LOW CHARGE STATE OF ELECTROSPRAYED POLYSTYRENE AND OTHER POLYMER
IONS, AND THEIR ANALYSIS BY ION MOBILITY MASS SPECTROMETRY (IMS-MS)
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• Charged
polymer
particles
are
drawn
electrostatically against an air counterflow into the
DMA, where they are mobility selected (true, linear
mobility, see left). The DMA’s recirculating air
sheath flow is heated up to 75ºC in order to facilitate
evaporation of NMP (boiling point of 202ºC).
•The resulting mono-mobile aerosol beam is massanalyzed without mass-selection or fragmentation.
• Scan in mobility + mass analysis yields a 2D
Mass/Charge-Mobility spectrum of the charged
polymer particles.
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• Using a PEG sample with a wider mass distribution sprayed from the same buffer
yields the charge probability curve shown below. The lack of overlap of the various
charge distributions reveals that the charge level is governed by ion evaporation, with
a rather weak binding between the polymer globule and the attached ions [3].
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• DMAF proportions up to 40% yield ultrafine droplets from the electrospray source
producing much less clustering and still very good solubility for Psty.
Psty 9,2k 326 μM in 40%DMAF in NMP:DMF 1:1
Charge Distribution:
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Psty 9,2k 326 μM in 40%DMAF in NMP:DMF 1:1

CONCLUSIONS AND FUTURE WORK
• A method to analyze industrial polymers mass and charge distributions is presented.
The limitations of the method are directly related to the sprayability of the solvents and
to the easiness to identify a charger agent that prevents the spectral congestion due to
high charge states.
• Future enhancements will be directed to incorporate discharging methods before the
mobility measurement to facilitate the analysis when the low charge state obtained for
Psty and PEG is not easily achieved.
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• The Polidispersity Ratio
(PD), that is usually used to
measure the width of the
mass
distribution
of
standards is also calculated
as follows:
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• The values for the PD index
obtained for the three
different buffers tested for
Psty are in the table next
column.

[1]: S. Ude, J. Fernandez de la Mora, J. N. Alexander IV, D. A. Saucy, Aerosol size
standards in the nanometer size range: II, Narrow size distributions of polystyrene 3-11
nm in diameter, J. Colloid and Interface Sci., 293, 384–393 (2006)

Mass (amu)*1e4

VDMA (V)

Psty 9,2k 326 μM in 40%DMAF in NMP:DMF 1:1 Mass Distribution:
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Mw=weight-averaged molecular weight
Mn=number-averaged molecular weight
Mi=mass of each molecule
Ni=number of molecules of mass Mi
Intensity (a. u.)

Parallel Plate DMA P4

• ≈300 μM solution of a monodisperse (nominal
PDI=1.03) Polystyrene 9,2kDa (MW) sample
dissolved in NMP:DMF 1:1 with different proportions
of DMAF is electrosprayed at atmospheric pressure
in front of the DMA entrance slit.
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Mass distribution (Psty 9,2k 326 μM in 10% DMAF in NMP:DMF 1:1):
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• With the data on ion abundance known versus (m, z), we can plot the mass (1Da
rounded) and charge distributions for the polymer (Psty 9,2k 400μM in 1% buffer). On
the right mass distributions with different colors correspond to different charge states z.
On the left the total ion abundances are summed over the different charge states,
giving mass distributions:
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• True mobility and m/z separation is achieved with
a parallel plate Differential Mobility Analyzer (DMA;
SEADM model P4, resolution ~ 50) in series with a
Quadrupole-TOF Mass Spectrometer (MDS Sciex
model QStarXL; m/z up to 40 kDa).
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Psty 9,2k 326 μM in 10%DMAF in NMP:DMF 1:1

Stokes-Millikan agreement.
ZP= measured mobility
z=charge state
μ=gas viscosity
λ=mean free path
dg=gas effective collision
diameter
mg=gas molecular mass
e=electron charge
A1,A2, A3=Cunningham
correction factors
ρ=polymer density
d=nanoparticle diameter
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PEG 12,6k 100 μM in 30 mM DMAF in MeOH:H2O 75:25
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Mass distribution (PEG 12,6k 100 μM):

Charge Probability
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Psty 9,2k 400 μM in 1%DMAF in NMP:DMF 1:1

METHODS: IMS-MS (DMA+QTOF)
QSTAR XL QTOF-MS (MDS Sciex)
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•The figure shows how the
various charge states
ordered along bands, with
z values indicated. Given
z, m/z and mobility can be
expressed in terms of m
and cross section W~z/Z.
Confirmation of the correct
z assignment is obtained
by converting m and W
into the corresponding
mass
and
mobility
diameters of a sphere.
This is done in figure 2
below, giving excellent
agreement with Millikan’s
diameter versus mobility
curve. The various data
groups seen in the figure
correspond to various
states
of
aggregation
(monomer, dimer, …) of
the polymer, resulting from
the
high
solution
concentrations used.

• To control z in more polar polymers, which tend to charge too much [2] [PEG or
polyacrilic acid (PAA)], we spray them at a polarity at which ions have no tendency to
bind to the chain (- for PEG; + for PAA. The figures below show the success of the
technique for a monodisperse sample of PEG 12.6kDa sprayed in the negative mode
in a buffer of 30mM DMAF in Methanol:Water 75:25 (Nominal PD=1.02; Measured
PD=1.0038).

Intensity (a. u.)

• The DMA voltage is related to the mobility Zp by VDMA = q/Zp, where q is the
calibration constant. Each distinctive “band” corresponds to a fixed charge state z of
the original polymer charge distribution.

Relative Intensity Signal

• For Psty, the charge states depend on the buffer, with m/z values growing from ~8,000
m/z for m<25kDa to ~20,000 m/z at m=150 kDa. These unusually low z levels,
evidently due to the limited ability of the Psty chain to bind charge, yield globular ions in
all cases. For polymers binding strongly to cations such as polyethylene glycol (PEG)
(or anions such as polyacrylic acid), comparably low z are obtained by spraying
negative (positive) mode. The resulting neat separation of different charge states in
bands enables unambiguous mass distribution determination at ion masses >100kDa,
even when individual ionic peaks cannot been resolved.

Charge distribution (Psty 9,2k 326
μM in 10% DMAF in NMP:DMF 1:1):

Below is a 2D Mass-Mobility spectrum of (+) charged Polystyrene 9,200 Da particles
(log-scale color-coded intensity) coming from a 1%DMAF in NMP:DMF 1:1 buffer.

•The Spectral crowding problem has been generally solved by combining ion mobility
with mass spectrometry (IMS-MS), which separates different charge states, as long as
fully stretched gas phase chains are avoided by limiting z [2], ideally down to conditions
yielding globular ions. Although this control of z is not trivial, several successful new
approaches to achieve globular ions are reported here.

Thermocouple

• Increasing proportions of DMAF yield different charge distributions, reduces the
clustering and improves the sprayability of the sample.

RESULTS

We address two obstacles in the ESI-MS characterization of industrial polymers: (i) the
spectral complexity associated to the quasi-continuous distribution of mass and charge
(m, z), and (ii) the difficulty to find electrosprayable solvents for non-polar polymers.
• For Polystyrene (Psty), the solvent1-Methyl-2-Pyrrolidone (NMP) with 1% of
DimethylAmmonium Formate (DMAF) has been proposed [1]. Its potential has been
enhanced by NMP's availability in HPLC grade, and by the realization that DMAF/NMP
proportions >10/90 (vol) dissolve Psty and produce outstanding electrosprays.
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PolyDispersity Index Measurements.
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