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Accurate Determination of Polymer End
Groups and Molecular Weight Distributions by
MALDI-FTICR-MS

The performance of a newly configured external ion source Matrix Assisted Laser
Desorption and Ionization Fourier Transform Ion Cyclotron Resonance Mass Spec-
trometer (MALDI-FTICR-MS) is examined. Experiments on low molecular weight
polymers are carried out to investigate two key issues in the performance: the ac-
curacy of the mass determinations and mass discrimination effects that distort the
measured spectra. Mass accuracies are investigated by the determination of end
group masses of native and derivatized polyethylene glycols (average molecular
weights� 1000 u and� 4000 u). Two methods to determine end group masses
from the spectral data are evaluated: a regression method and an averaging method.
The averaging method is demonstrated to allow end group mass determinations with
an accuracy within 0.003 u for the molecular weight range fromm=z 500 to 1400
and within 0.02 u form=z 3400 to 5000. End group determination on a polyvinyl
pyrrolidone sample illustrates that this is sufficient to identify the elemental compo-
sition of end groups in unknown polymer samples. Mass discrimination effects are
probed by examination of measured molecular weight distributions of polyethylene
glycol (average molecular weight�1000 u). It is observed that these are subjected
to flight-time induced distortions as different ion populations are measured for var-
ied delay times between ionization and trapping. It is shown that the distortions
are compensated by superimposition of several mass spectra acquired at different
trapping times, whereas summation of these spectra merely causes further distor-
tions and can cause loss of signal/noise. The superimposition procedure is applied
to a poly(styrene) chromatographic molecular weight standard (specified average
molecular weight 950 u). The distribution of the polystyrene reference material is
observed to have a� 20% error in the specified peak mass.
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3.1 Introduction

Mass spectrometric methods in combination with soft ionization techniques, which min-
imize fragmentation during ionization and thus produce (pseudo-) molecular ions, have
become unique and powerful tools for accurate and detailed molecular weight data on
high molecular weight materials. In the field of polymer chemistry, for example, soft ion-
ization techniques that have been applied include secondary ion mass spectrometry [72],
plasma desorption [73], fast-atom bombardment [74], laser desorption [75], electrospray
ionization [76,77] and MALDI [9,18,78,79]. Within this range of techniques, especially
MALDI mass spectrometry has rapidly become a routine tool for analysis of polymeric
systems. Since its introduction by Tanaka and coworkers [33] and by Karas and Hil-
lenkamp [32] the technique has been successfully applied to volatilize and ionize a wide
variety of intact molecules apart from synthetic polymers, such as peptides, proteins,
oligosaccharides. Several reviews illustrate the continuously growing scope of MALDI
applications [9,16–18].

The increased importance of MALDI mass spectrometry in synthetic polymer chem-
istry has been driven primarily by its ability to provide detailed information on the in-
dividual components of polymer samples that cannot be obtained by methods such as
size-exclusion chromatography (SEC), light scattering, and osmometry. MALDI is cur-
rently used extensively for determination of molecular weight distributions, copolymer-
ization structure [80], and homogeneity [81], and is beginning to be used for branching
studies [82]. The rapid, low cost analysis provided by MALDI Time-of-Flight (TOF) in-
struments has allowed mass accuracies of 0.1% with oligomeric mass resolution [83]. The
advent of delayed extraction has extended this to isotopic resolving power for polymers up
to� 4000 u with mass accuracies of� 150 ppm [84–86] and, recently, 10-15 ppm mass
accuracy for peptides from 1000 to 4000 u [87]. However, only the FTICR-MS [88–91] is
currently capable of isotopically resolving polymers up to23 �103 u with mass accuracies
better than 10 ppm for electrospray ions [77], and up to� 4500 u with < 20 ppm mass
accuracies on ions produced by MALDI [92–94]. It has been successfully employed to
determine the composition of polymers [95] and molecular weight distributions [92, 94].
Although, the latter is easily complicated by mass discrimination effects.

The MALDI process produces ions with a broad, mass-independent velocity distri-
bution [96]. Consequently, the various components in a polymer sample will enter the
trap of the FTICR-MS with different, mass-dependent kinetic energies. As the trapping
efficiency is highly dependent on the kinetic energy of the ions, this will obviously lead
to mass discriminations in the MALDI experiments [97, 98]. If the MALDI experiments
are carried out in an internal source geometry, trapping of higher kinetic energy ions
is achieved with gated deceleration potentials [92, 99, 100]. Because MALDI-ions with
higher masses have higher kinetic energies compared to low mass ions, it requires longer
gated trapping times to slow these ions down. Hence the duration of the gated deceler-
ation potentials determines the mass range over which ions will be efficiently trapped.
In this chapter it will be shown that also in external source MALDI the mass range in
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which ions are efficiently trapped depends on timing in the experiment. In the external
geometry, the post-source acceleration during the transport of the ions to the ICR-cell in-
duces a mass-dependent flight-time between ion formation and trapping, and results in a
flight-time induced discrimination that is determined by the delay between ionization and
trapping.

This chapter deals with the mass accuracies that can be obtained with the newly con-
figured MALDI-FTICR-MS instrument, and with flight-time induced mass discrimina-
tions that distort spectra measured with this instrument. In Section 3.3, measurements
on native, perdeutero methylated, propylated and acetylated polyethylene glycol (with
known end group structures) as well as measurements on polyvinyl pyrrolidone (with un-
known end group elemental composition) are discussed to compare two different methods
for end group and monomer mass determination from exact measurements of the compo-
nents of a polymer molecular weight distribution. Error analysis is carried out to test the
accuracy of the methodology. Section 3.4 is devoted to flight-time induced mass discrim-
inations. These are probed by variation of the delay time between ionization and trapping
in a series of measurements on polyethylene glycol and polystyrene. A methodology
based on the superimposition of spectra acquired at different delay times is proposed to
yield the correct molecular weight distribution.

3.2 Experimental

3.2.1 Instrumental

The MALDI-FTICR-MS experiments were performed on the heavily modified Bruker-
Spectrospin (F¨allanden, Switzerland) APEX 7.0e FTICR-MS, equipped with an Infinity
cell and an 7 T superconducting magnet (see Chapter 2). The configuration of the external
ion source for the MALDI experiments is schematically shown in Figure 3.1. The figure
shows the external ion source, the Bruker ion transfer optics, and the laser optics. The
home-build MALDI ion source, which is drawn in detail in the expanded view, consists
of a source housing, an ion repeller and a set of extraction plates. MALDI samples, which
were deposited on the stainless steel tip of a direct insertion probe, were inserted into
the source via a vacuum lock. The probe tips were in electrical contact with the source
housing upon insertion. The source housing was at a potential of typically 15 V, and an
efficient ion extraction field was created by the application of typically 5 V and 23 V to
the extraction plates and the ion repeller, respectively. A variable potential difference be-
tween the two extraction plates allowed for steering of the ions to optimize the extraction
efficiency. The standard Bruker electrostatic ion optics were used to transfer the ions to
the analyzer cell. The ions were accelerated to 3 keV to prevent radial ejection in the
inhomogeneous stray field of the magnet and subsequently decelerated to approximately
1 eV into the Infinity cell (trap voltages+2 and+3 V, entrance voltages�1:9 V).

The laser beam of a Photon Technology PL2300 (London, Ontario, Canada) nitrogen
laser (337.1 nm wavelength, 1.3 mJ pulse energy and 600 ps pulse duration) was used to
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Figure 3.1: Schematic overview of the external source geometry used for MALDI-
FTICR-MS experiments. Indicated are the external ion source, the Bruker ion transfer
optics, and the laser optics. The inset shows an expanded view of the MALDI ion source.

produce MALDI ions. A set of biconvex lenses with 300, 400, 40, 80 mm focal length, re-
spectively, were used to transfer the laser light efficiently to the ion source over a distance
of 2 m and to focus it on the MALDI probe with an incident angle of45�. The exposed
area on target was 4.5 mm2, as was determined by the discoloration of photosensitive
paper. The transmitted energy per pulse was measured to be 0.48 mJ at the position of
the MALDI probe inside the ion source, which results in a fluence of 10.6 mJ/cm2 (i.e., a
power density of 17.5 MW/cm2) on the MALDI target.

As was described in Chapter 2, the Infinity cell uses a set of electrodes in front of
the source side of the cell that are pulsed to a negative voltage when the laser is fired,
which creates a channel for the ions through the trapping field. After a trapping delay,
the electrodes are reset to the source-side trapping voltage. This arrangement effectively
gates the cell for ions during the event of ion injection, but otherwise deflects ions from
the cell entrance. For the experiments dealing with end group determinations (Section
3.3), the trapping delay was optimized for maximal signal-to-noise (S/N) at the center
of the measured molecular weight distributions. This was typically 1000�s for polymer
distributions in the mass range aroundm=z 1000 and 2000�s for distributions aroundm=z
4000. For the experiments concerning flight-time induced shifts in the measured distribu-
tions (Section 3.4), the trapping delay was varied between 400 and 2000�s. Experiments
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were also carried out in which ions were continuously directed to the cell entrance, as will
be described further below.

The trapped ions were excited to a high, coherent cyclotron orbit by single-frequency
excitations, each of 20�s duration. The frequency was shifted over the desired excitation
range in steps of 5240 Hz to cover the mass range of interest. The image current induced
on the detection electrodes was detected at a 500 kHz acquisition rate into 128 kword
data points. All spectra were signal averaged for 20 to 100 shots to increase S/N and
to eliminate shot-to-shot variations in the MALDI experiment. During the experiments
presented in Section 3.4, a constant S/N level on a PEG standard was maintained in order
to compensate for drifts in the total ion yield.

3.2.2 Sample Preparation

The polyethylene glycol (PEG) 1000 and 4000 samples were obtained from Feinbio-
chemica (Heidelberg, Germany) and from Fluka Chemical (Buchs, Switzerland), respec-
tively. For the alkylation, 80 mg KOH powder was added to 25 mg PEG, and the sam-
ples were subsequently dried in vacuo over phosphorus pentoxide at 50�C for one hour.
The samples were dissolved in 1 mL dry dimethyl sulfoxide and 0.2 mL (methyl-d3) io-
dide or propyl iodide was added. The methylation was completed at room temperature
in two hours; the propylation was completed at 60�C in five hours. The reaction was
stopped by addition of 5 mL of ice water and the derivatized PEG’s were extracted with
trichloromethane (3 � 2 mL). The combined extracts were washed with water (3 � 2
mL). The CHCl3 was evaporated under a stream of nitrogen and the residues were dried
in vacuo over phosphorus pentoxide at 50�C for one hour. The acetylated sample was
prepared by dissolving 30 mg PEG in 1 mL dry pyridine. Acetic anhydride was added
and the sample was allowed to react for sixteen hours at 100�C. The pyridine and acetic
anhydride were evaporated under a stream of nitrogen.

The polyvinyl pyrrolidone (PVP3000) with unknown end groups was provided by
Unilever Research Laboratories (Vlaardingen, The Netherlands). Details on the origin of
the sample and its properties were not communicated.

For the measurements of these samples, 2,5-dihydroxybenzoic acid (DHB; Sigma
Chemical Co., St Louis, USA) was used as the MALDI matrix. The samples were pre-
pared by mixing a 1 M matrix solution in ethanol with approximately 10 g/L analyte
solution in ethanol. For PEG4000 the molar ratio 4000:1 was found to be the optimum,
whereas for the other compounds the molar ratio 1000:1 gave the best results. The result-
ing sample matrix solution was deposited on a stainless steel probe tip using the electro-
spray setup depicted in Figure 3.2. In this setup, a Harvard Apparatus (South Natick, MA)
syringe pump (model 55-1111) is used to deliver 0,30 mL/h of the matrix-analyte solution
to a 180�m internal diameter capillary for 20 min. This capillary is electrically isolated
from the pump with a PEEK insulator and is typically set to 4 kV. The MALDI probe tip
is located about 7 mm behind the capillary and is set to ground potential. The resulting
analyte amount on the probe is approximately 10 ng. In comparison with the dried droplet
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Figure 3.2: Electrospray setup for improved MALDI sample deposition.

method [9], this method of sample deposition provides smaller crystals, which result in
an improvement of S/N ratio by a factor of 2 in our instrument.

The polystyrene chromatographicmolecular weight standard (Merck, Darmstadt, Ger-
many;Mp=950) was mixed in a 1:1 mass ratio with silver trifluoroacetate (AgTFA) and
dissolved in the liquid matrix of 2-nitrophenyl octyl ether. A small drop of this mixture
was applied to the probe.

3.3 High Resolution End Group Determination

3.3.1 Theoretical Considerations of End Group Analysis

Most polymeric materials consist of mixtures of molecules of various sizes due to the
statistical nature of the polymerization process. Because the MALDI ionization technique
leads to protonated or cationized molecules, the measured massesMmeasof the component
(homo-) polymers in such a molecular weight distribution can be written as

Mmeas= n�Mmon+Mend+Mcat (3.1)

Here,n is the degree of polymerization, andMmon, MendandMcat are the mass of the
repeating unit, the residue mass of the end group and the mass of the cation (or pro-
ton) respectively. Note that this expression holds only for the12C monoisotopic peaks
in the measured molecular weight distribution and that all ions are assumed to be singly
charged. If component polymers that contain one or more13C isotopes are considered,
an additional term has to be introduced that incorporates the mass difference between
12C and13C isotopes. Linear regression analysis on the measured molecular weights of
an isotopically resolved selected series of cationized component polymer molecules as a
function of the degree of polymerization will yield the mass of the repeating unit and the
sum of the residue mass of the end group plus the mass of the cation. The slope of the
fitted line gives the mass of the repeating unit and the intercept with the y-axis will repre-
sent the combined mass of the end group and the cation. There are two problems inherent
to this method: first, the determination of the cation adduct; second, the assignment of the
degree of polymerization to the different molecular peaks in the spectra. For many poly-
mer samples the first problem can be solved by comparison of a series of measurements
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in which different alkali salts are successively added to the matrix as dopants. This addi-
tion of alkali salts will influence the abundance of the cationized species and it becomes
possible to identify the different adducts. The assignment of the degree of polymeriza-
tion is more ambiguous. A criterion for the assignment ofn is that the estimated end
group mass corresponds with elemental compositions that are plausible in the context of
reaction mechanisms in polymer synthesis and synthetic routes that lead to the polymer.
Consequently, one has to evaluate in principle all possible end group masses given by

Mend=M0 + i�Mmon (3.2)

(in whichM0 is the smallest possible end group mass andi = 0; 1; 2; :::).
In the foregoing method both the monomer mass and the end group mass are deter-

mined from the measured data. It is obvious that an error in the monomer mass determina-
tion will introduce a progressive error in the end group mass because of the extrapolation
of the regression line necessary to find the intercept with the y-axis. Therefore, a signif-
icant improvement of the accuracy of the intercept can be obtained when the elemental
composition of the repeating unit has been determined. In that case the slope of the line
can be fixed to the actual residual monomer mass and only the intercept will be fitted.
This method is equivalent to determination of the end group for each individual peak in
the spectrum (by subtractingn times the monomer mass from the measured mass) and
subsequent averaging of the results.

The accuracy in the end group mass determination according to both methods can be
compared by performing an error analysis. The uncertainty in the determination of the end
group mass as a result of the (expectation value of the) accuracy of the mass measurements
�data using the first method (the regression method) is determined by the uncertainty in
the estimation of the coefficientsa andb in the fit of the straight lineY = an+ b through
the set of data points. In this fita andb reflect the monomer and the end group mass,
respectively. The errors are found to be [101]:

�2a =
N�2data

N
PN

i=1 n
2
i �

�PN

i=1 ni

�2

�2b =
�2data

PN

i=1 n
2
i

N
PN

i=1 n
2
i �

�PN

i=1 ni

�2 (3.3)

whereni is the degree of polymerization that corresponds to a measured massMi andN
is the number of data points. The uncertainty in the determination of the end group mass is
equal to�b. To compare the uncertainties for the two methods, eqns. 3.3 are simplified by
considering the case in which the degrees of polymerization are distributed equally around
the origin. This can be obtained for any data set by redefinition of the origin that performs
the translationn0 = n � �n (where�n is the average degree of polymerization), which is
a linear transformation and therefore does not effect the magnitudes of the uncertainties.
After transformation of the data, it follows from eqns. 3.3 that the uncertainties in fitting
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the lineY 0 = a0n0 + b0 in the new coordinate system (note that primed symbols refer to
the new coordinate system) are given by

�0
2

a =
�2dataPN

i=1 n
02
i

�0
2

b =
�2data

N
(3.4)

Insertion ofn0 = n � �n into the expression for�0a shows that the uncertainty in the
parametersa anda0 remains unchanged, that is,�0a � �a. To find the mass of the end
group in the new coordinate system,n0 = ��n is substituted intoY 0 = a0n0 + b0, which
results in

Mend= b0 � a0�n (3.5)

The corresponding uncertainty is obtained by calculation of the propagation of errors in
the extrapolation [101]

�2end= �0
2

b + �n2�0
2

a =
�2data

N
+ �n2

�2dataPN

i=1 n
02
i

(3.6)

For the second method (the averaging method) the uncertainty in the determination of the
end group mass as calculated from the propagation of errors [101] is given by

�2end=
�2data

N
(3.7)

Comparison of eqns. 3.6 and 3.7 shows that the difference between the accuracies of
the two methods is the (progressive) contribution of the uncertainty in the determined
monomer mass�a. Higher end group mass accuracies are consequently obtained if the
monomer elemental composition is known.

3.3.2 Tests of the Methodology on PEG1000 and PEG4000

The polymer samples investigated in a first set of experiments were polyethylene glycols
with different molecular weight averages. Because these PEGs are reference samples with
known polymer structure, system performance could be optimized and characterized in
the course of these experiments. Figure 3.3 shows the MALDI-FTICR-MS spectrum of
PEG1000 in broad band (mass rangem=z 500 - 5000) and two expansions of the mass
scale. Sodium iodide was added to the matrix to increase the S/N ratio. The broad-
band mass spectrum covers the entire molecular weight distribution of PEG1000. The
resolution in broad band mode(m=dm)50% is 30,000 with a S/N ratio of 100 atm=z
921 for a sample amount of 10 ng on target. The right-hand inset shows that the res-
olution is sufficient to resolve the natural occurring12C/13C isotopes of the component
molecules. Therefore, no further optimization of the mass resolving power was attempted.
The molecular weight distribution is near Gaussian shaped as can be expected from the
statistical nature of the polymerization process [102]. The spectrum predominantly shows
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Figure 3.3: Broadband MALDI-FTICR-MS spectrum of native PEG1000 with sodium
iodide added to the matrix. Two expansions of the mass scale are given. The left-hand
inset shows the different cation adducts and the right-hand inset shows the high resolution
of the measurement (30,000).

sodium cationized PEG molecules at equidistant intervals that are nominally 44 u. Also
lithium and potassium cationized components are present at lower abundance. Matrix
adduct ions are not observed. For example, the PEG nonadecamer pseudomolecular ions
[M+Li] +, [M+Na]+ and [M+K]+ are observed atm=z 861,m=z 877, andm=z 893, re-
spectively (left-hand inset in Figure 3.3). The alkaline salt contamination from the sample
preparation process was sufficient to produce the lithium and potassium cation adducts.
The identity of the ionizing species was proved in a series of measurements in which the
alkali salts lithium iodide, sodium iodide or potassium iodide were respectively added
to the matrix (Figure 3.4) for the successive measurements. It can be seen from the
mass shifts in the measured distributions in Figure 3.4 that these additions cause the com-
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Figure 3.4: Broadband MALDI-FTICR-MS spectrum of native PEG1000 with lithium,
sodium, and potassium iodide, respectively, added to the matrix.

ponent molecules to form the corresponding cation adducts. Finally, the lithium, sodium
and potassium cationized perdeutero methylated PEG1000 molecular weight distributions
were similarly measured (spectra not shown). The masses of all the measured PEG1000
peaks are listed in Table 3.1. The individual components of the molecular weight dis-
tributions were measured with a mass accuracy better than 8 ppm. The accuracy in the
experimental data (�data) was assumed to be8 � 10�3 u (which corresponds to a mass
accuracy of 8 ppm) for all components in the calculation of the uncertainties in the error
analysis. This value changes only marginally over the relatively narrow mass range of
interest. The measurements on PEG1000 as described in the preceding text were used
to test the accuracy of the two methods of end group mass determination (eqns. 3.6 and
3.7). Only the peaks with S/N>10 were part of the calculations. The results are presented
in Table 3.2. It is evident that both methods lead to an accuracy that is sufficient to con-
firm the identity of the distal parts of the polymer. As argued in Section3.3.1, the second
method yields a higher accuracy for the end group mass. The errors in the determined
end group masses are well in agreement with the predicted values, given the 8 ppm mass
measurement accuracy.

After the encouraging results from the PEG1000, similar experiments were performed
with PEG4000. The spectrum of the native PEG4000 is shown in Figure 3.5. The com-
ponents of the molecular weight distribution are measured with a mass accuracy better
than 15 ppm and their masses are listed in Table 3.3. The polymer (n = 95) atm=z 4239
[M+K] + is resolved with a resolution of 6000 and a S/N ratio of 75. The polymer molec-
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Table 3.1: The measured masses of the components of the PEG1000 molecular weight
distributions and the corresponding degree of polymerizationn�

707.4106
751.4368
795.4634
839.4909
883.5183
927.5440
971.5715

1015.5962
1059.6226
1103.6456
1147.6751
1191.7000
1235.7216
1279.7584
1323.7756
1367.8143
1411.8354
1455.8645

[CD3O ---(...)--- 
                  CD3+K]+

675.4617
719.4868
763.5145
807.5419
851.5663
895.5934
939.6196
983.6456

1027.6736
1071.7010
1115.7285
1159.7523
1203.7772
1247.8005
1291.8335
1335.8586
1379.8839
1423.9114

[CD3O ---(...)--- 
                 CD3+Li]+

647.4081
691.4337
735.4623
779.4892
823.5145
867.5407
911.5668
955.5931
999.6205

1043.6462
1087.6736
1131.6983
1175.7244
1219.7547
1263.7776
1307.7954
1351.8314
1395.8468

[CD3O ---(...)--- 
               CD3+Na]+

641.3891
685.4159
729.4439
773.4672
817.4949
861.5236
905.5470
949.5742
993.5971

1037.6250
1081.6543
1125.6790
1169.7014
1213.7335
1257.7552
1301.7752
1345.8129

[HO ---(...)--- 
                 H+Li]+

613.3384
657.3643
701.3918
745.4162
789.4445
833.4701
877.4956
921.5234
965.5499

1009.5764
1053.6008
1097.6229
1141.6498
1185.6777
1229.7017
1273.7362
1317.7501
1361.7832

[HO ---(...)--- 
               H+Na]+

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

n

�The chain of PEG monomeric units is denoted by�(� � �)�.

Table 3.2: Masses and deviations in the analysis of native and perdeutero methylated
PEG1000 end groups by MALDI-FTICR-MS�

Mmon, act

Mmon, regr

∆Mmon, regr

σmon, regr
Mend, act

Mend, regr

∆Mend, regr

σend, regr
Mend, av

∆Mend, av

σend, av

44.0262
44.0265
0.0003
0.0004

91.0432
91.0392
-0.0041
0.0084

91.0460
0.0028
0.0019

[CD3O ---(...)--- 
                  CD3+K]+

44.0262
44.0264
0.0002
0.0004

59.0955
59.0913
-0.0042
0.0084

59.0963
0.0008
0.0019

[CD3O ---(...)--- 
                 CD3+Li]+

44.0262
44.0261
-0.0001
0.0004

75.0693
75.0708
0.0015
0.0080

75.0685
-0.0008
0.0019

[CD3O ---(...)--- 
               CD3+Na]+

44.0262
44.0261
-0.0001
0.0004

25.0260
25.0244
-0.0016
0.0089

25.0227
-0.0034
0.0019

[HO ---(...)--- 
                 H+Li]+

44.0262
44.0260
-0.0002
0.0004

40.9998
41.0012
0.0014
0.0080

40.9971
-0.0027
0.0019

[HO ---(...)--- 
               H+Na]+

Masses and
Deviations (u)

�These results were obtained using the masses listed in Table 3.1.� denotes the differ-
ence between the actual and the estimated mass. The standard deviations�mon and�end

were calculated from eqns 3.3, 3.6 and 3.7. The�data is taken to be8 � 10�3 u. The chain
of PEG monomeric units is denoted by�(� � �)�.
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Figure 3.5: Broadband MALDI-FTICR-MS spectrum of native PEG4000. The inset
shows the unit mass resolved peak atm=z 4239.

ular weight distribution covers the mass rangem=z 3400 - 5200 (S/N>2). To test the
accuracy of the methods and the experimental conditions, the dipropylether and the diac-
etate of PEG4000 were studied in addition to the native PEG4000. The residual masses
of the dipropyl and diacetate end groups differ only by72 � 10�3 u. Consequently, a re-
solving power of at least 56,000 atm=z 4000 is required to distinguish the two derivatives.
The measured molecular weight distributions of the derivatized PEG4000 compounds
were similar to those from native PEG4000 and the masses determined from these spectra
are also listed in Table 3.3. It is obvious that the resolution in broad band mode is not
sufficient to resolve the two derivatives in one spectrum. On the other hand, the mass
accuracy should be sufficient to distinguish the two derivatives on the basis of end group
mass determinations from different measurements. The results of the analysis of the data
are listed in Table 3.4. The uncertainties in the error analysis are calculated by taking
60 � 10�3 u as the accuracy in the experimental data�data (which corresponds to 15 ppm
mass accuracy atm=z 4000). Note that the peaks in the spectrum, which correspond to
polymers that contain two13C isotopes, have the highest abundance in the mass range
aroundm=z 4000. These are therefore used for the end group analysis. The identification
of these peaks is based on calculated isotopic patterns. The implication of this choice is
that the determined end group masses will be the summation of the end group mass, the
mass of the cation and the mass difference between12C2 and13C2.

It is concluded from the results that the regression method becomes less accurate for
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Table 3.3: The measured masses of the components of the PEG4000 molecular weight
distributions and the corresponding degree of polymerizationn�

[C3H7O ---(...)--- 
                C3H7+Na]+

3693.145
3737.182
3781.223
3825.260
3869.261
3913.284
3957.319
4001.342
4045.369
4089.403
4133.419
4177.442
4221.486
4265.510
4309.541
4353.556
4397.576
4441.614
4485.627
4529.665
4573.688

[HO ---(...)--- 
                  H+K]+

3785.265
3829.291
3873.255
3917.258
3961.342
4005.355
4049.355
4093.393
4137.418
4181.472
4225.486
4269.525
4313.557
4357.574
4401.540
4445.613
4489.715
4533.703

78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105

[CH3(CO)O ---(...)--- 
               (CO)CH3+Na]+

3561.130
3605.151
3649.173
3693.246
3737.280
3781.298
3825.290
3869.350
3913.363
3957.389
4001.410
4045.440
4089.462
4133.486
4177.523
4221.563
4265.576
4309.593
4353.622
4397.655
4441.665
4485.732
4529.722
4573.738
4617.754
4661.813
4705.852
4749.851

n

�The chain of PEG monomeric units is denoted by�(� � �)�.

higher masses because of the large effect of the extrapolation. Furthermore, the results
show that the predicted errors are much higher than the actual errors. This difference
is caused by a relatively large variation of�data over the molecular weight distribution
(roughly a factor of 2), which implies that the assumption of a constant measurement
uncertainty no longer holds. The error from the averaging method still allows the confir-
mation of the identity of the end groups with an accuracy within20 � 10�3 u. This means
that it is possible to distinguish between the two derivatives with isobaric nominal end
group mass using end group determinations according to the averaging method. Because
the error in the averaging method scales linearly with the error in the experimental data,
this method is expected to work for molecular weights up to roughlym=z 10,000 provided
that the measured spectra will be unit mass resolved.
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Table 3.4: Masses and deviations in the analysis of native, dipropyl, and diacetyl
PEG4000 end groups by MALDI-FTICR-MS�

Mmon, act

Mmon, regr

∆Mmon, regr

σmon, regr
Mend, act

Mend, regr

∆Mend, regr

σend, regr
Mend, av

∆Mend, av

σend, av

Masses and
Deviations (u)

[C3H7O ---(...)--- 
                C3H7+Na]+

[HO ---(...)--- 
                  H+K]+

[CH3(CO)O ---(...)--- 
               (CO)CH3+Na]+

44.0262
44.0285

0.0023
0.0025

43.007
42.79
-0.22
0.24

43.004
-0.003
0.014

44.0262
44.0264

0.0002
0.0014

127.101
127.09

-0.02
0.13

127.106
0.005
0.011

44.0262
44.0264

0.0002
0.0020

127.028
127.02

-0.01
0.18

127.039
0.011
0.013

�These results were obtained using the masses listed in Table 3.3.� denotes the differ-
ence between the actual and the estimated mass. The standard deviations�mon and�end

were calculated from eqns 3.3, 3.6 and 3.7. The�data is taken to be60 � 10�3 u. The chain
of PEG monomeric units is denoted by�(� � �)�.

3.3.3 Application: End Group Analysis of Polyvinyl Pyrrolidone with
Unknown End Groups

The experiments described in the preceding text demonstrate the validity of the end group
determination via MALDI-FTICR-MS. In a second series of experiments, a polymer
sample with an unknown end group structure was investigated. The spectrum of this
compound, polyvinyl pyrrolidone (PVP3000), in Figure 3.6 shows abundant [M+Na]+

cations. The identity of these sodium adducts was confirmed by comparison of the spec-
trum with the result of a second measurement in which potassium iodide was added to
the matrix, similar to the experiments presented in Figure 3.4 (data not shown). The
molecular weight distribution was again measured in broadband mode. The masses of the
component [M+Na]+ ions (listed in Table 3.5) were correlated with the degree of poly-
merization. The resulting end group and monomer masses are also given in Table 3.5.
According to the average method the possible end group (without cation adduct) masses
are60:0588+ i � 111:0684. Fori = 0, the end group mass is indicative for the elemental
composition C3H8O. Isopropanolate anions are well recognized initiators in base-induced
polymerization of PVP. In this anionic polymerization reaction the alkyl group of the ini-
tiator is incorporated in one of the end groups of the reaction product. Generally, these
polymerization reactions are quenched by the addition of H+. Therefore, it is concluded
that the end groups of the PVP3000 polymer are (CH3)2CHO- and H-. Fori > 0, there
are no plausible candidates for the end group of the polymer based on polymer chemical
synthesis. This end group assignment was confirmed by the supplier.
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Figure 3.6: Broadband MALDI-FTICR-MS spectrum of PVP3000 with unknown end
group structure.

Table 3.5: The measured masses of the components of the PVP3000 molecular weight
distributions for the different degrees of polymerizationn and the results of the end group
analysis of these data�

111.0684
111.0667

-0.0017
0.0012

83.0473
83.0591

0.0118
0.0097

83.0465
-0.0008
0.0028

Mmon, act

Mmon, regr

∆Mmon, regr

σmon, regr
Mend, act

Mend, regr

∆Mend, regr

σend, regr
Mend, av

∆Mend, av

σend, av

Masses and Deviations (u)

527.3247
638.3927
749.4606
860.5268
971.5933

1082.6618
1193.7240
1304.7931

[(CH3)2CHO ---(...)--- H+Na]+

4
5
6
7
8
9

10
11

n

�� denotes the difference between the actual and the estimated mass. The standard de-
viations�mon and�end were calculated from eqns. 3.3, 3.6 and 3.7. The chain of PVP
monomeric units is denoted by�(� � �)�.
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3.4 Mass Discriminations Induced by Mass Dependent Flight-Times

3.4.1 Examination of Flight-Time Induced Distortions in Measured
Molecular Weight Distributions

With external ion source MALDI-FTICR-MS, the ions are created�1.5 m from the ICR
cell using a short duration (600 picoseconds) laser pulse and subsequently transferred to
the ICR cell for detection. This is illustrated in Figure 3.7. Figure 3.7 A is the standard ex-

laser trigger (TTL)

deflection trigger (TTL)

entrance electrodes

trapping time

laser trigger (TTL)

deflection trigger (TTL)

entrance electrodes

flight-time delay

trapping time

A

B

Figure 3.7: (A) Standard trapping pulse sequence. Ions are injected into the analyzer cell
when the deflection trigger is high (that is, the ions are directed onto the cell entrance) and
the entrance electrodes are low. (B) The modified trapping pulse sequence to characterize
arrival time profiles and residence times.

perimental sequence (used to generate the data in Figure 3.8). According to this sequence,
the laser is fired, the ions are directed onto the analyzer cell, and the cell is gated to admit
ions at the same time. After the variable trapping time all voltages are reset. Figure 3.7 B
is a modified experimental sequence (used to generate the data in Figure 3.10) which will
be discussed further below.

It is obvious that any post-source acceleration of the ions for transport to the cell in-
duces a mass-dependency in the flight-time. This means that different masses will arrive
at different times at the entrance of the cell. In combination with the finite ion accu-
mulation time, this will create a flight-time induced mass discrimination and polymer
molecular weight distributions will become distorted. In order to examine these flight-
time induced distortions in the measured molecular weight distributions, a series of PEG
spectra were acquired at different trapping times. These are plotted as a contour plot in
Figure 3.8. In the contour plot, 60 evenly spaced contour levels were used with the lowest
contour set at 3 times the root-mean-square (rms) noise level and the highest contour set
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Figure 3.8: Contour plot of the poly(ethylene glycol) distributions as a function of trap-
ping time. The main distribution is sodiated, but “1” indicates additional lithiated peaks
while “2” indicates potassiated peaks. The “�” sign indicates a laboratory noise peak.

to the intensity of the most abundant peak in the complete series of spectra. It reveals that
there is a significant distortion in the measured molecular weight distribution and that this
distortion shifts as a function of the trapping time. This is easily explained on basis of
the distance between the ion source and the ICR cell and the pulsed nature of both the
ionization and the analysis event. After all, the ion packet created in the MALDI ioniza-
tion event is post accelerated to 3 keV to penetrate the inhomogeneous strayfield of the
magnet and then decelerated for trapping. The different masses present in the ion packet
will therefore separate in space during the transport, and a mass dependent time of arrival
at the cell entrance is the result. Of course, the mass-independent velocity distributions in
the MALDI process [96] and variations in the exact point in space and time of ionization
cause a distribution in this arrival time. On the other hand, ions arriving at the entrance
will enter the cell as long as the entrance channel is open. After being reflected at the rear
end of the cell, they will fall back out the entrance channel if it is still open. Therefore,
the combination of the moment that the entrance channel is closed (i.e., the trapping time)
and the residence time of the ions in the cell determines which segment of the packet will
be analyzed.
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3.4.2 Correction of Flight-Time Induced Distribution Shifts

A useful feature of this flight-time induced mass discrimination is that it prevents the
analyzer cell from filling to its space-charge limit with low-mass matrix ions prior to
the arrival of the ions of interest. However, it necessitates a compensation for this mass
discrimination in the data analysis in order to accurately characterize molecular weight
distributions. A method has been described in the literature for the compensation of mass-
selective trapping in MALDI-FTICR-MS experiments in an internal source geometry us-
ing gated deceleration potentials [92, 99, 100]. According to this method, a series of
spectra is acquired at different trapping times and linearly summing these spectra leads to
the correct molecular weight distribution [92]. The thought experiment illustrated in Fig-
ure 3.9 shows that this approach does not lead to the real molecular weight distributions
in the case of an external ion source geometry. The following assumptions are made in
this thought experiment:

1. The number of ions with massmi arriving at the cell entrance follows the Gauss
function.

2. The average time of arrivaltarr of these ions is linearly proportional tomi.

3. The width of the Gauss function is equal to twice the difference in the arrival time
of two adjacent polymer peaks (i.e.,tarr(mi)� tarr(mi�1)).

4. The residence time of the ions inside the cell is mass-independent and equal to
tarr(mi)� tarr(mi�9).

5. Experiments are performed forttrap = tarr(m5), tarr(m12), andtarr(m17).

6. Each oligomer in the comb-like polymer distribution that is plotted in Figure 3.9 B
has equal intensity.

The first three assumptions lead to the theoretical profile depicted in Figure 3.9 A. The
remaining three produce the theoretically “measured” spectra that are drawn in Figure
3.9 C. The sum of these spectra is presented in Figure 3.9 D, which demonstrates that
this method leads to an exaggeration of the overlapping regions relative to the rest of the
oligomers.

The assumptions made in the thought experiment make it possible to apply an alter-
native correction method. A direct consequence of the assumptions is that the residence
time of the ions inside the analyzer cell is much larger than the widths of their arrival
time profiles. This means that it is possible to acquire a spectrum for each component in
the polymer distribution in which the component’s arrival time profile coincides entirely
with the segment of the ion packet that is trapped. A complete set of such spectra is
obtained in a series of MS experiments in which the trapping time is increased in steps
smaller than the difference between the width of the arrival time profile and the residence
time. Superimposing the spectra such that the intensity of each component is equal to
its maximum intensity in the set will thus reveal the original polymer distribution. The
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Figure 3.9: Thought experiment for the development of a method for compensation of
flight-time induced mass discrimination effects. Depicted are (A) the assumed number
of ions atm=z mi arriving at the analyzer cell as a function of time, (B) a theoretical
comb-like polymer distribution, (C) theoretical “measured” spectra for different trapping
delays, and (D) overall spectra obtained by summation and projection, respectively, of the
individual “measured” spectra.

result of this method applied to the thought experiment is also included in Figure 3.9 D,
which demonstrates that it leads to an accurate representation of the theoretical “comb”
distribution.

Thus, application of the superimposition method to the experiments presented in Fig-
ure 3.8 requires the fulfillment of the following two conditions:

1. The arrival time profile is substantially smaller that the residence time.

2. The increase in trapping time between subsequent spectra in the set is smaller than
the difference between the width of the arrival time profile and the residence time.
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Fulfillment of these conditions was examined by characterization of the arrival time pro-
files and the residence times of the various components in the PEG molecular weight
distribution. For these experiments, the pulse sequence was modified as illustrated in Fig-
ure 3.7. Figure 3.7 A shows the standard trapping pulse sequence that was used to produce
the data in Figure 3.8. In the modified sequence (depicted in Figure 3.7 B) the potential on
the deflection electrodes was lowered to the entrance potential prior to the laser pulse to
allow all ions to get to the cell entrance. Following a variable flight-time delay, which de-
termines the segment of the ion packet to be sampled, the entrance electrodes were gated
open for 100�s. This flight-time window was shifted across the ion packet profile to ob-
tain the required detailed insight in the flight-time profiles of the individual components.
The resulting data are plotted as before in a contour plot with 60 evenly spaced constant
level contours with the lowest contour set at 3 times the rms noise level and the highest
contour set to the intensity of the most abundant peak in the complete series of spectra in
Figure 3.10. In comparison to Figure 3.8, the various oligomers’ flight-times shifted to a
shorter time scale. This is caused by the 100�s difference in the definition of the trapping
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Figure 3.10: Contour plot of the poly(ethylene glycol) distributions measured with the
modified trapping pulse sequence as a function of the flight-time delay. These ions are pri-
marily sodiated although some lithiated ions are observed (marked “1”). The line marked
“2” indicate3!+ harmonic peaks.



POLYMER END GROUPS ANDDISTRIBUTIONS BY MALDI-FTICR-MS 53

time and the flight-time delay. More important is that the distributions are narrower in
time, which reflects the sampling of the profile instead of the ion residence times in the
cell. The arrival time profiles are characterized by the flight-time delay cross sections that
are plotted in Figure 3.11 for the peaks marked with an asterisk in Figure 3.10. It is seen

400 500 600 700 800
flight-time delay (µs)

m/z 701.4

m/z 877.5

m/z 1053.6

m/z 1229.8

Figure 3.11: Delay time cross sections from Figure 3.10 indicating the arrival time pro-
files of the PEG ions.

that the center of the cross sections shifts 125�s for the oligomer atm=z 701 to the one
at m=z 1229. This expresses the shift in arrival time due to different flight-times. The
width of the arrival time profiles can be estimated on the basis of the width of the cross
sections, which is observed to be only slightly larger than the time that the cell was gated
open (<150�s). Recall that this width is determined by the sum of the trapping time and
the width of the arrival time profile. Therefore, it can be concluded that the latter is sub-
stantially smaller than 100�s. Of course, this only applies if there is no leakage of ions
with kinetic energies larger than the trapping voltage into the cell. Although the modified
pulse sequence allows such leakage, it is suggested by the absence of a significant high-
velocity tail in the cross sections shown that this effect does not significantly perturbs the
analysis. Moreover, the same sequence was run without gating the cell open and in these
experiments leakage was found to be negligible.

Let’s return to the results presented in Figure 3.8 (with no 100�s window). There, the
range of trapping times in which a specific component is detected, is determined by the
sum of the width of its arrival time profile and its residence time. It is seen in the figure that
this sum is typically 400-500�s, which means that the residence time is roughly a factor
of 10 larger than the width of the arrival time profile. Consequently, the superimposition
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method applied to a series of experiments in which the trapping time is increased by� 50
�s between two experiments results in the correct molecular weight distributions.

3.4.3 Application: Determination of the Molecular Weight Distribution
of a Polystyrene Sample

It was investigated to what extent the superimposition and the sum method lead to dif-
ferent characterizing molecular weight averages for a polystyrene SEC calibration stan-
dard. Polystyrene has traditionally been a difficult molecule to analyze by MALDI,
but several recently reported matrices [18] have made this ionization possible. The re-
sults are presented in Figure 3.12 A in the usual contour plot. The superimposition and
the summation of the individual spectra are plotted in Figure 3.12 B and 3.12 C, re-
spectively. Both overall molecular weight distributions are centered aroundm=z 1250.
The peaks in the spectra correspond to the polystyrene components of the form [C4H9-
(C2H3(C6H5))n-H+Ag]+ ions with an end group mass of nominally 58 u + Ag+ and
a monomer mass of nominally 104 u. The Ag+ with its two roughly equally abundant
isotopes at 106 u and 108 u gives the isotopic pattern shown in the inset. The number
average-molecular weight (Mn =

P
iMiNi

P
iNi, with Mi andNi the mass and abun-

dance, respectively, of the polymer componenti), the weight-average molecular weight
(Mn =

P
iM

2
i Ni

P
iMiNi), and the polydispersity factor (Mw=Mn) were calculated

for both distributions. The results are listed in Table 3.6. The previous observation that

Table 3.6: Mn, Mw, andMw=Mn determined from the total polystyrene molecular
weight distribution reconstructed by superimposing and summing, respectively, the in-
dividual distributions.

Superimposition Sum Difference

Mn 1135 1153 1.6 %
Mw 1192 1205 1.1 %

Mw=Mn 1.05 1.045 0.5 %

the sum method underestimates the wings of the distribution is reflected in the polydisper-
sity factors. These show that the width of the distribution obtained from the sum method
is slightly smaller in comparison to the one obtained from the superimposition method.
Of course, the differences between the calculated numbers are too small to be reflected in
measurable physical properties of the polymer. It must be noted that this is partly due to
the limited number of peaks that were part of the calculation (the measured mass range
extended not over the entire molecular weight distribution). The difference in results ob-
tained by the two methods manifests more clearly in a comparison of the S/N ratios in
the spectrum. The S/N ratio in the superimposition spectrum (Figure 3.12 B) and the sum
spectrum (Figure 3.12 C) are about equal in the center of the distribution (S/N=23 vs 22



POLYMER END GROUPS ANDDISTRIBUTIONS BY MALDI-FTICR-MS 55

800 1200 m/z14001000 1600

800 1200 m/z14001000 1600

1100 1105

tr
ap

pi
ng

 ti
m

e 
( µ

s)

800

900

1000

1100

1200

1300

800 1200 m/z14001000 1600

A.

B.

C.

Figure 3.12: Polystyrene molecular weight distribution measured by MALDI-FTICR-
MS at different trapping times. Shown are the contour plot(A) and the total molecular
weight distributions as obtained by superimposition (B) or summation (C) of the indi-
vidual distributions. The isotopic pattern shown in the inset confirms the presence of the
Ag+ as cation adduct.



56 CHAPTER THREE

for m=z 1310). In the wings of the distribution, however, the sum spectrum exhibits an
underestimation of S/N by� 30% (S/N=9.3 vs 6.3 form=z 780), which clearly demon-
strates that the sum method does not fully compensate for the distortions in the measured
distributions.

Finally, it is interesting to note that the molecular weight of this molecular standard
was listed with a peak mass of 950 u, whereas the spectra in Figure 3.12 reveal a peak mass
of 1250 u. Discrepancies between molecular weight distributions measured by MALDI
mass spectrometry and distributions obtained by size-exclusion chromatography (SEC),
have also been observed by Montaudo et al. [103] for polydisperse distributions. These
observations have been supported by theoretical considerations by Jackson and cowork-
ers [104, 105]. The discrepancies are caused by the fundamental difference between the
measurement of thenumberfraction versusm=z (as in MS) and theweightfraction versus
the logarithm of the molecular mass (as in SEC). The consequence is that the high mass
tail of the polydisperse distribution disappears much earlier into the baseline noise in MS
measurements compared to analyses by SEC. This is in accordance with the results of
Jackson et al. [104], which indicate that the peak mass value of a polymeric distribution
measured by mass spectrometry should be two oligomerslower in mass than the same
sample studied by chromatographic methods. However, this does not explain the discrep-
ancy observed in Figure 3.12, where the peak mass is approximately two oligomershigher
in mass, which implies an even greater error. There was no indication found for mass dis-
crimination effects that could possibly reconcile the measured discrepancy. Therefore,
it is presently assumed that the specified peak mass of 950 u is in error and that chro-
matographic calibration with this polystyrene standard would give a low-mass “error” of
� 20%.

3.5 Summary and Conclusions

The determinations of the exact elemental composition of the repeating units and end
groups of low molecular weight polymers demonstrate that the newly configured external
ion source MALDI-FTICR-MS is an instrument with superior mass accuracy. Two meth-
ods were evaluated for the determination of end group masses: linear regression on the
molecular weights versus the degree of polymerization, and the averaging of the end group
masses as determined from each individual peak in the mass spectrum. The methods were
applied to native, perdeutero methylated, propylated, and acetylated PEG samples, and to
a PVP sample with unknown end group elemental composition. The measurements in the
mass rangem=z 500 - 1400 allow the determination of the masses of the component poly-
mers with a mass accuracy of better than 8 ppm, leading to end group determinations with
an accuracy within10 �10�3 u and3 �10�3 u, respectively, for the two methods. By virtue
of this high accuracy it was possible to determine unambiguously that the elemental com-
positions of the PVP end groups were (CH3)2CHO- and H-. Measurements in the mass
rangem=z 3400 - 5000 could be performed at mass accuracies better than 15 ppm. This
allows the end group mass determination with an accuracy of240 � 10�3 u and20 � 10�3
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u, respectively. It clearly illustrates that the accuracy in the end group masses determined
by the regression method decreases drastically with increasing mass. The accuracy in the
determination of the monomer mass scales only with the accuracy in the molecular weight
assignment of the individual components, and is still sufficient to validate proposals for
the elemental composition of the monomeric unit. The latter applies also to the error in
the end group determination by the averaging method. It is therefore expected that the
combination of both methods applied to MALDI-FTICR-MS data allows the identifica-
tion of the elemental composition of the different parts of synthetic (home-)polymers in
the mass range up tom=z � 10; 000.

The results also demonstrate that quantitative measurements with external ion source
MALDI-FTICR-MS are complicated by flight-time induced mass discriminations. In
addition to discrimination effects and chemical distortions in the plume [98], MALDI
can cause different kinetic energy profiles for different masses [92]. This is true for all
MALDI-FTICR systems, but it is particularly pronounced if the ions are produced in an
external ion source. In such a geometry, the distance between the ion source and the mass
spectrometer is often more than a meter, leading to a significant time of flight broadening.
External injection ion optics accelerate the ions through the fringing magnetic field, which
further distorts the initial velocities. Although this is useful to prevent low mass matrix
ions from loading the cell to the space charge limit, it also distorts molecular weight dis-
tributions. Hence, it is necessary to acquire a series of spectra in different time of flight
windows. Superimposition of these spectra so that the total oligomer intensity is equal to
its maximum intensity in the set yields accurate molecular weight distributions on poly-
meric systems. This technique was used to demonstrate an error of�20% in the specified
peak mass of the molecular weight distribution of a polystyrene standard.




