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ABSTRACT: Polystyrene (PS) is a thermoplastic polymer commonly used in 
various applications due to its bulk properties. Designing functional polystyrenes 
with well-defined structures for targeted applications is of significant interest due to 
the rigid and apolar nature of the polymer chain. Progress is hindered to date by the 
limitations of current analytical methods in defining t he a tomistic-level f olding of 
the polymer chain. T he integration of ion mobility spectrometry and molecular 
dynamics simulations is beneficial in addressing these challenges. However, data on 
gas-phase polystyrene ions are rarely reported in the literature. We herein 
investigate the gas phase structure of polystyrene ions with different end groups to 
establish how the nature and the rigidity of the monomer unit affect t he charge 
stabilization. We find that, i n contrast to polar polymers i n which the charges are 
located deep in the ionic globules, the charges in the PS ions are rather located at 
the periphery of the polymer backbone, leading to singly and doubly charged PS
ions adopting dense elliptic-shaped structures. Molecular dynamics (MD) simulations indicate that the folding of the PS rigid chain 
is controlled by phenyl ring interactions with the charge ultimately remaining excluded from the core of the globular ions, whereas 
the folding of polyether ions is initiated by the folding of the flexible polyether chain around the sodium ion that remains deeply 
enclosed in the core of the ions.
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INTRODUCTION
Mass spectrometry is efficient in deciphering the structural
complexity of polymers at the molecular level. The emergence
of matrix-assisted laser desorption/ionization (MALDI) and
electrospray ionization (ESI) enabled the ionization and
transfer of intact compounds to the gas phase1−4 and allowed
for the structural analysis of polymer samples.5−12 With the use
of high-resolution mass spectrometry (HRMS) together with
tandem mass spectrometry (MS/MS) experiments, it is
possible to identify the nature of the (co)monomer units
and end groups, while obtaining information on the arrange-
ment of comonomers within copolymers.13−16 Ion mobility
spectrometry (IMS) coupled to mass spectrometry for polymer
characterization is also exploited as an analytical method for
the separation of isomeric polymers with different topologies,
typically branched or cyclic versus linear polymers,17−20

complex polymer blends,21−24 or copolymers.25−27 IMS
experiments entail the introduction of ions in a cell pressurized
by a buffer gas (typically He or N2) under the influence of an
electric field. The ions are subsequently separated according to
their ion mobility, which correlates with their speed of travel
through the cell. The ion mobility directly depends on the
charge (z) and the size/shape of the ions (collision cross
section, CCS). The CCS itself formally represents a

momentum-transfer cross section, which is a temperature-
dependent property of the ion-gas system that reflects their
interactions.28−30

The internal structure of polymer ions cannot be assigned to
a single CCS value, and atomistic simulations are mandatory to
interpret the gas-phase structure of polymer ions. The
comparison between the experimental and theoretical CCS
(CCSexp vs CCSth) of MD-simulated structures allows for a
selection of candidate ion geometries representing the
conformations sampled by IMS-MS. This enables the study
of (i) the ion conformations, (ii) the conformational dynamics,
and (iii) the nature and strength of the intramolecular
interactions.23,31−37

Synthetic polymers occupy a unique place in the field of IMS
since, due to their intrinsic dispersity, they offer a broad range
of homologous ions with different lengths to monitor the size-
dependency of the ion CCS.35,36,38 Most IMS-MS reports
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address singly and multiply charged polyethers and polyesters
that are readily ionizable by ESI as they form adducts with
alkali ions by charge-dipole interactions. The resulting
conformations in the gas phase are either globular or “beads-
on-a-string” depending on the chain length, charge state, and
on the efficiency with which the polymer counterbalances the
Coulombic repulsion between charges.39,40 Even if the ability
of the polymer to fold around the metal ion(s) depends on its
flexibility, the interaction between the polymer functional
groups and the charge(s) always lead to a globular shape for
larger chains.22 Polymers often behave as random coils in
solution,41,42 making the use of IMS irrelevant to study their
solution phase structure. On the other hand, peptides in
solution for instance can form highly organized structures that
are stabilized by strong intramolecular interactions.43−46 Total
or partial retention of solution-phase conformations upon
ionization and transfer into the gas phase have been nicely
demonstrated for peptides using IMS experiments, unlike
floppy polymers.43,47

Polystyrene is a thermoplastic polymer commonly used in
various applications such as packaging, insulation, medical
devices, and electronics, due to its bulk properties such as
transparency, low density, rigidity, low thermal conductivity,
and low electrical conductivity.48 Designing functional
polystyrenes for targeted applications such as drug encapsu-
lation,49 cell targeting, and catalysis is of significant interest due
to the rigid and apolar nature of the polymer chain.45 However,
progress is hindered by the limitations of current analytical
methods in defining the atomistic-level folding and intra-
molecular cross-linking of the polymer chain. The integration
of ion mobility spectrometry (IMS) and molecular dynamics
(MD) simulations is highly beneficial for addressing these
challenges. However, data on gas-phase polystyrene ions is
rarely reported in the literature. While mass spectrometry
analyses of polystyrene samples have been conducted, often
utilizing Ag+ to aid cationisation,50−53 the 3D structure(s) of
the resulting ions are far less understood. Bowers and co-
workers54 were one of the few groups to explore the 3D
structure of polystyrene ions (with alkali and silver ions) using
a combination of IMS-MS and molecular dynamics computa-
tions. On the basis of their investigation of oligomers (DP < 7)
across a range of cationization agents, they proposed a “V”
shape for all ion types, including for silver cationized polymers,
where the shape is induced by a cationic stacking of styrene
moieties.54

Herein, as featured in Scheme 1, we critically extend these
investigations to much larger polystyrenes and to higher charge
states using the unique combination between IMS-MS and
MD, with particular emphasis on the impact of the apolar and
rigid nature of the polystyrene chain on the charge stabilization
in the gas phase of the mass spectrometer.

EXPERIMENTAL SECTION
HPLC grade tetrahydrofuran (>99.8%), acetonitrile (>99.9%),
acetone (>99.8%), methanol (>99.8%), toluene (>99.8%), and
chloroform (>99.9%) solvents were purchased from Chem-Lab
(Zedelgem, Belgium). Silver nitrate (>99%) and sodium iodide
were purchased from VWR (Leuven, Belgium) and used
without any further purification. Polyethylene glycol was
acquired from Sigma-Aldrich and utilized as an IMS-MS
calibrant. TEMPO-PS (2,2,6,6-tetramethylpiperidine-N-oxyl
end group: Đ = 1.2 − Mn = 3400 g mol−1) was prepared
according to literature (see Figure S1 for the 1H NMR

spectrum),55 whereas BU-PSLM and BU-PSHM [sec-butyl end
group: Đ = 1.03 − Mn = 3270 g mol−1 (BU-PSHM) and Đ =
1.01 − Mn = 580 g mol−1 (BU-PSLM)] were purchased from
Agilent Technologies (GPC/SEC Calibration Kits). LM and
HM in the subscript stand for low mass and high mass,
respectively. Agilent BU-PS standards are prepared by living
anionic polymerization with a sec-butyl initiating substituent
that is attached to the CH2 group of styrene.

56 The MALDI-
ToF analyses of all the polymers are reported in Figures S2−S5
and the mass parameters are gathered in Table S2.

ION MOBILITY EXPERIMENTS
Polystyrene stock solutions of 1.0 mg mL−1 were prepared in
acetone and acetonitrile (20:80, v/v). TEMPO-PS was
analyzed with and without AgNO3 as the cationizing agent.
BU-PSLM/HM were only analyzed using AgNO3 as the
cationization agent because the lack of the basic functional
groups precludes significant protonation under ESI conditions.
The AgNO3 solution (10.0 mg mL−1) was prepared in THF
and acetonitrile (1:9, v/v), and 2 μL of the cationization agent
solution and 1 mL of the polystyrene solution were combined.
The PS solutions (with and without AgNO3) were 100 times
diluted with acetone and acetonitrile (20:80, v/v) before ESI
analysis.
MS spectra and CCS measurements were performed on a

Waters Synapt G2-Si mass spectrometer. The solutions were
infused at a flow rate of 5 μL min−1 with a capillary voltage of
3.1 kV, a source temperature of 100 °C, and a desolvation
temperature of 150 °C. The standard IMS-MS parameters
were wave height = 40 V, wave velocities = 350 or 600 or 800
m s−1, mass range = m/z 50−4000; N2 flow rate = 60 mL
min−1, He flow rate = 180 mL min−1, and trap bias = 45.0 V. A
pre-established calibration procedure57 was used to convert the
experimentally determined arrival time distributions to
TWCCSN2→He,

58 which will be referred to as CCSexp.

MOLECULAR DYNAMICS SIMULATIONS
All calculations were carried out for a run lasting 25 ns with 1
fs time step in the NVT ensemble at 300 K (as temperature
does not create much effect due to the high pressure in the
IMS chamber) with the Materials Studio software (BIOVIA,
San Diego, CA).59 The PCFF force field was used and
validated by the fact that the calculated effective density of
TEMPO-PS (0.62−0.66 Da/Å3) is in good agreement with the

Scheme 1. Folding of Polystyrene (PS) Chains upon
Electrospray Ionization: the Primary Objective of This Joint
Experimental and Theoretical Investigation Is to Decipher
at the Atomistic-Level the Internal Structure of Gaseous PS
Ions
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reported density of bulk polystyrene (0.57−0.62 Da/Å3).60 At
first, a geometrical optimization was performed starting from a
linear polymer chain (without charge) using the force field
assigned algorithm for charge assignment. The final geometry
was further reoptimized after the addition of a charge (H+ for
TEMPO-PS and Ag+ for BU-PS) to the optimized polymer
chain. For the 2+ ions, a second geometry optimization was
performed after the addition of the second charge (Ag+) to the
polymer chain. A quenched dynamics was then executed for 20
ns using 1 fs time step and 100 Å van der Waals and
electrostatic interaction cutoff at 300 K. A MD run was then
performed starting from the most stable structure obtained
from the quenched dynamics until the calculated radius of
gyration reaches equilibrium. The CCS calculations were
carried out by taking average of 400 frames utilizing the
trajectory method61 (TM) model implemented within the
Collidoscope software.62 We also determined the solvent
accessible surface area (SASA) and this value against the
molecular volume (VSASA) used to estimate the effective
density of the PS ions. Note that VSASA was estimated only
from the last frame of the dynamics with the Materials Studio
7.0 “Atom Volumes & Surfaces”59 module using He as the
probe. This implies that the SASA value also includes the
contribution of the He atom as an additional layer covering the
ion surface. The SASA value reflects the rugosity of the surface,
except for the small surface irregularities that are too small to
be probed by the helium atom. For the investigation of the
folding process of PS and PEG ions with DP = 44, we
performed a geometry optimization starting from a linear
polymer chain (without charge) using the force field assigned
charges. After that we performed a second geometry
optimization after adding a charge at different positions.
Finally, we run a NVT MD simulation for 2 ns at 300 K, using
1 fs time step and 100 Å van der Waals and electrostatic
interaction cutoff.

DENSITY FUNCTIONAL THEORY (DFT) 
CALCULATIONS
Calculations were performed at the density functional theory
(DFT) level using a 6-31G** double-ζ basis set and the
B3LYP functional, as implemented in the Gaussian 09 (D01
revision) suite, to determine the most favorable protonation
center for the TEMPO end group.63 To describe cation Ag+-π
interactions, the B3LYP functional has been used together with
a cc-pVTZ basis set for carbon and hydrogen and a LANL2DZ
basis set for silver ion,64 respectively. To properly describe the
dispersion interactions, Grimme’s empirical dispersion correc-
tion GD3BJ was applied.65

RESULTS AND DISCUSSION
Three polystyrene samples, refer to Scheme 2, containing
different end groups, namely TEMPO-PS (Mn = 3400 g mol−1
and Đ = 1.2) and BU-PSLM/HM (Mn = 580 g mol−1 and Đ =
1.01 and Mn = 3270 g mol−1 and Đ = 1.03), have been selected
to investigate the influence of the nature of the end group and
the chain length on the gas phase structure of the PS ions. The
choice of the polymer end-group is motivated by the fact that
the TEMPO residue is anticipated to participate in the charge
localization by catching a proton, unlike the butyl residue.
Synthesized TEMPO-PS polymer has been fully characterized
using NMR (refer to Figure S1) and MALDI-ToF experiments
(refer to Figure S2), whereas the commercially available BU-

PSLM/HM were only analyzed by MALDI-ToF (refer to Figures
S3, S4, and S5).

ESI-MS ANALYSIS OF PS
Polystyrene is best analyzed by mass spectrometry, either using
MALDI or ESI, in the presence of Ag+ ions because of
favorable interactions between the π-electrons of the aromatic
rings and the silver cations.66

Termination of the PS with the TEMPO group provides a
basic site for protonation under positive ion ESI conditions
and thus enables localization of at least one charge and even
facilitates ionization without the addition of a cationization
agent. The TEMPO-PS ESI-ToF mass spectrum is presented
in Figure 1a and features a symmetrical peak distribution
centered at m/z 1823 (DP 16), with the 104 u mass difference
between two consecutive signals that is typical of singly
charged (+1) PS ions. These ions are assigned to [TEMPO-PS
+ H]+ ions based on the comparison between the isotope
distribution with the theoretical one (refer to Figure S6).
TEMPO-PS was further analyzed by ESI-ToF in the presence
of AgNO3 as a source of Ag+ cationization agent in Figures 1b/
and S6. Besides the [TEMPO-PS + H]+ ions, already detected
in Figures 1a and S5, 2+ ions are detected for DP = 21−44 and
are clearly ascribed as [TEMPO-PS + H + Ag]2+ ions (refer to
Figure S6 for the isotopic distribution analysis).
BU-PSLM/HM was also subjected to ESI-ToF analysis in the

presence of AgNO3 as the source of cationizing agent. As
expected, no protonated BU-PS was detected due to the
absence of a proton binding site unlike TEMPO. Nevertheless,
as seen in Figure 1c and Figure S7, abundant singly and doubly
charged ions are detected and correspond to [BU-PSLM + Ag]+
and [BU-PSHM + 2Ag]2+ ions, respectively. Note here that BU-
PSLM mostly contains chains with DP = 3−13, whereas BU-
PSHM contains chains with DP = 26−38. Again, the ion charge
states and the ion compositions for both the 1+ and 2+ Bu-
PSLM/HM ions have been established based on the comparison
between the experimental isotopic distributions and simulated
ones (refer to Figures S7 and S8).

IMS EXPERIMENTS ON GASEOUS TEMPO-PS AND BU-
PS IONS
All PS ions, i.e., [TEMPO-PS + H]+, [TEMPO-PS + H +
Ag]2+, [BU-PSLM + Ag]+, and [BU-PSHM + 2Ag]2+ ions, have
been subjected to ion mobility experiments to investigate the
influence of the nature of the end-group (TEMPO vs BU), of
the chain length, of the charge state (1+ vs 2+), and of the

Scheme 2. Chemical Structures of the Polystyrene Samples
Used in the Present Investigation, TEMPO-PS: (Mn = 3400
g mol−1 and Đ = 1.2) and BU-PSLM/HM (Mn = 580 g mol−1
and Đ = 1.01 and Mn = 3270 g mol−1 and Đ = 1.03)
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cationizing agent (H+ vs Ag+) on the gas phase structure of the
polymer ions.
This has been experimentally performed by (i) analyzing for

all the ions the symmetry of the arrival time distribution
(ATD), (ii) determining the ion CCSexp, and (iii) monitoring
the CCSexp evolution over the mass range (DP = 6−23 for
[TEMPO-PS + H]+, DP = 21−44 for [TEMPO-PS + H +
Ag]2+, DP = 3−13 for [BU-PSLM + Ag]+, and DP = 26−38 for
[BU-PSHM + 2Ag]2+). Asymmetrical ATD would reveal the
presence of noninterconverting gas phase structures,67 whereas
plotting the CCS evolution as a function of mass (m/z), the
so-called trend line analysis, enables (i) assessing the global 3D
structure of the ions (sphere vs cylinder, for instance)68,69 and
(ii) detecting subtle modifications in the structure of
macroions, typically the transition between extended and
folded structures upon mass increase.70 Charged polymer ions
often adopt globular conformations in the gas phase, for which
the evolution of CCS as a function of the mass is described by
a power law, i.e., CCS = A MB where M is the molecular mass,
B is ∼2/3 that of the characteristic value for a spherical
evolution, and A is related to the ion density.69 Polymer ions

with B ∼ 2/3 are compact, with the spherical structure being
considered as the densest arrangement, while ions with B > 2/
3 are increasingly extended, with a value of B ∼ 1 characteristic
of fully extended structures growing linearly with the number
of monomer units (or the mass). On the basis of theoretical
calculations, we recently demonstrated that extended objects
such as helices have their B parameter tending to 1 as their
mass (or length) tends to infinity, but at a different rate
depending on the chemical nature of the side chains.70,71

Figures 2, S9, S10, and S11 contain the IMS data for
[TEMPO-PS + H]+, [TEMPO-PS + H + Ag]2+, [BU-PSLM +
Ag]+, and [BU-PSHM + 2 Ag]2+ ions. As shown in Figures S9−
S11, sharp and symmetrical arrival time distributions (ATD)
have been recorded for all the 1+ and 2+ ions, indicating the
presence of unique ion structures or structures that are
interconverting very fast over the sampled mass ranges, as also
confirmed by the quasi constant CCS resolution (R ∼ 40, that
is the instrument resolution72) for all the analyzed ions (Figure
S12). For TEMPO-PS ions, the CCS/mass evolutions for both
the 1+ and 2+ ions are fitted by CCSexp = AMB, as shown in
Figure 2a,b, with the B values determined at 0.69 and 0.70,
respectively, indicating that the 3D structures cannot be
considered as fully spherical (B = 2/3). Indeed, the B value is
quite sensitive to the 3D structure, implying that slight
differences in the B value could indicate strong modifications
in the structures.68 For example, we recently determined a B
value at 0.72 for helical anionic peptoid ions (DP = 3−15).69
By approximating globular proteins as spheres, Ruotolo et

al.73 established that the ion density can be determined using
eq 1 based on CCS trend line analysis. Doing so, i.e., by
assuming that the PS ions were quasi spherical, we obtained
ρccs = 0.40 Da Å−3 and 0.47 Da Å−3 for the [TEMPO-PS + H]+
and [TEMPO-PS + H + Ag]2+ ions, respectively. On the basis
of the reported density of bulk polystyrene, 0.96−1.05 g cm−3

say 0.57−0.62 Da Å−3,60 ρccs are thus calculated by far lower
for both the 1+ and 2+ ions. This indicates, in conjunction
with the determined B parameters, that the 1+ and 2+ ions do
not adopt spherical structures in the gas phase.

=
A

3
4

(Da/Å )ccs 3
3

(1)

Polyether and polyester polymer ions are characterized by
the charge(s) positioned deep in the core of the ion structure
with the flexible (and polar) polymer chain folded around the
cationizing particle(s).35 In the case of PS ions, we may
imagine that silver ion stabilization by the phenyl rings also
induces PS chain folding with the silver ion(s) incorporated
within the globular ion. We thus analyzed [BU-PSLM + Ag]+
and [BU-PSHM + 2 Ag]2+ ions, in which the butyl group is not
participating in any cationization/protonation process. As
shown in Figure 2c, d, the fitting process affords B = 0.81 and
ρccs = 1.43 Da Å−3 (A = 0.95) and B = 0.68 and ρccs = 0.33 Da
Å−3 (A = 2.48) for 1+ and 2+ BU-PSLM/HM, respectively, values
that clearly deviate from the bulk PS density.

MOLECULAR MODELING AND THEORETICAL CCS 
CALCULATION
Polystyrene Ion Shape Analysis. Atomistic simulations

constitute an efficient approach to generating accurate
information about the ion structure with a description at the
atomistic level. CCS is used here to identify the best structure
candidates among a set of generated ion geometries, upon

Figure 1. ESI-MS mass spectra of (a) TEMPO-PS (0.01 mg mL−1) in
acetonitrile/acetone 80/20, (b) TEMPO-PS (0.01 mg mL−1) in
acetonitrile/acetone 80/20 with AgNO3 (0.0002 mg mL−1), and (c)
BU-PSHM (0.01 mg mL−1) in 80/20 acetonitrile/acetone with AgNO3
(0.0002 mg mL−1). Red ⧫ correspond to [TEMPO-PS + H]+, blue ■
represent the [TEMPO-PS + H + Ag]2+, and blue ● correspond to
[BU-PSHM + 2Ag]2+ ions. The numbers on the peaks correspond to
the DP values of the corresponding ions.
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direct comparison between the CCSexp and CCSth.
74 Using

molecular dynamics simulations, we optimized the structures
of all gaseous 1+ and 2+ PS ions detected in the ESI
experiments. In the case of the protonated polymers, we first
used DFT calculations to establish the preferential position of
the added proton on the TEMPO end group. As shown in
Figure S13, N-protonation is favored over O-protonation, with
a stabilization energy of ∼32 kcal mol−1.
CCSth were calculated from the atomistic simulations using

the trajectory method implemented in Collisdoscope62 and
then compared with the CCSexp in Figure 2. For [TEMPO-PS
+ H]+, [BU-PSLM + Ag]+, and [BU-PSHM + 2 Ag]2+ ions, the
CCSth values are in very good agreement with the experimental
ones, whereas in the case of [TEMPO-PS + H + Ag]2+ ions,

the CCSth values are consistently overestimated by ∼9%
compared to the experimental ones.62 Since the CCSth curve is
parallel to the CCSexp evolution for the [TEMPO-PS + H +
Ag]2+ ions, there is most likely a systematic error made
theoretically for these systems. For dications, a parameter that
is not accounted for by our calculations is the screening of
Coulomb repulsion between the two cations by the intervening
medium. The description of such a screening would require
exploring the use of more complex polarizable force fields,
which is beyond the scope of the present work. The screening
effects are expected to condense further the ions and be more
pronounced when there is a large separation between the ions
(i.e., a wider polarizable medium). This is actually the case for
the [TEMPO-PS + H + Ag]2 compared to the [BU-PSHM + 2

Figure 2. Ion mobility mass spectrometry analysis of TEMPO-PS and BU-PSLM/HM: trend line analysis (CCS evolution with mass) of (a)
[TEMPO-PS + H]+, (b) [TEMPO-PS + H + Ag]2+, (c) [BU-PSLM + Ag]+, and (d) [BU-PSHM + 2Ag]2+. The blue curves and fitting equations
correspond to the experimental CCS evolutions. The red curves correspond to theoretical (MD) CCS evolutions.

https://pubs.acs.org/doi/10.1021/jasms.4c00231?fig=fig2&ref=pdf
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Ag]2+ ions (see Figures S15 and S16), in line with the fact that
the cross sections are overestimated for the former ions.
Figure 3 shows the optimized structures of [TEMPO-PS +

H]+ (DP = 23) and [TEMPO-PS + H + Ag]2+ (DP = 33), as
typical examples selected for the 1+ and 2+ series of ions. We
observe that both the 1+ and 2+ ions appear as compact
structures with the protonated TEMPO end group located on
the edge of the folded chain. For the 1+ ions, this is clearly
different from the situation encountered with a classical
(traditional) polymer such as Na+-cationized polyethers and
polyesters, where the Na+ ion is stabilized deeply into the core
of the globular structure,35 see Figure S14 for a typical
polyethylene glycol (PEG) ion. To illustrate this particularity,
the distance between the charged center (protonated TEMPO
or Na+) and the center-of-mass of the ion for, respectively,
[TEMPO-PS + H]+ or [PEG + Na]+ ions, has been divided by
the radius of gyration (Rg) of the ion to generate normalized
data for increasing DP. As shown in Figure 3c, the normalized
distance is between 0.1 and 0.4 for the [PEG + Na]+ ions but
increases up to ∼1 for the [TEMPO-PS + H]+ ions, implying
that the charged end group clearly remains at the surface of the
ion structure over the investigated DP range. As shown in
Figure 3b for the [TEMPO-PS + H + Ag]2+ ions, the

protonated TEMPO remains on the surface of the ion and the
added Ag+ cation is located at a diametrically opposite position
(Figure 3d), although also at the surface of the ion. The H+/
Ag+ distance remains nearly constant around 15−20 Å over the
whole investigated DP range (that extends from DP = 21 to
44) to minimize the electrostatic repulsion between both
charged centers (see Figure S15). Again these [TEMPO-PS +
H + Ag]2+ ions appear as compact structures. In a recent study
related to gas phase dendrimer ions,68 the so-called solvent-
accessible surface area (SASA) has been introduced to estimate
the effective ion density to be compared to the CCS-
determined density (ρccs).75 SASA corresponds to the total
area of the ion envelope, and in our simulations, helium is
considered as the probing atom (see the Experimental
Section). The respective molecular volume (VSASA) can
subsequently be used to determine the ion effective density,
namely ρSASA, that is only equal to ρccs for hard spheres.68 We
determined the SASA for all the [TEMPO-PS + H]+ and
[TEMPO-PS+ H + Ag]2+ ions, see Tables S3 and S4, and
calculated an average ⟨ρSASA⟩ = 0.62 Da Å−3 and 0.65 Da Å−3

for the 1+ and 2+ ions, respectively. These calculated effective
densities (0.62−0.65 Da Å−3) lie close to the bulk PS density
(0.57−0.62 Da Å−3),60 revealing that the ion folding ends up

Figure 3. Molecular dynamics simulations (PCFF force field, 300 K, 25 ns) of TEMPO-PS ions: (a) snapshot of the last frame of the MD for
[TEMPO-PS + H]+ (DP = 23) and (b) snapshot of the last frame of the MD for [TEMPO-PS + H + Ag]2+ (DP = 33). The colored styrene rings
are involved in the cation-π interaction; (c) evolution of the distance between the charged center (H+ or Na+) and the center-of-mass (COM)
normalized by the ion radius of gyration (Rg) for [TEMPO-PS + H]+ (blue dots) and [PEG + Na]+ (red dots) (PEG stands for polyethylene glycol,
see Figure S14 for the optimized ion structure); (d) evolution of the distance between the H+ (cyan dots) and Ag+ (green dots) and the center-of-
mass (COM) normalized by the ion radius of gyration (Rg) for [TEMPO-PS + H + Ag]2+. Refer also Figure S15 for the evolution of the intercharge
distance for [TEMPO-PS + H + Ag]2+ ions.

https://pubs.acs.org/doi/10.1021/jasms.4c00231?fig=fig3&ref=pdf
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with dense PS ions, whose high density is mainly caused by the
PS chain compaction.
Similar results have been obtained when examining the

optimized geometries of [Bu-PSLM + Ag]+ and [BU-PSHM + 2
Ag]2+ ions, as shown in Figure 4 and gathered in Tables S5 and
S6. Indeed, for the 1+ ions (DP = 13), the Ag+ cation remains
at the surface of the globular ions, while for the 2+ ions, both
Ag+ ions are diametrically positioned at the surface of the

globular ion with a quasi-constant distance of ∼15 Å from DP
26 to 38 (see Figure S16) and an effective density staying
constant at 0.65 Da Å−3 (Figure 4d). All the detected ions can
therefore be considered as highly compact and fully folded
structures.
Globally, a globular ion with an egglike shape represents the

best structure to account for the experimental and theoretical
data that can be summarized as follows: (i) regardless of the

Figure 4. Molecular dynamics simulations (PCFF force field, 300 K, 25 ns) of BU-PS ions: (a) snapshot of the last frame of the MD for [Bu-PSLM
+ Ag]+ (DP = 13); (b) snapshot of the last frame of the MD for [BU-PSHM + 2Ag]2+ (DP = 28); (c) evolution of the distances between the charged
centers (Ag+ ions) and the center-of-mass (COM) normalized by the ion radius of gyration (Rg) for [BU-PS + 2Ag]2+; blue and red ● correspond
to both silver ions; and (d) evolution of the effective density, ρSASA, from DP = 26 to DP = 38 for [BU-PSHM + 2Ag]2+. Refer also Figure S16 for the
evolution of the intercharge distance for [BU-PSHM + 2Ag]2+ ions.

Figure 5. Molecular dynamics simulations (PCFF force field, 300 K, 25 ns) of [TEMPO-PS + H + Ag]2+ ions (DP = 33). Snapshot of the last
frame of the MD with enlarged views of the charged centers: (a) proton-π interaction around the TEMPO end group and (b) cation-π interaction
involving the Ag+ ion and three phenyl rings of the PS backbone.
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charge state and the chain ends, the PS chain folds into the
most compact structure with a constant effective density
(ρSASA) close to the bulk PS density; (ii) the charge(s) is (are)
excluded from the PS core and remain(s) at the surface of the
globular ions; and (iii) the intercharge distance in 2+ ions
remains constant ∼15−20 Å over the entire investigated DP
range for both Ag+/H+ (see Figure S15) and Ag+/Ag+ pairs
(see Figure S16).
Polystyrene Ion Molecular Structure Analysis. In

addition to establishing the global shape of the ions, MD
simulations also allow analyzing the ion structure at the
atomistic level by examining the intramolecular interactions
responsible for the chain folding.
As featured in Figure 5, protonated TEMPO is stabilized by

a cation (H+)-π interaction involving only the first styrene
residue, with a proton-phenyl ring distance at ∼3.1 Å whatever
the charge state of the polymer ion. On the other hand, the
silver ions (1+ and 2+ ions) are strongly interacting with three
phenyl rings in a cage arrangement with distances around 3.25
Å between Ag+ and the geometrical center of the phenyl
rings.66,76 With the use of DFT calculations, we optimized the
geometry of a model complex, associating three benzene
molecules to a single Ag+ cation. As shown in Figure S17, in
the optimized geometry, the silver cation is located in the
center of the benzene triad with cation-benzene distances
around 2.9 Å, thus corroborating our MD calculations.
Another aspect to be discussed is the spatial arrangement of

the PS backbone within the globular ions or, in other words,
the determination of whether there is a preferred three-
dimensional folding for the polymer chain. We examined the
folding of the polymer backbone within the optimized [BU-PS
+ 2 Ag]2+ ions whose CCSth are reported in Figure 2c. As
sketched in Figure 6, we identified two different scaffolds that

are described as U-folding and S-folding in the following
discussion. The U-folding terminology reflects that the
polymer backbone adopts a looplike structure with one silver
cation lying around in the middle of the chain and the second
one associating the two extremities of the linear polymer; see
Figure 6a. The S-folding is characterized by a spatial
arrangement with two loops and one Ag+ cation at each
extremity of the backbone; see Figure 6b. Both scaffolds are

randomly observed over the entire DP range without any
trend, implying that the chain randomly folds during the MD
simulations.
As for a typical example, in Figure 6, U-folding and S-folding

are generated by MD simulations from two different input
structures for DP = 26 (see Figure S18 for the input
structures). Moreover, these ions, both characterized by
CCSth = 584/585 Å2, are not experimentally distinguishable
and are likely to coexist in the gas phase.
Polystyrene Ion vs Polyether Ion Folding in the Gas

Phase: What Is the Role of the Charge? There is thus an
intrinsic difference between the gas phase structures of [PS +
Ag]+ ions and [PEG + Na]+ ions since the Na+ ion is located
close to the center of mass of the globular ions (Figures 3c and
S14), whereas the Ag+ ion (or protonated TEMPO) remains
mostly at the surface of the globular ions. For the BU-PSLM/HM
1+ and 2+ ions, we also noticed that the butyl end-group is
invariably excluded from the PS core of the globular ions, see
Figure 4 for typical examples. To understand the folding
mechanism of [BU-PS + Ag]+ ions, we performed 36 MD
simulations starting from three different linear input structures
for DP = 44, i.e., with the Ag+ positioned close to the butyl end
group, near the middle of the chain, and close to the hydrogen
atom end-group, see Figure S19. In order to obtain a
statistically relevant folding mechanism, each input geometry
was submitted to 12 independent MD runs to generate 12
independent equilibrated geometries. We then evaluated the
relative position of the Ag+ in the equilibrated structures by
calculating the distance between the charged center and the
center-of-mass normalized by the radius of gyration (Rg), see
Table S7. We noticed (i) that the Ag+ ion does not diffuse
along the polymeric chain (see also Figure 7); and (ii) that, in
all folded structures, the Ag+ ion is stabilized at the surface of
the coiled chain, as the ratio between the charged/center-of-
mass distance normalized by the radius of gyration is
systematically around 0.7 and 0.8. The same methodology
has been applied to the case of the [PEG + Na]+ ion (DP =
44) folding, starting from two initial uncoiled states where the
Na+ ion was placed near the beginning and into the middle of
the polymeric chain (Figure S20). Regardless of the initial
geometry, all MD simulations ended up with coiled chains
where the sodium cation is stabilized at the core of the
polyether globule at an average position (distance between the
sodium ion and the center-of-mass (COM) normalized by the
ion radius of gyration) of ∼0.4, see Table S7.
When there are frame-by-frame MD trajectories for both the

[BU-PS + Ag]+ and [PEG + Na]+ ions (DP = 44), we realized
that the folding mechanisms are intrinsically different for both
families of ions. In the case of PS ions, as illustrated in Figure
7, the charge does not participate in the folding process, and
coiling is initiated by the phenyl ring interaction in the middle
of the chain on the way to the PS-only core, from which the
butyl end group and the silver ion are excluded, leading to the
final compaction of the ions. In Figures S21 and S22, similar
behaviors were detected during the MD starting from the input
geometries presenting the Ag+ ion in the middle or at the other
extremity of the PS backbone, revealing that the ion folding is
mostly driven by π−π interactions rather than by charge
stabilization.
On the other hand, for the [PEG + Na]+ ions, see Figure 8,

the folding of the chain is triggered by the stabilization of the
Na+ ion by the basic O sites present all along the flexible
polymer chain, whereas the absence of acidic sites on the chain

Figure 6. Molecular dynamics simulations (PCFF force field, 300 K,
25 ns) of [BU-PS + 2 Ag]2+ ions (DP = 26): snapshots of the last
frame of the MD featuring U-shape and S-shape folding for the PS
backbone. As described in the main text, these two geometries have
been obtained from different input geometries presented in Figure
S18. Here, blue is used to indicate the end groups and pink for the
polymer backbone: (a) “U” shape structure for [BU-PS + Ag]2+ ions
(DP = 26) and (b) “S” shape structure for [BU-PS + 2Ag]2+ ions (DP
= 26).
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prevents any intramolecular folding. When the cation is fully
stabilized by the polyether chain, the rest of the polyether
chain progressively collapses around the initial nucleus to
generate a dense globular structure with the Na+ ion settled
deep in the core of the ion. Such behavior is also allowed by
the greater flexibility of the PEG chain compared to the PS
backbone.

CONCLUSIONS
A combination between IMS-MS and molecular dynamics
simulations has been used to investigate the structure of
polymer ions constituted by rigid and apolar monomer units,
i.e., styrene residues, and hydrophilic/hydrophobic end groups,
i.e., TEMPO and butyl end-groups. Experimental and
theoretical CCS were determined to establish the 3D shape
of the 1+ and 2+ PS ions. Trend line analyses (CCS versus
mass plots) have been shown to be inefficient in predicting the
exact shape of the ions. Experimental CCS became much more
structure informative when compared with theoretical data
generated using molecular dynamics simulations at the

atomistic level of the ion structure. By computing the solvent
accessible surface area (SASA), we initially established that the
PS backbone is densely packed within elliptic-shaped ions with
an effective density close to the bulk PS density. We further
established that the charges (1+ and 2+ ions) are systemati-
cally positioned close to the surface of the folded ions, at
variance with polyether ions in which the sodium ions are
settled deep in the core of the ion structure. We also
demonstrated by performing MD simulations starting from
different input structures that the PS backbone can fold in
different structures, generating U- and S-shapes, possessing
quasi-identical theoretical CCS that cannot be distinguished by
experiment. Such a behavior is reminiscent of solution phase
processes, where random coils are often involved to account
for the hydrodynamic volumes of floppy polymers. Finally, to
account for the intrinsic differences between the PS and the
PEG ions, we used MD simulations to demonstrate that the
folding of the PS rigid chain is induced by phenyl ring
interactions with the charge ultimately remaining excluded
from the core of the globular ions, whereas the folding of

Figure 7. Molecular dynamics simulations (PCFF force field, 300 K, 2 ns) of [BU-PS + Ag]+ ions (DP = 44) with the Ag+ ion initially positioned
close to the butyl end-group of the PS backbone (PSBU): snapshots at different times of the trajectory revealing that the folding process is mostly
initiated by π−π interactions between phenyl rings with the charge and the butyl end group remaining at the surface of the equilibrated structure.
The styrene residues highlighted in green pinpoint the initial and final positions of the Ag+ ion.

Figure 8. Molecular dynamics simulations (PCFF force field, 300 K, 2 ns) of [PEG + Na]+ ions (DP = 44) with the Na+ ion initially positioned
close to the extremity of the PEG backbone: snapshots at different points of the trajectory revealing that the folding process is mostly initiated by
Na+-dipole interactions between the oxygen atoms and the charge, generating globular ions with the Na+ ion deeply settled in the PEG core; here,
position of the Na+ ion at the end of dynamics does not depend on the position of the Na+ ion in the input structure.
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polyether ions is initiated by the folding of the flexible
polyether chain around the sodium ion that remains deeply
settled in the core of the ions. Critically, compared to literature
results, our data reveal that in large PS structures charges,
typically the silver cations, are not merely sandwiched between
two phenyl rings but ligated in 3-dimensions inducing the
overall collapse of the tertiary structure.
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