) full range and (B) inset
regions. Ion intensities are represented with a false color scale where
blue is the lowest intensity, ranging through green to yellow to red,
which is the highest intensity.

Figure 4. 3-Arm star-branched PEG-1000 doped with lithium chloride
using home-built IMS-MS. 2-D plot of (A) full range and (B) inset
regions. Ion intensities are represented with a false color scale where
blue is the lowest intensity, ranging through green to yellow to red,
which is the highest intensity.

Figure 5. Direct comparison of the drift time distributions summed
over all them/z values where polymer ions were observed for the (A) 3-
arm and (B) 4-arm star-branched PEG polymer.
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lengthens the total of the arms by an average of 4.5 monomer
units. Further, the intensity ratio of doubly relative to singly
charged ions in the total drift time distribution of the 3-arm
PEG-1000 polymer is greater than that observed in the 4-arm
PEG-800 polymer. The significantly higher ratio of doubly to
singly charged ions is another signature of longer arm length in
the 3-arm star-branched polymer compared to that of the 4-arm.
High resolution measurements using a commercial high
resolutionmass spectrometer (Figure S1) also shows differences
in charge state distributions for these two samples. These
observations support the suggested depictions in Scheme 2.
The elongated 3-arm polymer can form asymmetric arms by

the addition of only a few monomer units altering the structure
from the symmetric to asymmetric (Scheme 1B). The
asymmetric 3-arm molecules are intrinsically related to longer
molecules with extended gas-phase ion structures resulting in
smaller differences in shapes. These less resolved structures
require an increase in IMS resolving power to separate such
structures.
4-Arm Star-branched PEG-2000. The 2-D plot of IMS-MS

for the 4-arm star-branched PEG-2000 sample doped with
lithium chloride has a different appearance to similar plots for
the smaller star-branched polymers (Figure 6). Depicting amore
precise td (m/z) range is challenging for the different charge
state distributions because of the various charge state families
present causing overlap in both the drift time and m/z
dimensions. The m/z extraction of each charge-state shows a

range of charges (1−3) (Figure 6B). Interestingly, the triply
charged ions fall in the general region of td (m/z) ∼28(550) to
∼34(750) between the +1 and +2 charges. Besides the intense
multiply charged ions, singly charged low-molecular weight ions
of [PEG + Li]+ were also detected at ca.m/z 500 to 750 (Figure
S6), showing a similar pattern observed in the 4-arm PEG-800 of
an unreacted or truncated PEG-based impurity. In the m/z
dimension, these ions are not identified or go unnoticed (Figure
S1B). We hypothesis that with increasing size of the star-
branched polymers, the 2-D plots of IMS-MS become
increasingly more complicated, but in the pictorials the
structural diversity of the sample is immediately apparent.
The extraction of specific m/z values for the different charge

states of 3-arm branched PEG-1000 reveal different drift time
distributions (Figure S7) indicating that isomers have been
(partially) resolved. These isomers cover a range of ca. 3 ms for
charge state +1, ca. 6 ms for charge state +2, and at least 8 ms for
charge state +3 in the drift time dimension. Although there is
notable overlap of charge states in the 2D plot, the increase in
width of the distribution of +2 relative to +1 suggests an
increasing number of gas-phase structures. Further improve-
ments in ion mobility resolution may more effectively resolve
these ever complex samples.

Commercial IMS-MS: Different Ionization Methods,
Salts, and Robustness through Source Modifications.
Similar experiments have been performed using a TWIMS
(Waters SYNAPT G2) comparing various ionization methods
that are known to form multiply charged ions (ESI, vMAI, and
LSI) and singly charged ions (MALDI), respectively. Various
metal salts were explored as ionization agents, as one must
expect differences in ionization depending on the salts added
during sample preparation.20−27,31,44−48 Detailed information
can be found in the Supporting Information.
ESI for the analysis of the pure branched and linear polymers

was first employed, showing similar trends observed with the
home-built instrument using LiCl. Preliminary ESI-IMS-MS and
MS/MS analyses of the 4-arm branched PEG (MW 800) are
included in the Supporting Information (Figure S8). The binary
mixture of 4-arm branched and the linear PEG using the dopant
LiCl is seen in Figure S9. From the 2D plot, similar +1 and +2
charge states were detected as observed with the home-built
instrument (Figure 1A), and the extracted m/z’s for charge
states +1 and +2 are provided in Figure S10. By extracting the
drift time for a specific ion, e.g., m/z 427.2 (+2), the separation
of gas-phase isomers is observed (Figure S9). While the drift
time resolution is not nearly as apparent as on the home-built
instrument (Figure 2), similar features in the drift time
distributions are observed (Figure S9A). Importantly, a similar
2-D plot (Figure S9B) is obtained for the 4-arm branched
polymer and linear PEG, as observed on the home-built
instrument (Figure 3).
Performing similar experiments utilizing vMAI-IMS-MS on

the SYNAPT G2 for the pure (3-arm branched PEG-1000 and
linear PEG-DME-2000) and binary mixture of the branched
polymer sample (3-arm branched PEG-1000 and 4-arm
branched PEG-800) resulted in similar trends as those obtained
with home-built ESI-IMS-MS. However, these results were
achieved directly from surfaces (Figure S11). The pictorials are
notably different and the extracted drift times provide an
indication of the different architectures for the specific m/z
values. This differentiation is not obvious using a MS approach
alone (Figure S1 and S11B (1)).

Figure 6. ESI-IMS-MS of 4-arm PEG 2000 doped with LiCl displayed
as a 2-D plot of drift time versus m/z. (A) Full range with inset of total
mass spectrum and (B) inset region with three extracted mass spectral
regions of charge states +1 to +3.
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Figure 7. Extracted drift times for 3-arm branched PEG 1000 using vMAI on a commercial IMS-MS instrument (SYNAPT G2) doped with
cationization agents of (A) Ba(Ac2), (B) LiTFA, and (C) NaTFA. (D) Comparison with the extracted drift times of 3-arm branched PEG 1000 doped
with LiCl acquired on a home-built 3-m ESI-IMS-MS instrument.

Figure 8. vMAI-IMS-MS of (A) linear PEG-1000 and (B) 3-arm PEG-1000 doped with sodium trifluoroacetate: (1) 2-D plot of drift time over m/z;
(2) total mass spectrum; (3) extracted drift times. Ion intensities are represented with a false color scale where blue is the lowest intensity, ranging
through green to yellow to red, which is the highest intensity. TheMSTM prototype vacuum-probe source,69 which replaces the ESI source, was used for
robust, prompt ionization. A manual sample introduction platform guides a probe device directly into the inlet aperture to expose matrix/analyte
sample on the tip of the probe directly to the vacuum of the mass spectrometer (SYNAPT G2S) without physical contact with source elements. The
ionization occurs spontaneous. Amolar ratio of matrix (3-NBN)/analyte (25 pmol)/salt (1:1:50) was used by spotting equal volumes of the respective
solutions on the probe and followed by brief drying.
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Comparing the 2-D plots for the same matrix/analyte/salt
ratio using either vMAI (Figure S12A) or ESI (Figure S12B) on
the same commercial IMS-MS instrument shows a difference in
observed ion abundances. In addition to the metal cation
adducted doubly charged ions, the vMAI results show the
presence of doubly charged ions consistent with protonation,
which are present at lower abundance in the ESI results.
Typically, monovalent cations using various different salts

associate with polymers.20−27,31,44−48 In our IMS-MS study here
we expand to different cations including also divalent cations
and study the effect on the drift time separation. Both the
divalent versus two monovalent cations provided the doubly
charged ions to the oligomer, which is likely a matter of the size
of the oligomer. Each cation is expected to be surrounded by
oxygen giving rise to multiple coordination’s of oxygens
(number of repeat units of the oligomer) relative to a cation(s)
size and, likely, charge state. Two charges at the same position, as
is the case with Ba2+, should not result in extending the polymer
structure through charge repulsion as is the case with the
hypothesis outlined in Scheme 2 for two monovalent ions
solvated from each other by the oxygen-rich PEG. This could
explain the relatively poor drift time separation of the divalent
cation (Figure 7A), as compared to two charges separable from
each other in the case of monovalent cations (Figure 7B,C). This
is in agreement with the hypothesis that the repulsive forces of
two charges are necessary for elongating the gas-phase structure
and effectively separating and detecting them by IMS-MS.
Alternatively, but unlikely, the results may indicate the
possibility of preferential isomer selection of the branched
PEG ions using Ba2+ for which very little is known in the
literature. Differentiating between the two possibilities will
require further studies. To the best of our knowledge, this
interesting observation of the differences in IMS separation
based on divalent and monovalent cations with the same
number of charges noncovalently attached to an oligomer/
polymer has not been described in the literature.
Changing the size of the monovalent cation as metal salt

additions improved the separation of the isomeric branched
polymer ions using MAI-IMS-MS, resulting in better resolved
drift times (Figure 7). This improved drift time resolution is
observed for the doubly charged ions [M + 2Na]2+ (Figure 7C)
as compared to [M + 2Li]2+ (Figure 7B). The ESI-IMS-MS
measurements on the home-built instrument using LiCl is
shown for comparison purposes (Figure 7D). As long as
multiply charged ions are formed, the 3-arm branched PEG-
1000 ions, also relative to linear PEG-1000, are significantly
better resolved than the singly charged ions formed by MALDI
using the same mass spectrometer (Figure S13). The extracted
charge states using the MAI-IMS-MS approach are displayed in
Figure S14 and preliminary LSI-ETD results in Figure S15. The
success and advantages associated with formation of multiply
charged polymer ions is in agreement with early studies on
desolvation relative to the size of the cation and the length of the
oligomers.23−25,31

In a final set of experiments, a prototypeMAI vacuum-probe69

was used on the Waters SYNAPT G2S to analyze linear PEG-
970 (Figure 8A) and 3-arm branched PEG-1000 (Figure 8B). As
expected, the mass spectra of these oligomers with similar MWs
does not differentiate the structural differences. Importantly, the
2-D IMS-MS pictorials appear closely related to those previously
observed with ESI on the SYNAPTG2 and home-built IMS-MS
instruments. The extraction of m/z 604.29 for the linear PEG
(Figure 8A (3)) shows the typical relatively narrow distribution

similar to the results obtained with ESI (Figure 3). Notably, the
extraction of m/z 596.30 for the 3-arm branched PEG-1000
(Figure 8B (3)) reveals the much broader drift time
distributions, which are indicative of the presence of more
structural features. The vMAI probe relative to ESI eliminates
capillary clogging and source contamination, improves IMS-MS
resolution, and allows direct detection of materials from
surfaces.

■ CONCLUSION
The successful differentiation of isomeric architectural variation
is achieved simply and rapidly based on the different cross
sections (size, shape, and charge) of the gaseous multiply
charged ions using an IMS-MS instrument. The high drift time
resolution provides insight into complex isomeric structures not
readily obtainable with other technologies. Importantly, the
observation that isomers with shorter drift times have higher ion
abundance than isomers with longer drift times elegantly
discloses that asymmetric, and thus more linear, isomers were
less likely formed during synthesis. The unique 2-D plots of
IMS-MS for the polymers examined provides a pictorial that can
potentially be used for quality control monitoring. For example,
the sample characterization demonstrated the presence of low
abundant impurities, best described as truncated 3-arm in the 4-
arm star-polymer. While the home-built IMS-MS instrument
provides higher IMS drift time resolution, it was demonstrated
that the commercial TWIMS instrument can rapidly differ-
entiate the star branched polymers. Furthermore, the MAI
allows direct analysis from surfaces generating the necessary
multiply charged ions for effective IMS-MS separation with
improved drift time resolution.70−72 Future efforts will be
focused on incorporating recognition software assisting in the
analysis of the 2-D plots for rapid characterization and quality
control purposes.
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