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Abstract

lon Mobility (IM) coupled to Mass Spectrometry (MS) has been used for several decades, bringing a
fast separation dimension to the MS detection. IM-MS is a convenient tool for structural elucidation.
The folding of macromolecules is often assessed with the support of computational chemistry.
However, this strategy is strongly dependent on computational initial guesses. Here, we propose the
analysis of the Collision Cross-Section (CCS) trends of synthetic homopolymers based on a fitting
method which does not rely on computational chemistry a prioris of the three-dimensional structures.
The CCS trends were evaluated as a function of the polymer chain length and the charge state. This
method is also applicable to mobility trends. It leads to two parameters containing all information
available through IM(-MS) measurements. One parameter can be interpreted as an apparent density.
The second parameter is related to the shape of the ions and leads us to introduce the concept of
trends with constant apparent density. Based on the two fitting parameters, a method for IM trend
predictions is elaborated. Experimental deviations from the predictions facilitate detecting structural
rearrangements and three-dimensional structure differences of the cationized polymer ions. This leads
for instance to an easy identification and prediction of the presence of different polymer topologies in
complex polymer mixtures. The classification of predicted trends could as well allow for software-
assisted data processing. Finally, we suggest the link between the CCS trends of homopolymers and
those obtained from (monodisperse) biomolecules to interpret potential folding differences during IM-
MS studies.
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1. Introduction

lon Mobility-Mass Spectrometry (IM-MS) is a gas phase technique used to separate ions having
different Collision Cross-Sections (CCSs); a quantity that is correlated to their three-dimensional
structures. IM-MS studies on polymers have been undertaken for several decades with special focus
on computational chemistry support for structural interpretations of the observed pseudo-molecular
species in the gas phase [1-9]. However, the polymers’ potential to build a general model to correlate
the CCS trends as a function of the mass [10—14] to a model structure has not yet been systematically
explored.

Contrary to the usual monodispersity of biopolymers, polydisperse synthetic polymer samples provide
a wide mass range of identical compounds (i.e., polymer chain length distribution). They are observed
at several charge states during a single Electrospray Mass Spectrometry (ESI MS) experiment. The
polymer ions’ Arrival Time Distributions (ATDs) acquired by lon Mobility (IM) then lead to a widely
distributed CCS range. Evolutions of the CCS of growing polymer chains can therefore be monitored at
different charge states and for large data sets in which intramolecular interactions are of constant
nature. From an experimental point of view, each polymer ion of a given synthetic polymer can usually
be associated to a unique CCS value per charge state and per polymer length [4,8,9,15], further
enabling the monitoring of CCS evolutions. However, multiple CCS values or evolutions associated to
given polymer-cation complexes were sometimes observed [16,17]. They were in most cases traced
back to multimer formation and lacking mass spectrometric resolving power [18,19].

The observation of unique ATD peaks for each polymer-cation complex simplified the study of the CCS
evolutions of different polymer topologies, such as linear, cyclic [20] and several star topologies [4,21]
of poly(caprolactone) (PCL) and poly(lactide) (PLA) [22]. Different topologies of polydisperse PCLs were
used to demonstrate that, dependent on the topology, the CCS did not rise identically with the mass
(or degree of polymerization). Conformational analyses have been undertaken on poly(ethylene glycol)
PEG [15] and PLA [7] using IM-MS or ion mobility spectrometry supported by Molecular Dynamics (MD)
simulations. Structural transitions between globular and elongated ‘beads on a string’ conformations
were highlighted by computational chemistry [8,9]. Globular shapes of these polymers were exhibited
for the explored charge states provided that the polymer chain lengths were sufficient for efficient
solvation of the complexed alkali cations. On the contrary, ‘beads on a string’ conformations emerged
for highly charged, small polymer chain lengths [4,7-9,15].

The computed three-dimensional structures presented in the above-mentioned articles [1,2,4,7-9]
were deduced from the CCS data, a two-dimensional information (related, to a certain extent, to a
surface area) obtained from lon Mobility. These Molecular Dynamics or Molecular Mechanics (MM)
simulations yield several potential candidate structures having computed CCSs compatible with the
experimental IM values. The computational methods often differ in the used force fields, simulation
lengths or annealing methodologies, and even in the parameters or algorithms used for CCS
predictions (e.g. using mobcal [23,24], IMoS [25,26], projection approximation, exact hard sphere
scattering, trajectory method), but no exact match between these predicted and experimental CCS
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values was usually found. Moreover, the modeling of ion-particle interactions is not yet fully
understood and their descriptions are still being refined [25].

Here, we investigate the CCS evolutions of five mass-dispersed synthetic homopolymers as a function
of the mass and the charge using solely experimental ESI IM-MS measurements, distancing ourselves
from computational chemistry a prioris on the three-dimensional structures. First, a CCS data fitting
method is proposed which leads us to discuss the experimental IM structures of polymers in the gas
phase. From the CCS fit trends, we introduce the concept of trends with constant apparent densities.
From this model, a prediction method of CCS evolutions is elaborated and the applications of the
methodology are discussed. The fitting method is extended from CCS data to drift time and mobility
data. We also propose the use of the homopolymers’ CCS trends to assist the interpretation of the
folding variations of biopolymers and biomolecules based on IM-MS approaches.

2. Materials and methods

2.1. CHEMICALS

A detailed list of the chemicals used can be found in the Supplementary information.

2.2 POLYMERS

The syntheses of poly(caprolactone) PCL star topology polymers were described by Morsa and
coworkers [4]. Poly(ethylene oxide) PEO (CHs0-PEO-H) 5000 g/mol was bought from Aldrich. Following
the synthesis of the monomer (see Supplementary information), poly(ethoxyphosphate) (poly(2-
ethoxy-1,3,2-dioxaphospholane 2-oxide)) PEtP polymers [27] (1200 g/mol, 3000 g/mol, 4500 g/mol,
5500 g/mol; Fig. SI1) were synthesized as described in the Supplementary information.

2.3 ELECTROSPRAY IONIZATION IN POSITIVE MODE COUPLED TO ION
MOBILITYMASS SPECTROMETRY

Poly(ethylene oxide) and poly(ethoxyphosphate) polymers were solubilized in pure methanol spiked
with Na*cations (NaCl salt) to yield concentrations of polymer complexes ranging from 2 X 10 M to
10° M, depending on the sample. Poly(ethoxyphosphate) polymers were cationized as well using Ca?*
cations (CaCly-2H,0 salt) to yield concentrations of polymer complexes on the order of 5 X 10® M. For
detailed information on the SYNAPT G2 HDMS traveling wave lon Mobility-Mass Spectrometer
(Waters, Manchester, UK) experimental parameters see the Supplementary information.

Sample preparation and ESI conditions for poly(caprolactone) polymers were described elsewhere [4].
A SYNAPT G1 lon Mobility-Mass Spectrometer (Waters, Manchester, UK) was used to determine the
ATDs of PCLs.

The interpretation of the 2D data (drift time as a function of the mass-to-charge ratio) was performed
using Waters MassLynx 4.1 and Driftscope 2.1 software. ATD peaks were fitted (Gaussian function)
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using PeakFit v.4.11 to accurately define the apex of each ATD peak. Data processing was performed
using Excel 2011, SigmaPlot 12.0 and IgorPro 6.34A.

2.4. COLLISION CROSS-SECTION/ION MOBILITY CALIBRATION

For the full details of the calibration process [28] see the Supplementary information. IM data were
acquired using a traveling wave IM-MS operated in N; as drift gas and the CCS calibrations were
performed using reference substances acquired in drift tube IM operated using He as drift gas [18,29—
33] (He-derived T-Wavey; CCS).

2.5. FITTING THE CCS EVOLUTIONS

The CCS evolution fitting is an iterative process, where one has to evaluate the quality of the fit going
through the data points. The data points for the fits are constituted by all the points between the
structural rearrangements (tipping points). Once a fit is performed on several data points, one can (re-
)Jevaluate whether it takes correctly account of the chosen data points or if more/fewer points should
be included. The structural rearrangements then also become more clearly visible and the data point
choices become more apparent.

3. Results and discussion

The Mason-Schamp equation [34] provided in Eq. (1) links the mobility of an ion K to its charge z, the
reduced mass of the ion and the drift gas pand the rotationally-averaged Collision CrossSection
(converted to A?). The average CCS (Xav) being related to the ion mobility K, the CCS usually increases
with the polymer chain length due to the higher mass (and related size) of the polymer.

1

_ iﬁ 2w 1z z
K= 16N[ukBT] Qavg (1)

where e is the elementary charge, ksis the Boltzmann constant, T is the temperature and N is the gas
number density.

Using a traveling wave ion guide instrument usually requires a calibration procedure to convert the
ATDs into CCS values for each set of experimental settings (see Materials and Methods section). The
m/z ratios corresponding to polymer-cation complexes were converted into DP values (Degree of
Polymerization), i.e., providing the number of polymerized monomer units associated with an
identified charge state. This process is similar to the one used in the Kendrick mass scale [35]. The m/z
to DP conversion enables the comparison of CCS trends of different charge states from polymers being
constituted of monomer units having different masses.

3.1. TREND LINES AND COMMON TREND LINE

Fig. 1 shows the plot of the CCS evolution as a function of the DP of linear poly(ethoxyphosphate) PEtP
topology at various charge states. For a given charge state, the CCS is steadily and monotonically
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increasing with increasing DP values, similarly to various
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Fig. 1. Plot of the Collision Cross-Section (CCS, He-derived-T-Wavey, CCS) versus the DP (Degree of Polymerization) of sodiated
poly(ethoxyphosphate) (PEtP) polymer ions at different charge states (1+ to 8+). The plot shows unconstrained power fit
functions (CCS = A.DProv, Eq. (2)) for the different CCS trends before and after the tipping points (described as fit a to fit g).

Fig. SI12 highlights the data points used for performing the data fits.

Nonetheless the CCS evolutions of some charge states (i.e., >1+) of polymers show tipping points that

do not follow their initial monotonically increasing CCS evolution. These tipping points lead to higher

DPs not acquiring larger CCS values than the previous DPs. Interestingly, the CCSs from these tipping

points eventually reach the CCS evolution built by a lower charge state. The CCS evolutions and the

tipping points originate from the balance between enthalpic and entropic contributions of the growing

polymer chain and the Coulomb repulsion of the cation charges. Ultimately, as for PEtP bearing 3 or 4
charges, the CCSs from the tipping points reach the CCS evolution established by the lowest possible
polymer ion charge state, i.e., the singly charged polymer, as shown in Fig. 1. This CCS evolution of

singly charged ions represents the most compact polymer ion structure [37].

When fitting the CCS evolutions as a function of the DP before and after the tipping points, we found
that they were best described by a power law fit function, as described in Eq. (2). This provides
different (CCS) trends according to the DP and the charge state. We propose to denote the trend of
the most compact polymer ions as the common trend line [17] because all the higher charge state

trends will eventually follow this trend line at high enough DP values [9,15].

Q=A-DPPv (2)

where (2 is the rotationally-averaged Collision Cross-Section,

DP is the Degree of Polymerization of the

polymer (number of monomer units) and A and pow are fit parameters.
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3.2. POWER LAW FITS FOR SPHERICALLY-SHAPED IONS

The common trend line has been associated in literature [4,7—9,15,17,37] with spherical ion shapes.
Indeed, the common trend line contains the CCS trend of the 1+ charge state where no Coulomb
repulsion distorts the ion shape. Aside from the 1+ charge state, the CCS trends of the 2+ charge state
as well as contributions at high DPs from the 3+ and 4+ charge states after their tipping points make
up the common trend line of PEtP. Empirical fitting of the CCS evolution was performed using Eq. (2)
(“fit a’ in Fig. 1). The trend fits with the spherical shape trend as pow approaches 2/3 (0.66) [28].

Fig. 2 depicts the CCSs of poly(ethylene oxide) PEO complexed with 3—9 Na* cations as a function of
the DP, ranging from around 90 to around 145. The CCS evolution of PEO complexes bearing 3 cations
at the DPs above 100 correlates with the common trend line [9,15]. Our results of the PEO common
trend line fit are in good agreement with the spherical shape trend or an isotropic shape growth (i.e.,
pow = 0.66; ‘fit a’ in Fig. 2). Like PEtP-sodium complexes, higher charge states of PEO ions exhibit
tipping points and CCS trends merging with more compact CCS trends.

Eq. (2) for spherical shapes (pow = 0.66, Eq. (7)) can be retraced through the development of Eq. (3)
to Eq. (6) (similar to [36]) where the volume of a sphere (Eq. (3)) can be reformulated in the case of
homopolymers (Eq. (4)). The CCS represents a surface which can thus be approximated by Eq. (5)
within the hypothesis of two non-interacting bodies as described by the hard sphere approximation
model [39]. In this case, the ion-neutral contact distance is defined as the sum of the two radii.
Nonetheless, considering that the ion radius of the polymer-alkali complexes is much greater than the
buffer gas radius, the sum of the radii can be simplified to the polymer radius only (Eq. (5)). This
simplification can easily be performed for high DP polymer chains and stands as an approximation for
very small polymer chains. Finally, we can rewrite Eq. (2) and formulate the Collision Cross-Section as
a function of the DP and a volume contribution of a polymerized monomer unit in the hard sphere
approximation, as expressed by Eq. (6). We will henceforth refer to ‘polymerized monomer unit’ as
‘monomer (unit)’.

4 _3_
Vsphere - ET[T - Vpolymer (3)

where Viprere is the volume of a sphere, r is the radius of the corresponding sphere and Vpoymeris the

total volume of the polymer.
Vpolymer = DP - Vinono (4)

where DP is the Degree of Polymerization of the polymer and Vmono is the mean volume of a
polymerized monomer unit in the gas phase, i.e., a repetitive building block of the polymer.

2
0= T[g(rion + Tgas) = nfri%m (5)

where Q is the CCS, & is the momentum scattering coefficient [40] and rion and rges are the radii of the
ion or the neutral drift gas particle, respectively. Eq. (5) assumes that rion >> rges.

3\ 2/3
a=|G)" m vl 0P e

Eqg. (6) is equivalent to Eq. (2) where pow = 2/3. The parameter A describes the terms in brackets of
Eq. (6). It depends on the apparent volume of the monomers constituting the polymer in the gas phase.
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QO=A-DP?/3 (7)

where () represents the CCS, A is the fit parameter and DP is the Degree of Polymerization.
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Fig. 2. Plot of the Collision Cross-Section (CCS, He-=derived-T-Wavey; CCS) as a function of the DP (Degree of Polymerization)
of sodiated poly(ethylene oxide) (PEO) polymer ions at different charge states (from 3+ to 9+). The unconstrained power fit
functions (CCS = A.DPPov, Eq. (2)) for the different CCS trends before and after the tipping points are described as fit a to fit i.
The fit functions fit b and fit d are not shown but are still accounted for in the plot as they denote the CCS trends missed in
the analyzed DP range. Fig. SI13 highlights the data points used for performing the data fits.

3.3. PHYSICAL MEANING OF THE FIT PARAMETER A

Eqg. (6) coupled to the volumetric mass density of one monomer unit in the polymer leads to the
concept of an apparent density in the gas phase (Eq. (8)) represented by the fit parameter A from Eq.
(2) (or Eq. (7).

A= (2 Mmoo 1Y 173 (8)

where A is the fit parameter from Eq. (2) or (7), MMono is the molar mass of the monomer, d is the
(volumetric mass) density reported to a monomer unit and N,is the Avogadro number.

The parameter A bears empiric information specific to the chemical nature of the polymer and its
interactions with the cationizing agents, here the solvated alkali cations. The parameter A embodies
the added mean volume at the origin of the CCS increase when adding a monomer unit. This added
monomer unit (mass increase) solvates an increment of the total ion charge in its mean volume. A
larger parameter A value then translates into a lower apparent density. The apparent density thus
reflected by the parameter A, together with its pow fit parameter (Eq. (2)), defines a CCS trend and
classifies ions into ‘trends with constant apparent density’. The value of the parameter A takes into
account both the enthalpic (e.g., charge solvation by coordination and Coulomb repulsion between
charges) and the entropic (favoring spherical shapes) contributions, which yield stable structures in
the gas phase.
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To illustrate the influence of the chemical nature of the polymer on the fit parameter A, we can
compare the fit parameters of the common trend lines of poly(ethoxyphosphate) PEtP (‘fit a’ in Fig. 1
and Table 1) and poly(ethylene oxide) PEO (‘fit @’ in Fig. 2 and Table SI2) cationized with Na*. The A
fitting parameters (Eq. (2); £95% confidence interval) for the common trend lines of PEtP and PEO are
65.1+2.1and 35.2 +4.1, respectively.

Table 1
Fitting parameters of several trend lines for poly(ethoxyphosphate) PEtP. The fits (CCS = A.DPr°¥) are calculated with free A
and pow parameters.

Polymer Fitting curve Charge state description pow' Al

PEtP Fita Common trend line (2+ to 4+) 0.67 +0.01 65.1+2.1
Fitb 3+ 0.61+0.04 88.4+9.0
Fitc 4+ 0.63+0.00 945+1.4
Fitd 5+ 0.68 +0.01 889128

1The values of the pow and A fitting parameters are given with their 95% confidence interval.

3.4. OBSERVING POW~0.66 FOR MULTIPLE CCS TRENDS AND TREND-SPECIFIC FIT
PARAMETER A

Aside from the ions of the common trend line, any isotropically growing object, or any object subjected
to free rotation and having no preferential orientation should lead to a CCS value of a hypothetical
spherical object of equivalent uniform density. A CCS representing a surface, i.e., the two-dimensional
surface defined by the interaction of the ion with the drift gas, can mathematically be expressed by a
radius raised to the power of 2. Any three-dimensional structure has a volume proportional to a radius
parameter raised to the power of 3. The pow parameter could hence as well be expressed by the ratio
of these terms, i.e., 0.66 (2/3) for shapes other than true spheres. This leaves the structural differences
to be described by changes in the apparent density parameter A (Eq. (8)). The equations and the
development of the formulae (Egs. (3)-(8)) would thus become independent of the starting hypothesis,
i.e., spherical or near-spherical shapes. As the parameter A changes from one folding to another, one
preferably should adopt the denomination of apparent spherical structures or ‘trends with constant
apparent density’ (Eq. (8)).

Literature postulates elongated shapes for polymer-alkali cation complexes at high charge states[4,7-
9,15] but our fit for e.g., the 5+ charge state [PEtP+5Na*]** still provides a pow parameter approaching
2/3(0.68+0.01; Fig. 1 ‘fitd’). Thisis in close agreement with 0.66 (or 2/3) and with the pow parameters
observed for the common trend lines of PEtP and PEO (0.67 + 0.01 and 0.64 *+ 0.02, respectively). Such
pow values could suggest a globular shape of the ions (or regions of apparent isotropic growth), at
least as perceived by ion mobility in the gas phase. In agreement with Eq. (8), the IM-MS fit suggests
that the shape associated with the CCS is of lower apparent density (A = 88.9 # 2.8) for [PEtP+5Na*]*>*
than the more compact shape of [PEtP+1Na*]** (A = 65.1 # 2.1). The apparent density decreases when
the charge state increases as the ion shapes ‘bloat’ due to Coulomb repulsions. Once the charge
repulsion is more effectively screened by the addition of monomer units (i.e., increasing the DP), the
ion apparent densities decrease until they eventually reach the maximum density defined by the

common trend line. The fit parameter A value is hence specific from one fit (or trend) to another.
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3.5. TREND ANNOTATIONS: CONSTRAINING POW TO 0.66 AND CONSTANCY OF THE
PARAMETER A RATIOS (0.9)

Now we constrain the pow parameter from Eq. (2) to 0.66 (2/3) during the development of the fitting
methodology for polymer trend comparisons while the parameter A is kept unconstrained (Eq. (7); see
Table 2 and Fig. SI4 for PEtP). Any structural information yielded by IM-MS, depending on the chemical
nature and the interactions of the monomers within the polymers, is then enclosed within the
parameter A. At this stage, no conclusion on the shape of the ions (e.g., sphere or ‘beads on a string’)
will be drawn because the parameter A only reflects the apparent density of an assumed and
hypothetical spherical structure (i.e., pow = 2/3) of equivalent apparent density. The information
contained in the pow parameter is related to a shape factor and will be detailed in a future paper.

We can now evaluate the ratios of the parameter A values of any successive trends with constant
apparent density. Eq. (9) can be established when combining Eq. (7) and Eq. (8). The parameter A ratio
is equivalent to the CCS ratio, which are related to the apparent density ratios of the polymer-cation

complexes.
4=y (2)2/3 (9)
A2 Ay dg

Where A; and A; are the fitting parameters of two different trends with constant apparent density,
(see Eq. (2) and (7)), Q; and Q, are CCS values and d; and d. are the (volumetric mass) densities
reported to a monomer unit.

Table 2 shows the ratios of the parameters A for PEtP complexes of two identified successive trends
with constant apparent density, i.e., A,and Ap+1). When comparing their ratios, a recurring value of
around 0.9 is found for alkali metal cationized ions. This value of 0.9 is observed as the general pattern
when jumping from one trend with constant apparent density to the next. We hence observe a 10%
decrease in apparent density (parameter A) when going from the structural trend ‘n’ to the next trend
‘n + 1’. Interestingly, this is also valid for the other investigated polymers such as PEO (Fig. 2 and Fig.
SI6) and linear PCL (Fig. 3). They also provide the same parameter A ratio values of 0.9 (Table 2).
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Fig. 3. Plot of the Collision Cross-Section (CCS, He-derived T-Wavey, CCS) versus the DP (Degree of Polymerization) of linear
poly(caprolactone) (PCL) polymers with varying numbers of potassium cations used to reach different charge states (from 1+
to 4+). The constrained power fit functions (CCS = A.DP%%¢, Eq. (7)) for the different CCS trends before and after the tipping
points are described as fit a to fit d. Fig. SI14 highlights the data points used for performing the data fits.
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Table 2

Fitting parameters of the trend lines for poly(ethoxyphosphate) PEtP (either sodium or calcium cationized), poly(ethylene
oxide) PEO (sodium cationized) and different topologies of poly(caprolactone) PCL (potassium cationized) polymer-cation
complexes. The constrained fits (CCS = A.DP%66, Eq. (7)) are calculated with free A but constrained pow parameters. Fitting
parameter A ratios, representing the ratios of the densities of the different apparent spherical trends, are provided as well.

Polymer Fitting Curve Charge State Description Al Atrend n/Arrend (n+1) AcommnTrendiine /Arend3 +
PEtP? Fita Common trend line (2+ to 4+) 686103 0.89
(Na") Fitb 3+ 774109 091

Firc 4+ 853103 0.90

Fitd 5+ 95.0+02 092

Fire 6+ 103.8 +0.5 0.94

Fitf 7+ 110.8°+0.8 0.96

Firg 8+ 11594+ 09
PEtP" Fita Commeon trend line (2+ and 4+) 68.1+02 0.83
(Ca®) Fit ¢ 4+ 820405
PED? Fita Common trend line (3+) 319+0.1 0.72
(Na™) Firc 4+ 446+0.2 0.78

Fite 5+ 56.8+02 092

Fitf 6+ 62.0+0.0 0.95

Fitg 7+ 65.1°+0.4 0.98

Fith 8+ 66.5°+0.6 0.99

Fit i 9+ 674°+0.6
Linear PCL* Fita Common trend line (2+ to 4+) 628105 0.90 0.77
(K" Fitb 2+ 700+96 0.86

Fitc 3+ and 4+ trend 816409 0.90

Fird 4+ 907+14
4-Arm star PCL? Fita Common trend line (2+ to 4+) 63305 0.78
(K" Firc 3+ and 4+ trend 814106 092

Fird 4+ 880116
6-Arm star PCL? Fita Commeon trend line (2+ to 4+) 645+04 0.88 0.88
(K*) Fitb 3+ and 4+ trend 735109 0.88

Firc 4+ 837+15

1The values of the A fitting parameters are given with their 95% confidence interval.

2For plots with the constrained power fit functions (pow = 0.66) see Figs. SI14 and S16-SI8.

3See Fig. 3.

4Fit begins to poorly follow the data points (ratios tend to increase towards 1, cf. text for details).

5Fit only poorly follows the data points (parameter A ratios ~1, cf. text for details).

6 The reported values are related to plots with the constrained power fit functions (pow = 0.66) of calcium-cationized
complexes see Fig. SI5.

3.6. INTERPRETATION OF PARAMETER A RATIOS DIFFERING FROM 0.9

Extracting experimental CCS values from IM-MS measurements can lead to missing data points for any
reason (e.g., small mass dispersity of a polymer vyielding an insufficient m/z range coverage,
suppression of ionization, lacking IM and/or MS resolving power). Fitting the CCS evolutions and
calculating the ratios of successive parameters A allows detecting these missed or skipped CCS trends.

PEtP with 1-8 sodium cations has been analyzed ranging from oligomers (DP 1) to polymers containing
up to 59 monomer units (BzO- and —H chain ends). The starting hypothesis is that no structural
rearrangement or CCS trend has been missed within the investigated DP range. If the hypothetical next
CCS trend (next power fit) was skipped during a structural rearrangement, the parameter A ratio
should be significantly different from 0.9. The calculation of the Arrend n/Atrend (n+1) ratios thus indicates
how the CCS trend before or after a structural rearrangement from one trend with constant apparent
density to another one should evolve.

Fig. 1 (and Fig. S14) exemplifies the ratio Arrend n/Arrend (n+1) interpretation on the structural evolutions of
[PEtP+3Na*]** and [PEtP+4Na*]** complexes. For polymers smaller than DP 17, [PEtP+3Na*]** is
following the CCS trend named ‘fit b’ on Fig. 1, and after the structural rearrangement (DP > 21), the
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CCSs of the [PEtP+3Na*]** complexes follow the common trend line named ‘fit a’. The calculation of
the parameter A ratio Arrend n/Atrend (n+1) @S Afit of Asit » Yields the expected value of around 0.9 (cf. Table
2). On the contrary, calculating the ratio A of/Asit c provides a value around 0.8 (ratio of the common
trend line ‘fit @’ of [PEtP+4Na*]* for DP > 44 equivalent to Acommon Trend line and of the CCS trend of
[PEtP+4Na*]** at DP < 36 (‘fit ¢’; Ast o). This value suggests that a hypothetical CCS trend with an
intermediate apparent density was skipped by [PEtP+4Na*]* during its structural rearrangement. This
skipped CCS trend of the [PEtP+4Na*]* ions could be associated to the [PEtP+3Na*]* trend ‘fit b’. The
skipping of a CCS trend is in agreement with the product of the two ratios of these consecutive CCS
trends, e.g., Asitof/Asitb (~0.9) multiplied by Asitn/Asicc (~0.9), yielding 0.8 for A of Afit c.

Additionally, it can be noted that the parameter A ratio values hold up when changing from alkali metal
ions to alkaline earth metal ions, such as calcium cations. The parameter A ratio of the common trend
line, i.e., the CCS trend of [PEtP+1Ca?*]?*, and of the 4+ ion CCS trend, as yielded by [PEtP+2Ca?*]**
complexes, yields ~0.8 (see Table 2 and Fig. SI5). This value is identical to the ratio calculated for
[PEtP+2Na*]?*and [PEtP+4Na*]* apparent density trends. A calcium adduct provides the same behavior
in terms of CCS trends as the adduct of 2 sodium cations on the same polymer chain.

3.7. PREDICTING THE CCS TRENDS USING THE PARAMETER A RATIOS AND THE
COMMON TREND LINE: APPLICATION TO PEO AND PCL TOPOLOGIES AND OUTLOOK
FOR DATA TREATMENT AUTOMATION

Fig. 2 (and Fig. SI6) represents the CCS trends and their fits of poly(ethylene oxide) complexes carrying
sodium cations. Once the CCS trend of the common trend line is established (‘fit a’; the most compact
trend), all other CCS trends with constant apparent density can be predicted by using the identified
value from the parameter A ratio, i.e., 0.9. Decreasing the apparent density i.e., the parameter A by
10% from fit to fit predicts the trends of ‘fit b’ to ‘fit i’. Aside from the structural rearrangements and
assuming that e.g., no multimer formation took place during the experiments, all predicted trends with
constant apparent density should be covered by experimental data points of polymer-cation
complexes at different charge states.

The ratio calculation Asit o/ Afit c and Agir o/ Asic e of PEO being ~0.8 instead of the expected 0.9, we can
strongly suspect that the two CCS trends ‘fit b’ and ‘fit d’ have been missed (see Table 2). This is due
to the PEO sample’s mass dispersity not covering a large enough DP range. The end and the beginning
of these two missed trends are observed from DP 90 to 100 for [PEO+3Na*]** or around DP 135 for
[PEO+4Na*]* (‘fit b’) and at DPs >130 for [PEO+5Na*]>* (‘fit d’), respectively. These two missing but
predicted CCS trends were experimentally detected by Larriba and coworkers using a larger DP
coverage of PEO [9], standing in good agreement with our data.

The CCS trend predictions hold as well on different topologies of poly(caprolactone) PCL (see linear
PCL in Fig. 3, 4-arm star PCL in Fig. SI7 and 6-arm star in Fig. SI8). For this purpose, the different
topologies should cover a DP range large enough, notably including the common trend line, in order
to establish appropriate trend predictions for the different charge states. Here, an additional
difference between the polymers is that different topologies can cover different trends with constant
apparent density with identical charge states (Table 2).
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For illustration purposes, the predicted trends ‘fit b’ are covered by the 2+ complexes for the linear
and the 4-arm star PCL complexes [PCLiinear or 4-arm start2K*]** (Figs. 3 and SI7). The ‘fit ¢’ trends are
represented by their 3+ complexes [PCLunear or 4.arm start 3K*]3*. These interpretations can be retraced
through the parameter A ratio calculations as Afito/Afit b (Acommon Trend iine/ Atrend 2+) Which yield ratio values
around 0.9. Similarly, the ratios Agit o/ Afit c (Acommon Trend line/ Atrend 3+) Provide values around 0.8. However
for the 6-arm star PCL, no CCS trend specific to only the [PCLs.arm star+2K*]** complexes could be found
(see Fig. SI8). Instead, the [PCLs.arm start2K*]>* complexes share the same CCS trend as the [PCL6-arm
star+1K+]1+complexes. [PCL6-arm star+3K+]3+ complexes cover the predicted CCS trend ‘fit b’, which
was previously covered by the 2+ complexes for the linear and 4-arm star PCL topology counterparts.
The ratio Afit of Afit b (Acommon Trend line/ Atrend 3+) Of the [PCL6-arm star+3K+]3+ complexes again yields ~0.9.

It is interesting to note that in a recently published study from our group on multiple co-existing
conformations of poly(acrylamide) in vacuo, the co-existing conformations (for an identical charge
state) yielded as well CCS trends with 10% apparent density differences [17].

The fit parameter A ratio calculation is thus a powerful tool in the data processing which allows the
prediction of missed CCS trends with constant apparent density or of inexistent CCS trends for given
charge states (e.g., [PCls.arm start2K*]** complexes at very low DP; not having a physical meaning).
Differences in behaviors of polymer systems when changing either the monomer units or the polymer
branching are easily and rapidly identifiable. The trend predictions could also be used as verification
step when automating data processing for polymer mixture analyses. Indeed, once the parameter A of
the common trend line is known, the trend predictions can be established and automated data
treatment could verify its results. Multimer formation [18,19] or the presence of multiple polymer
topologies could thus be detected through deviations from the trend predictions. IM-MS topology
standards should nevertheless also be separately acquired in order to further verify any potentially
identified deviation from the trend predictions, especially in the case of monodisperse biopolymer
foldings studied by IM-MS. Moreover, deviations from the predicted trends due to structural
rearrangements (tipping points) or due to acute three-dimensional structure differences could be
confirmed through the here-developed method. With this method, only the parameter A of the
common trend line has to be known to perform trend predictions. Data processing software could rely
on such predictions, coupled to e.g., an RMSD approach, in order to automatically assist data extraction
and to verify the consistency of the results.

3.8. NOTE CONCERNING THE UNCONSTRAINED POW PARAMETERS AND
PARAMETER A RATIOS

CCS trends can also be performed successfully outside the postulate of the constrained pow = 0.66 fit
parameter (Eq. (2)). This was done for linear and 6-arm star PCL polymers with potassium adducts
(Figs. SI9 and SI10). It is still possible to perform the strategy of calculating parameter A ratios from
one charge state to the next as long as the condition of comparing polymers with similar shapes is
respected (close/similar pow parameter values).
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3.9. POW = 0.66 AT HIGHER CHARGE STATES

At higher charge states, the constrained pow = 0.66 trends begin to deviate from the experimental CCS
evolutions. For example, the CCS evolutions of the 7+, 8+ and 9+ charge states of PEO do not correlate
well with the constrained pow = 0.66 fit function (see Table SI2 and Fig. SI6). When nevertheless
applying the constrained pow = 0.66 fits to these CCS evolutions, the here-developed prediction and
interpretation method still holds up.

The pow = 0.66 parameter being to-date exclusively associated with near-spherical shapes [28],
together with more detailed interpretations and explanations of the higher charge states where the
fits begin to poorly fit with pow = 2/3 will be the subject of a future paper.

3.10. FROM FITTING CCS TRENDS TO FITTING DRIFT TIME OR MOBILITY DATA

The CCS fit methodology can be extended from CCS evolutions to drift time and mobility (Ko)
evolutions.

The power law fits of CCS evolutions plotted as a function of the DP (or mass) become linear fit
functions when working with drift time evolutions [38] (Fig. SI11).

Given the Mason-Schamp equation (Eq. (1)), the graphs of the charge z divided by the mobility Ko (z/Ko)
plotted as a function of the DP (or mass) will yield the same power law (pow ~2/3) trends as for CCS
evolutions. In this case, the parameter A will not directly reflect an apparent density but an apparent
mobility contribution of the monomers to the complexes in the gas phase.

Lastly, when working with CCS evolutions, linear fits can as well be used instead of the power law fits
if fulfilling specific conditions. Linear fits could be used for CCS evolutions if the data set does not cover
a large mass range and if the masses are not too close to the (0,0) coordinate intercept because of the
convergence of both the linear and the power law functions within a limited mass range (see Fig. 1).
In this case, the approximation of using linear fits without (0,0) interception in CCS vs. mass plots could
be valid [41]. Nevertheless, larger data sets, and especially if extrapolating data interpretation, require
power law fits in order to understand the CCS evolutions as a function of the mass.

4. Conclusions

Five different synthetic homopolymers were used to develop an lon Mobility data fitting method. Each
CCS trend of each charge state of the polymer-cation complexes can be fitted using a power law fit
function (CCS = A.DPP°"). Structural information yielded by lon Mobility can thus be extracted as its
two fitting parameters A and pow. This work deals with the parameter A while the pow parameter will
be the subject of a specifically dedicated work. The data fitting and prediction method relies on
experimental data only, without any computational chemistry a prioris. We showed that the CCS
trends follow apparent spherical tendencies (apparent isotropic growth), exhibiting a pow fitting
parameter of around 0.66 (2/3). Then, constraining the power fits to pow = 0.66 allowed merging all
IM information into one single parameter: the fit parameter A. This parameter reflects the average
volume occupied by the monomers when the mass of the polymer increases for each charge state. The
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parameter A of each trend can hence be interpreted as an apparent density, resulting in the
interpretation of IM-MS results, i.e. the CCS evolutions, as trends with constant apparent density (see
Eq. (8)). The lowest charge state (singly charged ions) presented the most compact structure. It reflects
the trend with the highest apparent density defined in this work as the common trend line. Higher
charge states yielded different trends with constant apparent density. These CCS evolutions merged
with higher density trends for growing polymer chains (DP) until they eventually merged with the
common trend line. All these evolutions fit with different, trend-specific, parameter A values.

The methodology of using power law fits with constrained pow parameters, reducing the fit equation
to one single fitting parameter, allowed the calculation of parameter A ratios of successive CCS trends
of the different charge states. These ratios were found to be constant (~0.9 for alkali metal cations —
10% in density difference) between successive CCS trends unless the CCS trends were experimentally
skipped. It could as well be noted that doubly charged alkaline earth cations (e.g., Ca?*) provided
identical results to the alkali cations when equivalent charge states were considered.

Given the constancy of the parameter A ratios, predictions of (missed or inexistent for given charge
states) CCS trends with constant apparent density could easily be performed. Deviations from the
constancy of these ratios or deviations from these predicted CCS trends could be used as analytical
guantifiers to detect and verify anomalies in unknown polymer samples. Such anomalies could include
differences in behaviors of polymer systems due to differing polymer topologies, folding or differing
monomer units. The occurrence of structural rearrangements, of acute three-dimensional structure
differences of the polymer-cation complexes, or the presence of multimer complexes could be verified
and confirmed using the predicted trends with constant apparent density.

Identically, biomolecules also exhibit IM-MS results dependent on their apparent densities [41-43].
The apparent densities allow the interpretation without any a priori on the three-dimensional shape
of the biomolecule ions. Deviations from the constancy of the parameter A ratios when increasing the
charge state of given biomolecules could also indicate changes in their folding pattern.

The prediction method could also be used in data processing software to automatically assist data
extraction or verification.

The power law fit methodology could be extended from the CCS evolutions to drift time (linear fits)
and ion mobility (Ko) evolutions (z/Ko with power fits).

The parameter A from Eqgs. (2) or (8) is strongly related to the physicochemical properties (e.g., charge
solvation capacity) of the monomer units constituting the polymers. Further investigating the
parameter A should provide deeper physicochemical information and should in turn assist the choice
of an appropriate initial guess for computational chemistry (such as calculation methods, interaction
potential choices, charge placements). A future paper will identify the shape information contained in
the pow parameter. Finally, the next step in the data prediction strategy will be to expand the
predictions from synthetic polymer systems to more complex biomolecular systems.
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Appendix A. Supplementary data

MATERIALS & METHODS

CHEMICALS.

The solvents toluene, tetrahydrofuran (THF) and dichloromethane (CHCl,), used for the synthesis of
(poly(2-ethoxy-1,3,2-dioxaphospholane 2-oxide); poly(ethoxyphosphate)[1], PEtP), were dried under
vacuum before use. 2-Chloro-1,3,2-dioxaphospholane 2-oxide (COP) was purchased from Acros,
diethyl ether, methanol (analytical grade) and calcium hydride (CaH,) (Aldrich) were used as received.
Ethanol (Aldrich), benzyl alcohol (Aldrich), N,N-diethylethanamine (or triethylamine, TEA) (Aldrich),
and 1,8-diazobicyclo[5.4.0]lundec-7-ene (DBU) (Aldrich) were dried over calcium hydride at room
temperature, followed by distillation under vacuum before use. 1-1-[3,5-Bis(trifluoromethyl)phenyl]-
3-cyclohexyl-2-thiourea (TU) was synthesized as described elsewhere[2].

SYNTHESIS OF THE MONOMER (EP).

The monomer (2-ethoxy-1,3,2-dioxaphospholan 2-oxide, EP) for the PEtP synthesis was synthesized as
described by Clément et al.[1]. The reaction is based on an esterification reaction of the chlorinated
cyclic precursor 2-chloro-2-1,3,2-dioxaphospholan 2-oxide (COP).

The solvent and reagents used were dried either by a drying apparatus or by fresh distillations. COP
(0.7 mol) in 200 mL of dry tetrahydrofurane (THF) was added dropwise (during 1-2 h) under N,
atmosphere to a mixture of ethanol (EtOH 0.7 mol), triethylamine (TEA) (0.7 mol) in 200 mL of dry THF.
The final conditions were COP/EtOH/TEA 1/1/1. The reaction flask was kept at 0 °C under constant
stirring during the reaction time of 4 to 5 hours. After the reaction was completed, the reaction
medium was filtered under ambient atmosphere in order to remove the precipitated salt. The product
was dried under vacuum and kept under N atmosphere at 20 °C for one night. Afterwards, a fractional
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distillation was performed under vacuum (~3 h, oil bath at 130 °C - 140 °C). The observed boiling point
of the monomer was around 74 °C.

SYNTHESIS OF THE POLY(PHOSPHOESTER) (POLY(2-ETHOXY-1,3,2-DIOXAPHOSPHOLANE 2-
OXIDE; PETP).

The polymer synthesis was inspired by Clément and coworkers[1]. The polymers were synthesized by
Ring-Opening Polymerization (ROP) with a dual organo-catalysis system (1,8-diazobicyclo[5.4.0]undec-
7-ene DBU and 1-1-[3,5-bis(trifluoromethyl)phenyl]-3-cyclohexyl-2thiourea TU) as initially described
by Hedrick and coworkers[3,4]. Several linear poly(2-ethoxy-1,3,2-dioxaphospholane 2-oxide)
(poly(ethoxyphosphate); PEtP) (PEtP 1200 g/mol, 3000 g/mol, 4500 g/mol, 5500 g/mol; Figure SI1)
were produced.

For the 1200 g/mol and 3000 g/mol polymers, 2-ethoxy-1,3,2-dioxaphospholan 2-oxide (EP) (39.4
mmol) was mixed with TU (5% of EP, 1.97 mmol) in dry CH,Cl; (40 mL) in order to obtain a 1 M solution.
Before adding the solvent (CH,Cly), three azeotropic distillations with anhydrous toluene were
performed to eliminate residual traces of water. The freshly distilled initiator was then added (benzyl
alcohol, BzOH, 1.97 mmol). The ratio EP/BzOH was fixed according to the intended Degree of
Polymerization (DP). The polymerization-initiating catalyst, DBU, was then added (2.7 mmol) to the
reaction medium at 0 °C under constant stirring. The quantity of DBU was chosen according to the
molar ratio DBU/BzOH to lie within 1.2 and 1.5. After 15 minutes for PEtP 1200 g/mol or after 40
minutes for PEtP 3000 g/mol, the polymerizations were stopped by precipitating the reaction medium
in cold diethyl ether under heavy stirring. The polymers were then recuperated while being solid. They
were dried under vacuum and put under N, atmosphere.

The longer polymers (4500 g/mol and 5500 g/mol) were obtained using a slightly different procedure.
Toluene was used as solvent and the monomer concentration was raised to 4 M. The ratio DBU/TU
was set to 1/1. The ratio DBU/BzOH was kept at 1.5 equivalents of DBU towards 1 equivalent of the
initiator. Instead of the azeotropic distillations, TU was dried overnight under vacuum. After the
polymerization, the polymer was precipitated in cold diethyl ether and was dried under vacuum in
order to be stored under N, atmosphere.

*-.O,,.r-*"’(ljﬁ-._o/““‘.\/,.-— '-._“HH
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Figure SI1: Poly(ethoxyphosphate) (poly(2-ethoxy-1,3,2-dioxaphospholane 2-oxide), PEtP).
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ION MOBILITY-MASS SPECTROMETRY.

The PEtP and PEO samples were infused at a flow rate of 4 uL/min, using a syringe pump and a 250 plL
Thermo Scientific syringe, into a SYNAPT G2 HDMS lon Mobility-Mass Spectrometer (Waters,
Manchester, UK) which was used to determine the Arrival Time Distributions. This IM-MS is fitted with
an Electrospray lonization (ESI) source and a stacked ring Traveling Wave (T-Wave) lon Mobility cell.
The capillary voltage was set to 3 kV, the sampling cone voltage was 40 V and the extraction cone was
setto 4 V. The source and desolvation temperatures were 100 °C and 200 °C respectively. No cone gas
flow was used and the desolvation gas flow was set to 500 L/h. The voltages for the trap and the
transfer Collision Energies (CE) were set to 4 V and 2 V, respectively and the trap bias was set to 45 V.
The IM wave height was 40 V and the wave speed was set to 1200 m/s. The trap Ar gas flow was set
to 2 mL/min, the He gas flow was 180 mL/min and the N, pressure in the IM cell was set to 2.6 mbar.

COLLISION CROSS-SECTION (CSS)/ION MOBILITY CALIBRATION.

As Traveling Wave lon Mobility cells need to be calibrated in order to convert drift time measurements
into CCS values, the calibration methodology described by Ruotolo and coworkers was followed[5]
using proteins and peptides as calibrants (bradykinin[6], tryptic digest of Bovine Serum Albumin
(BSA)[7], ubiquitin[8], myoglobin[9], cytochrome C[10] and lysozyme[11]; see Figure SI2, Figure SI3
and Table SI1).

PCL calibration curves are to be found in the paper of Morsa et al.[12].

Even if the T-Wave (Traveling Wave lon Mobility) conditions were identical for PEtP and PEO, two
different calibration sets were used.

The blue lines in Figure SI2 and Figure SI3 correspond to the 95% confidence bands; the red lines
correspond to the 95% prediction bands. Not all the molecules described in Table SI1 were used for
both calibrations.
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Figure SI2: Calibration curve to convert drift times into CCS values (as T-Wave derived CCS) for PEtP polymer complexes. The

power fit function is used to establish the calibration curve ((2’=a.dt”?). The fit parameters of the calibration curve are
a=68.3367 and b=0.6516; the fit parameters of the 95% prediction band are a=61.6784 and b=0.6773.
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Figure SI3: Calibration curve to convert drift times into CCS values (as T-Wave derived CCS) for PEO polymer complexes. The

power fit function is used to establish the calibration curve (Q)’=a.d¢’®). The fit parameters of the calibration curve are
a=72.6837 and b=0.6234; the fit parameters of the 95% prediction band are a=62.1956 and b=0.6606.

Table SI1: Table of proteins and peptides used to calibrate the Traveling Wave lon Mobility.

Molecule Mass (Da) z m/z Q (A%, CC8) in
He
Bradykinin 1059.62 2 530.81 246
FPK 390.23 1 391.23 123.14
YTK 438.23 1 43923 131.96
VGTR 431.26 1 432.26 136.71
ADLAK 516.29 1 517.29 159.31
AFDEK 608.29 1 609.29 168.36
IETMR 648.33 1 649.33 181.29
KFWGK 664.37 1 665.37 185.85
VASLR 54434 1 545.34 163.7
SEIAHR 711.37 1 712.37 181.53
TPVSEK 639.35 1 660.35 175.98
ATEEQLK 817.42 1 818.42 206.4
LVIDLTK 788.46 1 789.46 205.76
AEFVEVTK 921.49 1 922.49 22342
YLYEIAR 927.00 1 927.99 228.03
LVVSTQTALA 1001.58 1 1002.58  239.27
LVIDTDLTK T88.5 2 395.25 205
GACLLPK + CAM 757.48 2 379.74 207
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ATEEQLK 81746 2 409.73 209
LCVLHEK+CAM 897.52 2 449.76 228
AEFVEVTK 921.52 2 461.76 219
YLYEIAR 926.52 2 464.26 237
LVVSTQTALA 1001.62 2 501.81 234
QTALVELLK 1013.66 2 507.83 245
LVNELTEFAK 1162.68 2 58234 262
HLVDEPQNLIK 130478 2 653.39 288
TVMENFVAFVDK 1398.72 2 70036 297
SLHTLFGDELCK + CAM 1418.76 2 71038 297
YICDNQDTISSK + CAM 14427 2 72235 298
LGEYGFQNALIVE 1478.86 2 74043 307
DDPHACYSTVEDK + CAM 1553.72 2 177.86 313
MPCTEDYLSLILNE + CAM 1723 88 2 862.94 338
YNGVFQECCQAEDEK + CAM 1748.72 2 87536 325
HLVDEPQNLIK 1304.76 3 43592 319
SLHTLFGDELCK + CAM 1291.65 3 431.55 334
TCVADESHAGCEK+CAM 1461.75 3 488.25 340
DDPHACYSTVEDE+CAM 1248.63 3 417.21 323
EVPQVSTPTLVEVSE 163899 3 54733 338
DAFLGSFLYEYSRR 172275 3 57525 383
DAIPENLPPLTADFAEDEDVCE+CAM 2460.2 3 820.07 422
QNCDQFEKELGEYGFQNALIVE 24742 82473 429
NECFLSHKDDSPDLPK 1900.96 4 476.24 442
Ubiquutin 8560.8 7 122382 1580
Ubiquitin 8560.8 g 107097 1622
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Ubiquitin 8360.8 9 952.2 1649
Ubiquitin 8360.9 10 857.09 1732
Ubiquitin 8561.08 11 779.28 1802
Myoglobin 16950.93 12 141358 3044
Myoglobin 16977.09 13 130493 3136
Myoglobin 16978.22 14 121173 3143
Myoglobin 16981.05 15 113107 3230
Myoglobin 16982.08 16 1060.38 3313
Myoglobin 16951.10 17 098.12 3384
Myoglobin 16950.6 18 9427 3489
Myoglobin 16947 81 19 892.99 3570
Myoglobin 16948 20 848.4 3682
Myoglobin 16947 21 808 3792
Myoglobin 16940 22 771 3815
Cytochrome c 12230.07 5 244701 1340
Cytochrome c 1222911 6 2039.18 1802
Cytochrome c 12371.9 10 1236.19 2226
Cytochrome c 12371.9 11 11239 2303
Cytochrome c 12375.96 12 103033 2335
Cytochrome c 12352.6 13 951.2 2391
Cytochrome c 123487 14 883.05 2473
Cytochrome c 1235475 15 824.65 2579
Cytochrome c 12187 .49 16 762.72 2679
Cytochrome c 12385.86 17 727.58 2723
Cytochrome c 12326.4 18 685.8 2766
Lysozyme 14303.73 6 238496 1355
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Figure SI4: Plot of the Collision Cross-Section (CCS, He-derived T-Wavey, CCS) versus the DP (Degree of Polymerization) of
sodiated poly(ethoxyphosphate) (PEtP) polymer ions at different charge states (from 1+ to 8+). The constrained power fit
functions (CCS = 4.DPP*", pow=0.66) for the different CCS trends before and after the tipping points are described as fit a

to fit g.
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Table SI2: Fitting parameters of the trend lines for poly(ethoxyphosphate) PEtP, poly(ethylene oxide) PEO and different
topologies of poly(caprolactone) PCL polymer-cation complexes. The unconstrained fits (CCS = A.DPr°¥, Equation 2) are
calculated with free A and pow parameters.

Charge State

(0

Polymer Fitting Curve e pow A
Fita Cm“z‘;i‘i;rzf)l line 4 67001 65.1+2.1
Fith 3+ 0.61+0.04 88.449.0
pEp® Fit ¢ 4+ 0.63 %+ 0.00 945+ 1.4
Fitd 5+ 0.68 +0.01 88.0+2.8
Fite 6+ 0.71+0.01 87.3+3.2
Fitf 7+ 0.74+0.01 80.5+3.1
Fitg 8+ 0.76 £ 0.02 7874+ 7.4
Fita Cm‘“““(‘; f)e“d line 0.64 + 0.02 352441
Fit ¢ 4+ 0.5040.03 93.6+12.5
- Fite 5+ 0.58 4 0.03 81.9+13
Fitf 6+ 0.7140.01 49.6 +2.4
Fitg 7+ 0.83 +0.01 28.8+1.8
Fith 8+ 0.9240.01 18.8+0.7
Fiti 0+ 0.93 4001 18.8+0.7
Fita C‘““Egi‘i:jf;l line 0.75+0.01 444411
Linear PCL® Fith 2+ 0.68% 67.9%
Fit ¢ 3+ and 4+ trend 0.644+0.04 874+124
Fitd 4+ 0.63 101.8%
Soarin tar Fita Coll’égi‘i;‘zi‘; line 0.70 + 0.01 53.6+2.4
PCL® Fith 3+ and 4+ trend 0.63 +0.03 81.3+10.6
Fit ¢ 4+ 0.60 103.6%

(1) The values of the pow and A4 fitting parameters are given with their 95% confidence interval.
() see Figure 1 and Figure 2.

3) see Supplementary Information (Figure SI9 and Figure SI110).

@) Fitted on small amount of data points; no 95% confidence interval calculation.
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Figure SI5: Plot of the Collision Cross-Section (CCS, He-derived T-Wavey, CCS) versus the DP (Degree of Polymerization) of
poly(ethoxyphosphate) (PEtP) polymers with one or two calcium cations. The constrained power fit functions (CCS = A.DPPov,
pow=0.66) for the two CCS trends are described as fit a (i.e. the common trend line) and fit c.
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Figure SI6: Plot of the Collision Cross-Section (CCS, He-derived T-Wavey, CCS) as a function of the DP (Degree of
Polymerization) of sodiated poly(ethylene oxide) (PEO) polymer ions (from 3+ to 9+). The constrained power fit functions
(CCS = A.DPPov, pow=0.66) for the different CCS trends before and after the tipping points are described as fit a to fit i. The
fit functions fit b and fit d are not shown but are still accounted for in the plot as they denote the CCS trends missed in the

analyzed DP range.
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Figure SI7: Plot of the Collision Cross-Section (CCS, He-derived T-Waven, CCS) as a function of the DP (Degree of
Polymerization) of 4-arm star poly(caprolactone) (PCL) polymers with varying numbers of potassium cations used to reach
different charge states (from 1+ to 4+). The constrained power fit functions (CCS = A.DPP°¥, pow=0.66) for the different CCS
trends before and after the tipping points are described as fit a to fit d. The fit function fit b is not shown but is still accounted
for in the plot as it denotes the CCS trend of the 2+ complexes which did not yet reach the plateau (< DP 12). Figure SI15
highlights the data points used for performing the data fits.
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Figure SI8: Plot of the Collision Cross-Section (CCS, He-derived T-Waven, CCS) as a function of the DP (Degree of
Polymerization) of 6-arm star poly(caprolactone) (PCL) polymers with varying numbers of potassium cations used to reach
different charge states (from 1+ to 4+). The constrained power fit functions (CCS = A.DPP°¥, pow=0.66) for the different CCS
trends are described as fit a to fit c. No new trend is yielded by the 2+ complexes which do not show a structural
rearrangement. Figure SI16 highlights the data points used for performing the data fits.
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Figure SI9: Plot of the Collision Cross-Section (CCS, He-derived T-Wavey, CCS) versus the DP (Degree of Polymerization) of
linear poly(caprolactone) (PCL) polymers with varying numbers of potassium cations used to reach different charge states
(from 1+ to 4+). The unconstrained power fit functions (CCS = A.DPr°v, Equation 2) for the different CCS trends are described
as fit a to fit d.
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Figure SI10: Plot of the Collision Cross-Section (CCS, He-derived T-Waveyn; CCS) as a function of the DP (Degree of
Polymerization) of 6-arm star poly(caprolactone) (PCL) polymers with varying numbers of potassium cations used to reach
different charge states (from 1+ to 4+). The unconstrained power fit functions (CCS = A.DPPow, Equation 2) for the different
CCS trends are described as fit a to fit c.
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Figure SI11: Plot of the measured drift time as a function of the mass of poly(ethoxyphosphate) (PEtP) polymers with varying
numbers of sodium cations used to reach different charge states (from 1+ to 8+). The constrained linear fit functions (y =
yo+m.x and y=0) for the different CCS trends are described as fit a to fit h.
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Figure SI12: Figure 1 (CCS vs. DP of PEtP) with highlighted data points (red dots) used for performing the data fits (CCS =
A.DPro¥, pow unconstrained).
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Figure SI13: Figure 2 (CCS vs. DP of PEO) with highlighted data points (red dots) used for performing the data fits (CCS =
A.DPPo%, pow unconstrained).
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Figure SI114: Figure 3 (CCS vs. DP of linear PCL) with highlighted data points (red dots) used for performing the data fits (CCS
= A.DPP°¥, pow=0.66).
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Figure SI15: Figure SI7 (CCS vs. DP of 4-arm star PCL) with highlighted data points (red dots) used for performing the data fits
(CCS = A.DPPoW, pow=0.66).
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Figure SI16: Figure SI8 (CCS vs. DP of 6-arm star PCL) with highlighted data points (red dots) used for performing the data fits
(CCS = A.DPP°", pow=0.66).
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