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Abstract. The strong synergy arising from cou-
pling two orthogonal analytical techniques such
as ion mobility and mass spectrometry can be
used to separate complex mixtures and determine
structural information of analytes in the gas phase.
A tandem study is performed using two systems
with different gases and pressures to ascertain
gas-phase conformations of homopolymer ions.
Aside from spherical and stretched configurations,
intermediate configurations formed by a multiply

charged globule and a “bead-on-a-string” appendix are confirmed for polyethylene-glycol (PEG), polycaprolactone
(PCL), and polydimethylsiloxane (PDMS). These intermediate configurations are shown to be ubiquitous for all
charge states and masses present. For each charge state, configurations evolve in two distinctive patterns: an
inverse evolution which occurs as an elementary charge attached to the polymer leaves the larger globule and
incorporates itself into the appendage, and a forward evolution which reduces the globule without relinquishing a
charge while leaving the appendix relatively constant. Forward evolutions are confirmed to form self-similar family
shapes that transcend charge states for all polymers. Identical structural changes occur at the same mass over
charge regardless of the system, gas or pressure strongly suggesting that conformations are only contingent on
number of charges and chain length, and start arranging once the ion is at least partially ejected from the droplet,
supporting a charge extrusion mechanism. Configurational changes are smoother for PDMS which is attributed to
the larger steric hindrance caused by protruding pendant groups. This study has implications in the study of the
configurational space of more complex homopolymers and heteropolymers.
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Introduction

Synthetic and natural polymers play an essential role in
modern day life across all different disciplines and indus-

tries (e.g., biological, chemical, pharmaceutical, additive
manufacturing, industrial, etc.) [1–5]. Their interest resides in
their large variety in composition, structure, molecular weight,
and their distinct and unique physical properties [6, 7]. Indeed,
global production of synthetic polymers has reached 300
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million tons and is expected to double in the next 10 to 15 years
[8]. In the biological context, all organic macromolecules such
as nucleic acids, proteins, and polysaccharides are polymers with
fundamental functional roles where structure is a key component
[9, 10]. As more advanced manufacturing techniques surface
and better understanding of biological processes arise [11],
polymers are bound to become the building blocks of synthetic
and natural molecular motors [12], will have important roles in
information processing at the nano-level and may give rise to
intricate self-assembled nano-objects [13–16]. A deeper under-
standing of polymers as single physical objects is however
crucial for these promising applications to materialize.

In recent years, techniques such as single-molecule spectros-
copy and optical tweezers have allowed us to control biological
macromolecules as single entities, where folding or misfolding
may be studied and imitatedwith synthetic counterparts [17–20].
Important advances in mass spectrometry (MS) have also
allowed polymers to be uniquely characterized individually
[21–24]. When MS is coupled with orthogonal techniques such
as ion mobility spectrometry (IMS), a new dimension is brought
forth that also yields insight into the gas-phase structures of these
ions. When used in conjunction with electrospray ionization
(ESI), ESI-IMS-MS has provided valuable structural informa-
tion of polymers in the gas phase [25]. Most notable are the
studies of the hydrophilic homopolymer polyethylene glycol
(PEG), whose very simple backbone structure and ability to hold
positive charge (through its oxygen sites) has led to some of the
most revealing spectra in the field of ion mobility.

Initial work by Fenn and colleagues on PEG using MS
showed that even with mean molecular weights in the range
of megadaltons, the highest intensity of the spectra appeared to
be at around 900 Thomsons (Th), suggesting that the ions were
heavily charged and that the vast majority of the ions would
have to be stretched to contain such amount of charge [26–29].
Von Helden, Wyttenbach, and Bowers showed using different
mechanisms, including IMS-MS and molecular dynamics
(MD), that charges in the ion are surrounded by the polymer
chain, as if it were solvated, in what was referred to (perhaps
later on) as a “beads-on-string” configuration [30–33]. The
number of monomer linkers surrounding the charge (coordina-
tion number) varied between 6 and 12 depending on the poly-
mer used (around 8 for the sodiated PEG structures observed).
They were equally successful in showing that more compact
globular PEG ions must exist when the level of charging is low
enough. Ude and de la Mora combined a differential mobility
analyzer (DMA) together with an MS to show that “interme-
diate” structures were present, between fully globular and
stretched, which were uniquely defined for each charge state
[34]. Moreover, they hinted at the existence of non-spherical
shape families that transcended a single charge state (the same
shape was observed in multiple charge states). Trimpin,
Clemmer, and coworkers used high-resolution IMS-MS with
PEG and other polymers to show that uniquely defined inter-
mediate shapes were present joining the spherical/globular
region with the stretched one by a series of sharp kinks attrib-
uted to collapsing transitions [35, 36]. MD simulations of

longer multiply charged chains revealed extended structures
confirming the “beads-on-string” configuration for ions with a
degree of polymerization (DP) of 126 and 9 charges [35, 36].
Within our group, a differential mobility analyzer mass spec-
trometer (DMA-MS) was used to characterize the full extent of
these transitions for the first 8 charge states with multiple
incomplete transitions for higher charge states [37]. Careful
study of the mobilities revealed that the transition structures
may be precisely determined and that the configurations creat-
ed are heavily dependent on the number of charges and the
length of the chain. MD simulations, as well as analytical and
numerical collision cross section (CCS) predictions showed
that the existing structures were formed by a multiply charged
globule with a “beads-on-string” appendix sticking out and
where the equilibrium is established by the competition be-
tween cohesive forces (Van der Waals) and repulsion between
charges [38, 39]. Our group also confirmed the existence of
these self-similar shapes predicted by Ude et al., established
their structure, and extended their presence to all visible struc-
tures and charge states in the spectra up to 8 kDa [37].

The fact that the observed mobility peaks were so sharply
defined in both mobility and mass, in contrast to what occurs
for example for large proteins where mobility peaks are in
general broader than the limit of resolution of the instrument,
led to the belief that the ions are at least partially produced by
the ion evaporation model (IEM) from the ESI droplet instead
of through the more common charge residue model (CRM)
for large ions [40–42]. This has been corroborated indepen-
dently by Konermann et al. and Consta et al. through MD
simulations and whereby a macromolecule is extruded from a
charged droplet attached to the ejected charges in a sequential
fashion. Konermann first showed that this effect is applicable
to proteins in what has been termed as the chain ejection
model (CEM) [43, 44]. Recently, he has shown that the
CEM mechanism applies partially to polypropylene glycol
polymers as well [45]. Consta, on the other hand, provided
simulations of the release mechanisms of PEG and an analyt-
ical model for the extrusion of a chain from a droplet [46, 47].
For simplification purposes, we will refer to the release,
ejection or extrusion of a chain as chain extrusion, leaving
the intricacies of the differences between the methods to more
detailed literature [48, 49]. Our group partially confirmed the
reality of the chain extrusion process through gas-phase ion
activation of two entangled polymer molecules in the gas
phase in an IMS-IMS cell [50]. When sufficient energy was
applied, the chains were disentangled in the gas phase and
each individual chain instantly rearranged itself onto different
configurations depending on the number of charges and the
number of monomers in each chain. What is more important,
these configurations agreed with the configurations arising
from the solution droplet. The ability of the polymer to ion
evaporate from a polymer melt in the gas phase and reconfig-
ure itself into a configuration resembling that extruding from
a droplet is, in our opinion, clear evidence that charge extru-
sion and restructuring in the gas phase is a natural behavior for
polymer ionization.
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More recently, de Pauw’s group has been working on a
thorough study of polymer topology using IMS-MS where
they use the concept of apparent densities to establish rela-
tions between mass and CCS [51–53]. Many of the implica-
tions of the topological study of homopolymers in the gas
phase can and should be used to explain some of the behaviors
observed in more complex heteropolymers, e.g., nucleic acids
and proteins. It has become clear that CCS of proteins in the
gas phase are not limited to the biologically more relevant
functional form or native state, but rather depend on many
other external parameters. Many times, the major contributor
to protein deformation in the gas phase is the level of charge,
particularly under denaturing conditions where the protein
appears extended. However, compaction in the gas phase
when the level of charge is relatively low has also been
observed for proteins like cytochrome C, immunoglobulins,
or even viruses [54–63]. This complexity is enhanced by the
details of how the ions are handled prior to mobility measure-
ments, including the conditions in the solvent, the ionization
process, or the pressure changes in the interface. All these
effects yield different configurations, especially under dena-
turing conditions, that must be interpreted in order to correctly
answer the most pressing issue; which, if any, of the gas-
phase configurations corresponds to the native structure of the
protein?

To further explore and understand the gas-phase structures
of homopolymers and heteropolymers, this manuscript ex-
plores the concept of local monomer polarity in homopoly-
mers to extend the structural configurations already observed
in PEG to other polymers such as polycaprolactone (PCL) and
polydimethylsiloxane (PDMS). The idea herein is that the
oxygen (electronegative) sites present in the PCL and PDMS
monomers, as shown in Figure 1, is sufficient to bind the
polymers to the charging agent (in this case ammonium)
despite the overall molecule being somewhat non-polar
(non-miscible in water). A feature of the structures must
therefore be the flexibility of the polymer to wrap around
the charge together with the enhanced attraction produced
by the existing polar bond. PCL and PDMS were also chosen
because both present discernable differences with respect to
PEG. PCL is intrinsically very similar to PEG with a very

simple backbone chain and a single oxygen as a pendant
group, but where the monomer is almost three times the mass
of the PEG monomer, increasing the mass over charge gap
between consecutive ions. The carbon to oxygen ratio has
also been increased from 2 to 1 for PEG to 5 to 2 for PCL
which has implications in the monomer coordination number.
On the other hand, PDMS has an organosilicon based back-
bone with a monomer molecular mass between that of PEG
and PCL. PDMS, however, has two methyl pendant groups
that shield the heavily polarized backbone. These pendant
groups also reduce the flexibility of the chain and contribute
to the transitions occurring at larger masses and lower
mobilities.

The studies of these three polymers are made using two
very different IMS-MS systems and conditions albeit with the
similarity that the mobilities calculated in both systems are
directly related to the raw variables used. The first system is
an ultra-high resolution (R~150–400) 4 m drift tube that
operates at low pressure and He gas coupled to an in-house
MS system. The second system is a high resolution (R~50–
60) DMA system that operates at atmospheric pressure in N2

coupled to a commercial triple–quadrupole time of flight
system (ToF). Both systems use similar ESI sources to ionize
the same analyte solutions in order to lower the amount of
external variables that might affect the gas-phase configura-
tions. It is shown that the gas-phase structures are independent
of the buffer gas and pressure used (at least in the range
studied) and that the different transitional changes in each of
the polymers seem to appear at the same mass over charge for
either experimental system. The high resolution achieved
with the drift tube allows many of the transitions to be
completely resolved clearly for the first time where charge
states “interweave.” These transitions seem to extend to very
high charge states and masses (up to the resolving power of
the instrument and up to hundreds of kDa) without any
observable difference in the family self-similar shapes. As
such, the globule plus appendix structures present in PEG
are confirmed for the other two polymers. Moreover, the
transitions for PCL appear to be analogous to those of PEG
while PDMS follows similar trends but with less sharp tran-
sitions. This is to be expected due to the increased steric
hindrance caused by the methyl pendant groups.

Experimental Setups and Methods
Two experimental systems were used to obtain the results
presented in this manuscript. The first one is an atmospheric
pressure Differential Mobility Analyzer (SEADM, P4,
Boecillo Spain, R~50–60) coupled to a triple–quadruple time-
of-flight (ToF) mass spectrometer (QSTAR XL, R~10,000)
[64]. The second system corresponds to a homemade 4-m
low-pressure drift tube (R~150–400) coupled to a ToF system
(DT-MS). Both systems, each with their own electrospray
emitter, are described below.Figure 1. Sketches of polymers
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Differential Mobility Analyzer Mass Spectrometer
(DMA-MS)

The operation of the DMA has been shown previously, and
only a brief explanation will be provided here [65]. The DMA
is, as its name suggests, a filter that transmits a single ion
mobility (within the instrument’s resolution) under a specified
condition. For the parallel plate DMA used in this work, see
Figure 2A, mobility classificationmay be achieved by applying
a voltage difference between two parallel plates while a
sheathed gas (nitrogen) flows between these plates at a constant
velocity. Ions entering a slit on the top electrode will be pushed
downstream by the sheathed gas while drifting towards the
bottom electrode due to the electric field. This combination of
voltage and gas flow spreads the ions spatially depending on
their mobility. An outlet slit placed on the bottom electrode
4 cm downstream of the inlet slit allows ions of a particular
mobility to drift into the QSTAR MS which operates in RF
mode only. Varying the voltage will modify the ion mobility
that is transmitted into the MS. The desired mobility is easily
obtained from the voltage through the linear equation:

KDMA ¼ k=VDMA ð1Þ

where KDMA is the ion mobility, VDMA is the DMA voltage
applied, and k is a value proportional to the distance between
electrodes, the distance between slits, and to the velocity of the
gas flow. Due to the difficulty in accurately calculating the flow
velocity, k is normally obtained through calibration. In this
manuscript, THA+ ion was used to calibrate the spectra (K-

cal = 0.984 cm2/Vs at room temperature and pressure) [66]. An
IMS-MS scan and spectra are therefore produced by ramping
the voltage (at steps of a few volts every second) within a range
of desired mobilities. Some of the advantages of the DMA are
that it is able to work at atmospheric pressure, that its integra-
tionwith any existingMS can be done very easily, that it allows
only a single mobility into the MS, and that its mobility is easy
to relate to the raw variables employed. While the base resolu-
tion of the DMA is set at 50–60, one can obtain resolutions
larger than 110 [67]. In fact, some of the resolutions observed
in this manuscript for large charge states is above 175.

ESI Electrospray for DMA-MS

In order to electrospray the polymer ions, samples were intro-
duced into a 1.5-mL polypropylene vial, which was pressurized
above atmosphere to push the solution through a silica capillary
(Polymicro Technologies, ID 41 μm, OD 360 μm). The silica
was tapered at the tip to ease the anchoring of the meniscus. An
HV floating power supply (EMCO HV Co., Sutter Creek, CA)
is then used to apply a voltage between the liquid reservoir and
the top electrode producing a Taylor Cone and a microdroplet
jet. The Taylor Cone was monitored through a camera until it
was visually stable and produced a constant current of 70–
180 nA measured with a multimeter. The capillary was then
centered and placed 0–2 mm away from the DMA slit so that
ions were not lost in the spread. A small counterflow (0–

0.4 lpm) of nitrogen (similar to a curtain gas) was employed
to ensure any neutrals from entering the system while enhanc-
ing the solvent evaporation.

Drift Tube Mass Spectrometer IMS-MS (DT-MS)

A home-built 4-m drift tube coupled to a ToF mass spectrom-
eter was used for DT-MS analysis. A description of drift tube
theory of similar instrumentation has been given in detail
previously [68, 69], and only a brief description is provided
here together with the sketch shown in Figure 2B. Ions pro-
duced by ESI enter the IMS-MS instrument through a narrow
capillary and are stored in an hourglass-shaped ion funnel. A
100-μs-wide electrostatic gate is used to pulse the ions into the
drift tube at specified intervals. The ion packet then traverses
the drift region under the influence of a uniform electric field
(11.5 V cm−1) and is free to collide with a neutral buffer gas (~
3.0 Torr He). After every meter of separation, the diffuse ion
packet is radially focused by ion funnels with applied RF
potentials (F# in the figure). When the ions exit the drift tube
through a differentially pumped region, they are pulsed into a
two-stage reflection-geometry ToF-MS and separated by their
mass-to-charge ratios (m/z). The corresponding drift times and
flight times are detected by a microchannel plate and are
recorded in a nested fashion [70]. The conversion from drift
time to mobility, KDT, is hence given by:

KDT ¼ k
0
=tdrift: ð2Þ

Here, k′ is a constant (length divided by electric field) that
establishes the relation between mobility and drift time. In a
similar fashion to the DMA, k′ is not directly calculated and a
calibrant is used to obtain the mobility. In this work, the doubly
charged Bradykinin ion (m/z ~530 Th, CCS~246A2) is used to
calibrate the spectra.

ESI Emitter Fabrication for DT-MS

Uncoated borosilicate glass (ID 1.2 mm, OD 1.5 mm) was
purchased from Sutter Instrument Co. (Novato, CA). The 10-
cm-long capillaries were pulled with a Sutter P-97micropipette
puller to produce electrospray capillaries with 10-μm tip sizes
and taper lengths of ~ 4 mm. These tips have been well char-
acterized previously by scanning electronmicroscopy to ensure
reproducibility. The polymer solution was inserted into the
back of a pulled emitter, and a 0.25-mm platinum wire was
inserted into the solution. The emitter was positioned onto a
stage for alignment to the IMS-MS instrument. An ESI poten-
tial between 1 and 2 kV (Bertan, Spellman High Voltage,
Hauppauge, NY, USA) was connected to the platinum wire
to generate ions for analysis.

Analytes

Solutions of micromolar concentrations of polymer in differ-
ent solvents with varying levels of ammonium acetate
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(AmAc, Sigma-Aldrich, St Louis, MO) were used. Poly-
ethylene glycol 12 kDa (Sigma-Aldrich), at concentrations
of 300 μM, was dissolved in a 50/50 water-methanol (UPLC-
grade, Sigma-Aldrich) mixture with the addition of 10–
30 mM AmAc. Due to the non-solubility of PCL and PDMS
in water, toluene (Sigma-Aldrich) was used for the other
polymers. One hundred to 300 μM poly-caprolactone
14 kDa (Sigma-Aldrich) was dissolved in a 50/50 toluene-
methanol with concentrations of 10–70 mM AmAc salt. Con-
centrations of 100–300 μM of PDMS 25 kDa (1150 cSt,
Sigma-Aldrich) in a 50/50 solution of toluene and methanol
with 30 mM of AmAc. The densities used for the polymers
are 1115 kg/m3 for PEG [71], 1145 kg/m3 for PCL [72], and
965 kg/m3 for PDMS [73].

Calculations of CCS

In order to relate the mobility of the ions to their CCS in the gas
phase, one can make use of the well-known Mason–Schamp
equation for small ions in the free molecular regime [74]:

K ¼ 3

16

ze

N

1

m
þ 1

M

� �1
2
ffiffiffiffiffiffiffiffi
2π
kbT

r
1

Ωgas
ð3Þ

Here, z is the integer charge number, e is the elementary
charge, kb is the Boltzmann constant, T is the temperature, N is
the gas density,m andM are the molecular mass of the gas and
the ion (respectively), and Ωgas is the CCS of the ion which
depends on the buffer gas used. The raw variable DMA-MS
voltage may be transformed into mobility by use of the
calibrant ion data. This mobility, in turn, is transformed into
CCS through Eq. (3). If mobilities are preferred, the CCS
obtained with the calibrant data from the DT-MS could in turn
be transformed into mobility.

Results and Discussion
To explore the reasons why homopolymers seem to arrange
themselves in well-defined structures in the gas phase, poly-
mers with very distinct monomer units were used in conjunc-
tion with different IMS-MS systems working at different con-
ditions of pressures in different gases.

The homopolymers, PEG, PCL, and PDMS, were careful-
ly chosen for this study for their unique similarities and
differences, with their backbone chains sketched in
Figure 1. A shared characteristic of these polymers is that
the monomer unit possesses some local electronegativity so
that the positive charging agent employed can easily attach to
the site and allow the polymer to hold a vast amount of
charge. While completely non-polar polymers, e.g., polypro-
pylene, will never hold sufficient charge to become stretched
in the gas phase, it is also not necessary for the polymer to be
globally polar or hydrophilic. As such, even though PEG is
soluble in water, the other two polymers are not despite
having polar covalent bonds. In the case of PDMS, the non-

polar methyl groups shield the backbone of the structure
yielding it non-soluble in water. PCL is known for its hydro-
phobicity and as such can only be dissolved in non-polar
solvents such as toluene. Despite this, PCL has a local polar
region (see sketch) which is not shielded and where positive
charge can easily attach.

The monomer unit masses of 44 Da for PEG, 74 Da for
PDMS, and 114 Da for PCL will give a reasonable range of
monomer molecular masses to compare. The mean molecular
weights of the polymers are 12 kDa, 25 kDa, and 14 kDa, and
the distributions are very broad, so it is expected that masses
ranging from a few hundred to tens of thousands of Daltons
may be observable in the mobility-mass spectra.

The addition of AmAc salt increases the conductivity of the
sample while allowing ammonium ions to attach themselves to
the polymer chains. Even though other charging agents may
work as well, AmAc is specifically chosen in this case for its
ability to attach to the polymer sites strongly. While not shown
here, AmAc produces the least number of evaporation events
(loss of charge in the IMS or MS regions) when compared to
other charging agents. It seems that the hydrogen in the am-
monia ion enhances the ability of the charge to stick to the
polymers’ oxygen sites, in comparison to for example Na+,
especially in the air to vacuum interface and in particular when
declustering potentials are used [50]. If the charging agent was
to be negative, then very few charges should attach to the chain.
As expected, electrospraying PEG in negative mode only
yields globular ions [75].

IMS-MS Studies under N2 and He Gases

To study the effect of different gases on the structural config-
uration of the polymers, two distinct systems have been used. A
DMA-MS which works in N2 at atmospheric pressure and a
DT-MS which works in He at low pressure (~ 3 Torr). The
systems are different enough that the similarities between the
two results might give insight into the generalization of the gas-
phase configurations produced. Both systems are also alike in
the sense that mobility is inversely proportional to the raw data
variable in the abscissa axis, be it drift time or DMA voltage,
making the interpretation and comparison easier. All three
polymers were run under both systems and the results are
shown in Figure 3. Figure 3 contains six color scheme contour
plots where the ordinate axis corresponds to mass over charge
in Thomsons and the abscissa axis corresponds to the raw
variable pertaining to the particular system (drift time or
DMA voltage). The false color scheme determines the intensity
which is only representative of the signal that arrives at the
detector but is not guaranteed to relate to the real mass distri-
bution of the polymer ions. Figure 3a, b shows PEG 12 kDa
under He (a) and N2 (b) environments, Figure 3c, d shows PCL
14 kDa under He and N2, respectively, and finally, Figure 3e, f
shows PDMS 25 kDa for the same two gases. Clean full-
resolution one-page images of each of the plots are provided
in the Supplementary Information.
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Particularities of Contour Plots

The ionic spectra produced are quite similar regardless of the
polymer or gas used and certain parallelisms can be made for
all plots. Some of the features have already been described
previously for PEG, and only a brief explanation of those is
provided here [37, 39, 50]. Since the homopolymer mass
distributions are quite broad, the plots are populated by a
myriad of ions which correspond to different chain lengths
(different DP) centered, in general, on the mean molecular
weight of the polymer. These chains may also have varying
amounts of charge for the same length which ultimately leads
to the wide spectra observed. The fact that the jump between
two ions differing one monomer link is constant in mass over
charge,m/z, leads to distinct tracks in the plots which are easily
discernable and correspond to constant charge states labeled
+z. Depending on the degree of polymerization, the chains
arrange themselves in different structures within the tracks.
For each track, three regions are readily observable: (1) the
heavily charged fully stretched region at low m/z and high
mobilities, (2) the low-charge globular (spherical) region at
small mobilities and medium to high m/z (see Figure 3b show-
ing the globular region for charge state 4), and (3) a set of
transition regions with multiple kinks joining the globular
region to the stretched region.

Before describing each individual polymer plot in detail, the
highly resolved plots provided by the DT will easily provide a
more in-depth explanation of the tracks and transitions. PEG
spectra in He may be used for this purpose as shown in
Figure 4. Figure 4a provides a guide to tracks + 5 through + 8
as they intertwine through the various kinks from globular to
stretched as m/z is lowered. While tracks + 1 through + 7 are
complete, tracks + 8 through + 13 can be followed for some or
most of the track (up to the highestm/z observable by the MS).

Higher charge states are also visible, but the tracks are incom-
plete and only appear partially in regions corresponding to the
mean molecular weight of the polymer.

To understand how the polymer ions arrange themselves
into different structural configurations in the transition regions,
Figure 4b describes the process for track + 4. To describe this
process, ions are assumed to have entropically driven configu-
rations in the solvent before it is electrosprayed into a plume of
droplets. Inside the droplets, or perhaps at the surface, the
polymer wraps around the ammonia charges with a coordina-
tion number between 8 and 12. As the solvent evaporates, the
beads are ion-evaporated from the droplet one at a time (chain
extrusion) and conform their structure mid-flight in the gas
phase. This sequence of ion evaporation events has been
gaining more acceptance and has been described extensively
through molecular dynamic simulations [44–46, 48, 49, 76]. It
also seems to agree with the data presented here for reasons
described herein. One of such reasons is the remarkable reso-
lution of the peaks in both mobility and m/z. In general, in
Dole’s charge residue mechanism [41], impurities remaining in
the droplet with the ion are known to appear in the IMS-MS
spectra which lower resolution in mass and mobility, some-
thing not observed here. It is however almost certain that some
of the largest globular ions with low charge that appear in this
work must occur through Dole’s mechanism.

Once in the gas phase after the ion ejection, the polymer
arranges itself into a particular configuration depending on the
number of charges and the length of the chain [37]. An ion with
a high degree of polymerization (for PEG + 4, DP > 182,m/z >
2000) that desorbs with 4 charges will have enough cohesive
force to withstand the existing repulsive forces and become
globular. This is represented by letter A in Figure 4b. When an
ion with 4 charges has a degree of polymerization below the

Figure 2. Experimental sketches of (a) DMA-MS and (b) DT-MS
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Figure 3. Contour plots of polymer spectra in He and N2 conditions. (a) PEG 12 kDa He, (b) PEG 12 kDa N2, (c) PCL 14 kDa He, (d)
PCL 14 kDa N2, (e) PDMS 25 kDa He, (f) PDMS 25 kDa N2
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first critical value but above a second critical value (for PEG +
4, 145 < DP < 182, 1600 < m/z < 2000), the ion will no longer
be able to overcome the repulsive forces completely. It will
however try to find its most stable configuration—a local
minimum—in the gas phase [34, 39]. This has been observed
to be a globule with z-1 charges with a single bead appendix
sticking out and which corresponds to letter B in Figure 4b
[37]. In this transition region, between 1600 and 2000 m/z,
there are two distinct ion mobility tendencies. The first one
corresponds to an increase in CCS (decrease in mobility) as the
m/z is lowered, while the second one corresponds to a decrease
in CCS (increase in mobility) with decreasing m/z. The only
possible scenario for these two sharp tendencies to occur is that
two different restructuring processes occur mostly independent
of each other. In the first process, termed from here on inverse
evolution (from m/z of 2000 to 1700–1750 Th for PEG + 4),
chains with subsequently lower DP will reconfigure them-
selves so that the appendix becomes longer at the expense of
losing monomers in the globule. The continuous extension of
this appendix greatly increases the CCS and significantly
lowers the mobility as the DP is lowered through the track.
Somewhere in the 1700–1750 Th, the appendix reaches suffi-
cient length so that the repulsion is small enough and the
appendix stops growing.

At this point, the second process starts—termed forward
evolution—and covers in PEG + 4 a reduction in the DP from
1750 to 1600 Th. The reduction of DP seems to only affect the
size of the globule with the remaining charges (z = 3) keeping
the appendix length constant and thus the trend is reversed
(CCS lowers with mass). This reduction of the globule con-
tinues until the repulsion in the globule is strong enough that

the ion cannot group all three charges together and a second
appendix is produced, which is normally an extension of the
first (100 < DP < 145). As such, a second transition occurs
from 1600 to 1100 Th with the same characteristics as the first.
In here, from around 1600 to 1400 Th, the second appendix
protrudes in the inverse evolution portion while from 1400 to
1100 Th (C in Figure 4b), the globule with the remaining 2
charges is reduced in the forward evolution (to letter D in
Figure 4b). When the ion’s DP is small enough (DP < 100),
there are not sufficient monomers to group two charges in a
single globule and the ion remains fully stretched with perhaps
a slightly larger singly charged globule (E in Figure 4b).

These sets of transitions, each with a forward and inverse
evolution, occur in the same fashion for all existing tracks (and
all the polymers studied here) as shown in Figure 4a, which
finally lead to the interweaved patterns observed in the plots.
Each track has no more than z-1 transitions from globular to
fully stretched. The transitions are labeled by TX, where X is an
integer number from 1 to z-1 and where T1 refers to the
transition closer to the stretched region (as observed in
Figure 3). In higher charge states (+ 5 or greater), some of the
last transitions (into the globular region) are skipped probably
due to the fact that the repulsive-cohesive equilibrium length
for the last remaining portion of the appendix does not seem to
be reached before a new charge must leave the globule.

Particularities of the PEG Spectra

While the PEG ion has been explored extensively before as
shown in the introduction, it has not been done with the detail
of resolution provided here. The high resolution of the DT-MS

Figure 4. (a) PEG contour plot highlighting different charge state tracks as well as inverse and forward evolutions. (b) PEG contour
plot showing the evolution of the structures for track +4 from globular to stretched. Letters correspond to the different structures
sketched
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in He allows the first four (starting from the stretched side)
transitions to be fully discernable for a multitude of charge state
tracks as they interweave each other during the inverse evolu-
tions. This will allow a more thorough comparison of the CCS
for each track and transition. Each of these transitions have
been labeled in Figure 3a as T1 through T4, with T5 also
slightly visible. The TX label is also followed by an arrow that
points at the inverse evolution portion. Some general rules
seem to be present for different tracks within the same transi-
tion; for example, inverse and forward evolutions seem to
follow similar patterns as if mimicking each other. One
inverse evolution that stands out is that of T1 which seems to
be weaker than that of other transitions to the point that the
CCS remains almost constant (instead of increasing) when
lowering the mass over charge.

The N2 plot, Figure 3b, repeats the same spectra as the He
plot albeit with lower mobility resolution. The MS used how-
ever has a higher m/z resolution and reaches much higher m/z.
For this reason, higher globular charge states as well as higher
transitions are observable. As shown previously, these larger
m/z correspond to more than one polymer chain entangled
together [50]. It also seems that the multiple blobs appearing
at m/z = 1200 Th and VDMA > 2500, not observed in He, seem
to be the first transition, T1, of subsequent entangled chains
(labeled “T1 for multiple chains” in the figure). This is sup-
ported by the fact that these blobs of multiple linked chains do
not continue into the stretched regions as subsequently lower
cohesive forces and stronger repulsive ones would most likely
disentangle the chains (there is no m/z below 1000 for any of
these blobs).

One interesting feature that stands out when comparing both
PEG plots is that the kinks and transitions all happen at the
same m/z for both gases, N2 and He, which seems to suggest
that the structures formed in the gas phase are not strongly
dependent on the gas or the pressure. This also implies that the
gas-phase structures are mostly a function of potential interac-
tions confirming previous hypotheses [37, 39]. That the ions
seem to arrange themselves always in the same configuration,
points out to the ions being able to restructure themselves in the
gas phase once the solvent is gone. This has been indirectly
proven through IMS-IMS studies of entangled chains [50].
Following the disentanglement of two chains mid-drift through
ion activation between two IMS stages, the free chains restruc-
ture themselves depending on their new charge into configura-
tions that resemble those of single chains with the same amount
of charge coming out directly from the solvent. However,
under the same ion activation energies, none of the single chain
structures were modified. This points out that either gas
configurations are extremely stable or “frozen” as de-
scribed by other groups [77], or that they have the ability
to restructure themselves extremely fast in gas the phase to
an equilibrium structure (or more than one, as shown in
Figure 3c, where multiple structures seem to coexist in
transition regions). For a more comprehensive study of
collision induced behavior and fragmentation one can refer
to recent work by the Pauw’s group [78].

Particularities of the PCL Spectra

The contour plot of the PCL ions is strikingly similar to that of
PEGwith the added difference that the larger monomer mass of
the PCL (114 vs 44 Da for PEG) makes ions individually
discernible specially for the lower charge states. The high
resolution of the DT contour plot, Figure 3c, also allows much
higher charge states to be observable. One can easily discern
individual ions up to track + 17 and charge states up to > + 20.
The portion of tracks in the inverse evolution regions are more
spaced out from one another than in PEG to the point where
tracks are now fully separated in the first two transitions, T1
and T2. Once again, the inverse evolution of T1 is weaker and
becomes barely distinguishable from the actual forward evo-
lution for the larger charge states. The other three visible
inverse evolutions work in a similar fashion to PEG which
seem to give the contour plot a certain 3D depth. Since more
charge states are visible, one can certainly see in this figure that
the locus curve joining the maximum mobility for the inverse
evolutions of each transition tends towards an asymptotic value
that seems to be same for all the transitions. One last interesting
detail observable in Figure 3c is that there seems to be more
than one structural configuration in some of the inverse evolu-
tion regions as captured in the inset for tracks + 3 and + 4.
Given the small variation in mobilities, the structures should be
quite similar to each other and could be the result of spurious
charging agents contained in the solvents.

The contour plot for PCL in N2 appearing in Figure 3d
follows very similar patterns to that of He. Higher charge states
are also present here, although the lower mobility resolution
precludes separation for charge states higher than 8, although
up to charge state 14 is discernable in some portions as shown
in the inset. Similar to the case of PEG, the kinks and transi-
tions seem to happen again at the exactm/z for both He and N2,
something easily verifiable for charge states + 2 through + 5.
What is even more thought-provoking is the fact that the kinks
and transitions happen at very similar m/z and mobilities as
those of PEG, albeit smaller m/z. This is regardless of the fact
that the monomer unit mass of PCL is almost 3 times that of
PEG. This suggests that the PCL monomer is flexible enough
so that it can wrap around the charge in a similar fashion to how
2 to 3 monomers would do in the case of PEG. The beads on a
string configuration suggests then that for PCL, the coordina-
tion number for every charge would be 3 to 5 instead of 8 to 12
for PEG. This would correspond to 6 to 10 oxygen sites per
charge for PCL (with 15 to 25 carbons) and 8 to 12 oxygen sites
for PEG (with 16 to 24 carbons).

Particularities of the PDMS Spectra

The PDMS contour plots follow once again similar patterns to
PEG and PCL but have unique features due to the difference in
monomer size. While the molecular weight of 74 Da of the
monomer is between that of PEG and PCL, the pendant methyl
groups bonded to the Si atom increase the girth of the polymer
chain causing a steric hindrance for the polymer to wrap around
the charges. This results in the transitions and kinks occurring
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at much longer drift times (larger CCS) for the same electric
field than for previous polymers as seen in Figure 3e for He.
The transitions and kinks also occur at largerm/z than previous
polymers, and careful conversion shows that the DP necessary
to become globular is larger than that for PEG and certainly
much larger than that for PCL. This suggests that the cohesive
forces per monomer are lower in the case of PDMS. The girth
also contributes to more gentle evolutions—inverse and
forward—where the mobility varies very smoothly for a given
track for a large range of m/z. This is particularly visible in the
N2 plot of Figure 3f where mobility is almost constant for
tracks 4+ through 10+ from 2000 to 3000 Th (shown in the
inset). This has important implications in the study of unfolded
proteins as chains of polypeptides would most likely follow
gentler evolutions than those produced by PEG or PCL. While
there seems to be 3 transitions for track + 4 and 2 for track + 3,
they are difficult to discern. As such, Figure 3f shows a curve
joining the center line of the tracks with the transitions labeled
as T1–T3.

Another outstanding feature of the PDMS contour plots is
the existence of cyclic polymers which give rise to a new set of
tracks (see Figure 3e, f) labeled PDMS-O (also visible in PCL
and labeled PCL-O). The fact that they are cyclic can be
verified easily through the mass deficiency of the ending
groups when compared to their linear counterparts. These
tracks differ considerably in mobility from the linear polymer
ones (labeled Y-PDMS-X) in the stretched (the chain should be
about half the length and double the molecule girth) and
transition regions [39, 79]. However, linear and cyclic tracks
should eventually merge into one as the ion becomes globular.
This can be observed in the PDMS figures from track + 1 to
track + 4. Despite this merging, the two tracks may be discern-
able when sufficient resolution is present in mass and/or mo-
bility. This is visible in Figure 3f for charge state + 1.

Self-Similar Family Shapes in He and N2 for Polar
Polymers

It has been shown previously that the transition configurations
for the PEG polymer in N2 follow well-defined sets of self-
similar family shapes that transcend different charge state
tracks [34, 37, 39, 51]. It will be shown here that these self-
similar shapes are not only exclusive to PEG in N2 but that they
also occur for other polymers with a local polar component.
Moreover, they are not exclusive to a particular solvent and
happen under different pressures and/or gases. From these
studies, it can be extrapolated that the self-similar shapes must
therefore be only as a result of the potential interaction between
charge repulsion and VdW cohesive forces within the gas
phase and not as a result of the effect of solvents, buffer gases
and/or pressures. In order to show that this is indeed the case,
the mobility and m/z of individual tracks for different charge
states was obtained from the contourplots by isolating each
charge state individually. The crossing/interweaving of the
different charge states obstructs this process, as the intensity
of a single charge state is falsely enhanced at these intersections

(due to the additional intensity of other charge states). There-
fore, for each individual track, mobility and mass can be well
defined for each charge state, meanwhile intensity information
is more complicated and will be removed for this process.

Useful structural information can be obtained from using the
alternative variables PAs, m (projected area) and the CCS, Ωgas,
as shown in Figure 5 for PCL and PEG in He and N2. Ωgas can
be inferred from Eq. (3) while the PAs, m variable can be
obtained from the mass assuming that the ion is to be consid-
ered globular and calculating the corresponding projected area
as if it were a sphere:

PAs;m ¼ π
3m

4πρpol

 !1
3

þ rg

0
@

1
A

2

; ð4Þ

where ρpol is density of the polymer and rg is the radius of the
gas (considered here to be as an approximation 1. 55 Å for N2

and 1 Å for He). From theory, in the case of hard sphere elastic
specular collisions for a spherical ion: CCS = PAs, m. Mean-
while, in the case of soft sphere diffuse inelastic collisions,
CCS = ξPAs, m, where ξ is the accommodation coefficient with
values ranging from 1.36 to 1.41 when the ion-induced dipole
is considered [80].

Figure 5a, b shows PEG in He and N2, respectively, while
Fig. 5c, d do the same for PCL. In all the figures lines corre-
sponding to ξ = 1, 1.25, 1.36, and 1.4 are used for guidance. In
general, globular ions should fall between lines with ξ = 1–1.4
in this plot [81]. In particular, for N2, it has been shown that due
to diffuse inelastic reemission, this range can be narrowed to
ξ = 1.33–1.41 for large molecules which is shown to be the case
for both polymers [82]. In He, on the other hand, small ions
have been shown to have ξ~1 [83–87]. However, as the size of
the ion increases, scattering effects increase the value of ξ. This
seems to be the case for the polymers presented here where ξ
seems to increase with radii from around 1.25 to values slightly
below 1.36.

It is expected that ions which are not spherical will fall out of
the globular region as clearly shown in Figure 5. It is equally
expected that as the ions open up, the effective CCS will be
larger than that of a globular ion, Ωgas > PAs, m, of the same
mass. By choosing one of the tracks, one can follow the
evolution from spherical to stretched. As the mass of the ion
(proportional toPAs, m) is reduced from the largest globular ion,
the ion remains spherical until it eventually reaches a critical
mass which leads to the first inverse evolution. This inverse
evolution is then followed by a forward evolution which in
Figure 5 shows up as a region with a similar slope to the
globular ions. This process -inverse and forward- is repeated
a maximum of z-1 times for each charged state as the different
transitions (emerging appendices) evolve towards the stretched
configuration, leading to the brick-wall system seen in
Figure 5. Remarkably, the forward evolutions observed for
each charge state seem to be continued on other charge states
in a similar fashion to what occurs in the globular region. These
sets can then be grouped into self-similar families, as observed
in Figure 5 by joining the different tracks with a constant line.
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Each of these families have been termed z-x where x corre-
sponds to the number of charges in the appendix. The fact that
self-similar shapes have slopes similar to the globular ions
(with mobility resolutions > 150 in the case of He) leads to
the reasoning that these ions behave very similar to globules
but have an additional drag corresponding to the appendix.
Within a self-similar family, the variation of CCS seems to
suggest that the length of the appendix remains a quasi-
constant addition to the CCS (constant jump in CCS with
respect to the spherical ion). This constancy remains true within
a given track until either the number of monomers in the
globule is too small and a new appendix length with a charge
protrudes (when traveling through the track towards lower
masses) or the number of monomers in the globule is sufficient
to absorb one of the charges in the appendix (when traveling
towards higher masses). The absorption or ejection of the
charge happens during the inverse evolution portion of the
tracks which is visualized in Figure 5 as a strong deviation of
the CCS with respect to self-similar families. Finally, although
the maximum charge state shown is 13 in the figure, it is clear
from the raw data in He of PCL that the families can be
extended to charge states higher than 20.

The fact that the same highly resolved evolutions happen
within self-similar shapes for all the discernable tracks, for
both polymers, for different gases and pressures, and with
different solvents used (water vs. toluene) leaves very little
doubt to the accuracy of the structural configurations and
assumptions here presented. The only plausible doubt that
may remain is whether chain extrusion from the droplet does
indeed occur under most scenarios presented here. However,
that chain extrusion occurs has also been indirectly proven
previously through the calculation of the apparent interfacial
tension of a globular polymer as the first charge and appen-
dix leaves the globule. The critical mass, m∗, at which this
happens for every track has been shown to be indirectly
proportional to z2 [34, 37, 39]. This process is reminiscent
of the Rayleigh limit of a droplet which relates the maximum
charge that a droplet can hold to its surface tension [88].
However, for the known interfacial tension of the polymer,
the experimental values disagree with the Rayleigh limit by
around 50%. This indicates that perhaps the process of pro-
truding a charge (akin to the Rayleigh limit) occurs at a
different critical mass from that of absorbing a charge (for
the same number of charges and mass), as in a hysteretical

Figure 5. CCS vs. PAs,m for different polymers and gases. (a) PEG in He, (b) PEG in N2, (c) PCL in He, and (d) PCL in N2. Legend
shows the lines corresponding to different accommodation coefficient ξ for a spherical ion of the same density as the polymers
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process, suggesting that the critical mass observed in the
contour plots corresponds to that of absorbing a charge, and
hence the disagreement. Certainly, the absorption process in
the gas phase would only happen if the polymer was indeed
ejected from the solvent droplet at least partially unfolded
and hence the support of chain extrusion at least partially.

Figure 6 shows the evolution of PDMS in N2 in the same
variables as Figure 5. While the trends should be similar in He,
the plot is omitted as only two tracks are complete. Figure 6 is
similar in essence to Figure 5 but with notable differences that
yield important conclusions. Given that PDMS has methyl
pendant groups sticking out of the backbone chain, the self-
similar shapes are more difficult to pinpoint, in particular those
closer to the spherical region. However, the wavy patterns are
still discernible for some of the transitions, especially for higher
charge states, and the existence of families is further confirmed
through the use of auxiliary dashed lines. The softer variations
observed for this polymer may have some important implica-
tions regarding the study of gas-phase structures of complex
homopolymers and heteropolymers. It is expected that for more
complex homopolymers, the transition structures will continue
to follow similar trends to the ones predicted here albeit not as
clearly defined as with simpler polymers. Single structures for a
given mass and charge state seem to be predominant for ho-
mopolymers as charges can easily slide from onemonomer unit
to another. However, this does not seem to be the case for
highly charged heteropolymers, e.g., denatured proteins, where
multiple structures for the same charge state and mass have
been observed [89–94]. The results proposed here can be
extrapolated to suggest that these multiple structures will great-
ly depend on how the hydrophobic and hydrophilic portions of
the protein interact with the charges. However, care must be
taken when doing these extrapolations as charge locations may
be somewhat pre-established in the solvent and may depend on
the level of denaturization and strength of the hydrogen

bonding. It is clear, anyhow, that with sufficient information,
one should be able to provide an accurate description of the
tertiary structure in the gas phase and whether or not this
structure is related to the native structure present in the solvent.

Conclusions
A set of IMS-MS experiments have been undertaken to cor-
roborate the gas-phase structures of homopolymer PEG, and to
reveal their similarities with those of PCL and PDMS with two
different instruments for different gases—He and N2—and
pressures, atmospheric and low pressure. The following con-
clusions can be extracted:

1. All the homopolymers studied reveal a sequence of structures
in the gas phase that range from stretched to spherical. For
these arrangements to happen, the polymers must have an
accessible polar covalent bond with a site where the charge
can easily attach to. The polymer, as shown previously, then
wraps around the charges to form a “beads on a string config-
uration.” The coordination number varies from one polymer to
another but does not seem to be related to the mass of the
monomer, but to its ability to wrap around the charge.

2. Between the fully stretched and spherical region, a series of
transitions are observed for each charge state or track. These
transitions can be divided into inverse and forward evolu-
tions, corresponding to either the protrusion of an appendix
or the reduction in mass of the main globule respectively.

3. The kinks in the transitions occur at the same m/z for each
polymer regardless of the gas, pressure or system used
suggesting that the evolution of these shapes is only depen-
dent on the potential interactions between charges and chain
in the gas phase.

4. Moreover, the kinks and transitions for a particular charge
state are repeated for all polymers in a similar fashion albeit
at different mobilities and masses, suggesting that the struc-
tures are also independent, in this case, of the solvent.

5. When CCS is compared between different tracks and poly-
mers, self-similar family shapes may be observed for all
polymers which transcend charge states. These families are
ubiquitous to all polymers and charges leaving little doubt to
the description of the structures here encountered.

6. Transitions happen to be smoother for PDMS and this is
associated with the larger girth of the chain due to its methyl
pendant groups. This is in contrast with what happens with
PCL despite its larger monomer size. That only one set struc-
tures appear to be predominant for a given mass and charge
state for homopolymers may have important implications in
the study of more complex heteropolymers in the gas phase.
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