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ABSTRACT: The power of ion mobility spectrometry—mass spectrometry (IMS-
MS) as an analytical technology for differentiating macromolecular architecture is
demonstrated. The presence of architectural dispersity within a sample is probed by
sequentially measuring both the drift time and the mass-to-charge ratio for every
component within a polymer sample. The utility of this technology is demonstrated
by investigating three poly(ethylene glycol) (PEG) architectures with closely related
average molecular weights of about 9000 Da: a linear PEG, an unevenly branched
miktoarm star PEG, and evenly branched homoarm star PEGs. The three
architectures were readily distinguished when analyzed separately as “pure”
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architectures or when analyzed as mixtures. IMS-MS results are contrasted with
matrix-assisted laser desorption/ionization-MS and viscometry measurements.

he molecular architecture of polymers has a profound

effect on their physical properties and therefore their
potential applications. In the case of star polymers, the
multiplicity of end groups and more globular shape relative
to linear polymers imparts on them a set of unique physical
properties.' > Traditionally, star polymers are most easily
prepared via a divergent growth technique, in which the
polymer arms are grown outward from a central core.*"® While
it might be assumed that each arm generated by this technique
should have a similar degree of polymerization, steric hindrance
from neighboring arms can result in failed initiation or
truncated arms.” However, despite this concern about structural
inhomogeneity, there is no simple screening method for rapidly
determining the purity of star polymers with regards to
dispersity in arm number or length. To avoid these architectural
impurities, many convergent approaches have been developed
to prepare well-defined star polymers, including reaction of
preformed linear arms with a multifunctional core using highly
efficient coupling reactions.'”"! While this convergent route
ensures the uniformity of the arms within a star polymer, it
requires much more effort durin§ synthesis and purification
(e.g, removal of excess arms).'”'> Without any analytical
technology capable of determining structural irregularities
within star polymer samples, it can be difficult to justify the
additional effort required by convergent routes.

Classic small-molecule characterization technology, such as
nuclear magnetic resonance (NMR), is limited in its ability to
identify structural dispersity because the signal of the polymer
backbone often overwhelms that of the end groups or
branching points, making relative quantification unreliable. As
a result, these methods are often incapable of differentiating
between stars with the same molecular weight (MW) but
dissimilar arm numbers or lengths.
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While technologies such as viscometry and light scatterin
are useful in determining aspects of polymer size and shape,'*"
they measure the average properties of an entire polymer
sample and therefore cannot measure architectural dispersity
within a sample. Techniques like size exclusion chromatography
(SEC) can determine distributions with respect to hydro-
dynamic radius'®'” but cannot directly differentiate polymer
architecture within such distributions. Finally, mass spectrom-
etry (MS) can provide exceptional resolution of polymer mass
distributions, easily resolving every individual n-mer unit of a
homopolymer by its mass-to-charge (m/z) ratio.'® In addition,
ultrahigh resolution MS combined with tandem MS can also
give clues to copolymer composition where conventional
matrix-assisted laser desorption/ionization (MALDI) time-of-
flight (TOF) has difficulties.'”~>* However, irrespective of the
highest mass resolution, MS alone cannot differentiate isomeric
molecular architectures.”>**

Ion mobility spectrometry (IMS) coupled with MS may offer
the exceptional ability to detect architectural dispersity within a
polymer sample.”® For biomacromolecules, the ability of IMS-
MS to differentiate biopolymers by shape has been used to
distinguish between the native folded state of a protein and its
intact but denatured analogue.”®”” The applicability of IMS-MS
for the structural characterization of synthetic polymers was
first demonstrated by distinguishing between skeletal isomers
(n-Bu versus t-Bu) of poly(butyl methacrylate)*® and by
differentiating between linear and cyclic poly(e-caprolactone).”®
IMS-MS has also been used to confirm the cyclic structure of
polypeptoids™ and poly(lactide),®® to discern poly(e-capro-
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lactone) stars with differing numbers of arms,”’ and to
recognize the different stereoisomers (e.g, D vs L) of
polylactide.>* To probe its ability to measure architectural
dispersity, a set of poly(ethylene glycol) (PEG) star polymers
were synthesized in a stepwise fashion such that the length of
each arm could be tailored with respect to the other arms on
the same star polymer.*® The architectural library of PEG
polymers was designed such that the linear PEG control, 1
(~20S repeat units), a 3-arm “mikto”-star, 2, with arms of
different lengths (~18, ~ 49, and ~118 repeat units), and a 4-
arm “homo”-star, 3, with arms of identical length (~49 repeat
units), had overlapping mass distributions as apparent in their
electrospray ionization (ESI) (Figure 1) and MALDI mass
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Figure 1. ESI-mass spectra for the synthesized PEG library and their
chemical structures: (a) linear PEG, 1, (b) 3-arm mikto-star, 2, (c) 3-
arm homo-star, 4, and (d) 4-arm homo-star, 3. The purple box
indicates the portion of the MW distributions that overlapped and
were investigated in this study.

spectra (Figure S1, Supporting Information). Using a PEG
sample with a broader dispersity, an additional homo-star, 4,
with 3 arms of identical length (~60 repeat units) was also
prepared. Insets show the chemical structures and proportional
“cartoon” representations of each polymer.

During ESI-IMS-MS experiments, the sample is ionized by
association with typically multiple cations forming [polymer +
nCat]™ complexes of different sizes that are separated in the
TriWave section of the SYNAPT G2. Work by Clemmer offers
precedence for improved IMS-MS separation of polymer chains
adducting multiple Cs* cations.”»** Gas-phase ions collide with
nitrogen gas as they traverse this region due to motion of a
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traveling wave. Gas-phase ions that are more extended in their
shape experience more collisions and therefore require longer
times to reach the detector. Thus, IMS separates ions in the gas
phase by “drift time”, which is a function of both their
collisional cross section, defined by mass and shape, and the
number of charges associated with the gas-phase molecular
structure.>* In an IMS-MS experiment, the drift time, m/z, and
signal intensity are obtained for each component within a
polymer sample giving an information-rich three-dimensional
(3-D) plot. For a detailed description of IMS-MS, the reader is
referred to literature reviews.>~>” IMS-MS$ technology offers
promise to successfully identify architectural differences when
comparing two synthetic polymers that are structural isomers
and, more significantly, to identify architectural dispersity within
a single sample that is a mixture of different polymer structures.

The rationale for the experimental design and data
interpretation is detailed as follows. Charge stabilization can
be achieved if the polymer collapses around the cation,
providing electron donation from oxygen lone pairs to solvate
the cation(s).”>**** When comparing PEG/cation complexes
of different MWs, the fewer the charges, the more compact and
similar their shapes. On the other hand, with increasing number
of charges, the charge—charge repulsion of the metal cations
will dominate, stretching the polymer into a more extended
conformation.”® For linear PEG one can expect a more
extended structure via charge—charge repulsion at high charge
states as compared to branched PEG polymers which are
structurally incapable of being as extended. Because different
charge states can result in very different gas-phase conforma-
tions,”>*>*" meaningful structural comparisons must be carried
out utilizing the same MW range, cation, and charge state. For
the library of star polymers evaluated in this study, the +7
charge states with Cs" cations generated by ESI were used for
comparison in the m/z range between approximately 1350 and
1400 (Figure 1, purple box).

Expanded views of mass spectra (Figures S2 and S3,
Supporting Information) and raw data showing relative ion
abundances on a false color scale were extracted from two-
dimensional (2-D), drift time vs m/z plots (Figures S4—S8,
Supporting Information) for each sample analyzed. The
corresponding 2-D plots of Figures 2 and 6 (Figures S9—
S12) can be found in the Supporting Information along with
experimental details.

The IMS drift time measurements of 1—3 (those with the
narrowest dispersity) exhibit discernible differences that relate
to their architectures. For example, the linear PEG sample,
expected to exhibit the most extended conformation of the
three architectures, exhibited +7 ions with the longest drift time
(Figure 2a). On the other extreme, the most compact structure,
the 4-arm homo-star +7 ion, exhibited the shortest drift time
(Figure 2c). The 3-arm mikto-star +7 ions (Figure 2b)
exhibited drift times in between that of the linear and 4-arm
star, though much closer to that of linear PEG than the 4-arm
star. Thus, the shape of the highly charged gas-phase polymer
ion structures followed the trend of decreasing size: linear > 3-
arm mikto-star > 4-arm homo-star. The similar drift time of the
mikto-star sample 2, with respect to that of the linear control, 1,
is the result of the relative shortness (~19 repeat units) of the
single side chain (the other two arms collectively represent a
linear backbone) when contrasted with the two longer (~49
repeat units) pendant chains of the 4-arm homo-star 3.

Because the 3-D IMS-MS plot includes relative ion
abundances for all charge states in the same data set, some of
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Figure 2. 3-D plot for [M+7Cs]”* samples of M being: (a) linear PEG,
1, (b) 3-arm mikto-star PEG, 2, and (c) 4-arm homo-star PEG, 3.
Note: neighboring charge states, linear 8+ and mikto-star 6+, are also
observed but can be easily distinguished by different drift times and m/
Zs.

the adjacent charge states (+6 for the 3-arm mikto-star and +8
for the linear) were also apparent. These charge states are easily
differentiated in the m/z dimension, as they exhibit a different
spacing between n-mers as well as within the isotopic
distribution. The fact that highly charged polymer ions in the
same MW range but differing in architecture exhibit discernible
trends in their drift times demonstrates the potential of this tool
for elucidating polymer architectures within a few minutes of
experimental time. It is important to note that the minor
compositional differences, namely, the presence of a different
number of triazole linking units (O for linear, 3 for the 3-arm
mitko-star, and 4 for the 4-arm homo-star) or different core
structures, will likely result in additional, though minor,
deviations in drift times.

It is useful to compare these data to traditional character-
ization methodologies such as viscometry. As the reciprocal
density of the polymer coil in solution, the intrinsic viscosity
[7] can also reveal aspects of macromolecular architecture.
Thus, a graph of [7] vs M (Figure 3) confirmed that the linear
PEG controls exhibited a predictable trend, illustrated by the
Mark—Houwink—Sakurada scaling law ([] = KM®). The 3-
arm mikto star, 2, with a structure that deviated only slightly
from linear analogues, showed a small offset from this trend
observed for the linear controls. However, the 4-arm star, 3,
with a significantly more compact structure and smaller
hydrodynamic volume, showed a more substantial deviation
from the linear PEG samples.
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Figure 3. Intrinsic viscosity data for the linear PEG, 1, M, = 9030, and
other linear PEG standards of various M, (green, circles), the 3-arm
mikto-star PEG, M,, = 8310, 2 (red, triangle), and the 4-arm homo-star
PEG (blue, square) M, = 8860, 3.

When comparing the viscosity data to the IMS-MS data, the
average IMS drift time observed for each n-mer within each
polymer sample showed a very similar trend (Figure 4), such
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Figure 4. IMS-MS data comparing the average drift times of the [M
+7Cs]" ions for each n-mer for the linear PEG, 1 (green, circles), the
3-arm mikto-star PEG, 2 (red, filled triangles), 3-arm homo-star PEG
(purple, hollow triangles), 4, and the 4-arm homo-star PEG (blue,
squares), 3.

that the 3-arm mikto-star PEG (red, filled triangles) was slightly
more compact than the linear (green, circles), while the 3-arm
homo-star (purple, hollow triangles) was more compact and
the 4-arm homo-star PEG the most compact (blue, squares).

However, while viscometry can provide fundamental
evidence for the presence of branching, each polymer sample
yields only a single data point (an average [#7] measurement
correlated to the number-average molecular weight) complicat-
ing the analysis of architectural mixtures. In contrast with the
viscometry data, the IMS-MS data are measured for each
individual n-mer component within a polymer sample. The
value of IMS-MS analysis is especially apparent relative to
viscometry when analyzing mixtures of different polymer
architectures. The intrinsic viscosity of blends with differing
proportions of the 4-arm homo-star polymer (3) and the linear
PEG (1) was determined (Figure S). By tuning the binary
mixture to 75% linear and 25% 4-arm star, the measured
intrinsic viscosity can mimic that of the 3-arm mikto star.

In contrast, the 3-D IMS-MS plot of this same blend clearly
showed the presence of two different polymer architectures
within the sample when analyzing the [M+7Cs]”* ions (Figure
6). The differentiation of the two different architectures is also
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Figure S. Intrinsic viscosity data comparing the 3-arm mikto-star, 2
(red, triangle), to binary mixtures (crossed squares) of linear, 1 (green,
circle), plus 4-arm homo-star (blue, square), 3. The 75% 1 + 25% 3
mixture exhibits a viscosity nearly identical to that of the 3-arm mikto-
star, 2.

observed for the same mixture in the +6 charge state (Figure
$13, Supporting Information).
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Figure 6. 3-D plot for the [M+7Cs]”* charge state of the mixture
exhibits two distinct data trends corresponding to the two
architectures present in the blended sample: linear PEG, 1 (right),

and 4-arm homo-star PEG, 3 (left).

In summary, IMS-MS has proven to be a powerful
technology to distinguish between two samples of similar
MW but with different molecular architectures. More
significantly, IMS-MS shows great potential in determining
architectural dispersity within a sample, a problem where
traditional analytical methods have difficulties.*"** The strength
of this technology lies in the fact that high-resolution separation
can be achieved in both the drift time and m/z dimensions for
each component within a polymer sample.
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All synthetic protocols, characterization methods, and instru-
mental data. The Supporting Information is available free of
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