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Single, double and triple charging of poly(propylene glycol) (PPG) (M,, = 1900 g/mol) in the
presence of binary mixtures of cations (Li*, Na*, K, Cs*, and NH,") under electrospray
ionization (ESI) conditions were investigated. For these studies, sodium ion was selected as the
reference cation, and the resulting ion-intensities were evaluated as a function of the
[Na™]/[C"] ratio (where C* is the other cation, ie. Li*, K*, Cs™ and NH,"). A linear
relationship was found between I, /Ic, and [Na™]/[C"] (Ixa.; and I, stand for the intensity
of the singly charged PPG molecules cationized with Na™ and C" ions, respectively). The slope
of the I, /I, — [Na™]/[C"] plot (@) indicates the binding selectivity of Na™ ions to PPG
chains with respect to cation C*. In the case of the doubly charged PPG chains, the
Inanaz+ / Inaco+ and Inaco /Iccs s versus [Na™]/[C*] ratio also yield straight lines with slopes
of approximately «/2 and 2e, respectively (Inanaz+, Inac2+ and Icc,, are the intensity of the
doubly charged PPG chains cationized with two Na™ ions, Na* and C* ions, and two C* ions,
respectively). Similarly, linear dependences with the [Na™]/[C*] ratio for the corresponding
intensity ratios of the triply charged PPG were found. Based on the value of «, the selectivity
of the cations was found to increase in the order of Li* < Cs™ ~ Na® < K ~ NH,". The
observed relative ion intensities are interpreted on the basis of the solution state equilibrium
between PPG and the cations. In addition, the investigations showed that the abundances of
the doubly and triply charged PPG-containing mixed cations can be optimized in a simple way
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of various synthetic polymers has been continu-

ously increasing. Poly(ethylene glycol) (PEG),
poly(propylene glycol) (PPG), and their copolymers are
widely used in different important areas ranging from
manufacturing of prepolymers for urethane-type resins
[1] to medical and pharmaceutical applications such as
drug carriers and stabilizers [2]. Charging of PEG with
different metal ions and proton under ESI has been
extensively studied [3-8] since Fenn's pioneering work
[9]. The number of reports on PEG cationization with
multiple ions, however, is very limited [8, 10, 11]. On
the other hand, PPGs and their functionalized deriva-
tives have received far less attention [11-13].

The conformation of PEG and PPG in solution may be
completely different, therefore, the investigation of the
cationization of these polymers with different alkali metal
ions may shed more light on the understanding of the
complexation behavior between alkali metal ions and
molecules containing several carbon-carbon-oxygen units.

Recently, we reported the cationization of PEG un-
der MALDI conditions [14] in the presence of various
cations, and a good correlation was obtained between
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the resulting ion intensities and the concentration ratio
of the cations. As a continuation of our work, in this
article, charging and multiple charging of PPG in the
presence of binary mixtures of NaCl and other salts
(LiCl, KCl, CsCl, NH,CI) under ESI conditions are
reported. The results show that the ratio of the corre-
sponding ion intensities is linearly dependent on the
bulk molar ratio of Na* ions and the other cations.

Experimental
Materials

Poly(propylene glycol) (PPG) (M,, = 1900 g/mol) was
received from BorsodChem (Kazincbarcika, Hungary).
LiCl, NaCl, KCl, CsCl, NH,CI, and methanol were
purchased from Aldrich (Germany).

Electrospray lonization Time-of-Flight
Mass Spectrometry (ESI-TOF MS)

ESI-TOF MS measurements were performed on a
BioTOF II instrument (Bruker Daltonics, Billerica, MA).
Sample solutions were prepared in mixtures of metha-
nol and water (50/50 vol/vol). The concentration of
PPG was 0.1 mmol/L. The concentration of NaCl and
that of the other salts was kept constant at a total salt
concentration of 1 mmol/L. The solutions were intro-
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Figure 1. ESI-MS spectrum of PPG in the presence of binary
mixtures of Na™ and Li* ions. The numbers +1, +2, +3, and +4
stand for the singly, doubly, triply and quadruply charged PPG.
The inset shows the partial MS spectrum for the triply charged
PPG cationized with different number of Na* and Li* ions. ([PPG]
= 0.1 mM, [Na*] = 0.2 mM, [Li"] = 0.8 mM, asterisks are ghost
peaks originating from the TOF analyzer).

duced directly into the ESI source by a syringe pump
(Cole-Parmer Instrument Company, Vernon Hills, IL.)
at a flow rate of 2 uL/min. The temperature of drying
gas (N,) was maintained at 100 °C. The voltages applied
on the capillary entrance, capillary exit, and the first
and the second skimmers were —4500, 120,40, and 30V,
respectively. The spectra were accumulated and re-
corded by a digitizer at a sampling rate of 2 GHz.

Results and Discussion

We examined the effect of four alkali metal ions Li*,
Na*, K", Cs*, and that of NH," on the ESI-MS spectra
of PPG with a moderately long chain (M, = 1900
g/mol). The goal of this study was to determine the
selectivity of these ions towards PPG and to obtain
information on the factors, in this case multiple charg-
ing, which determine the relative intensities of PPG
cationized with different numbers and types of ions. To
address these aims, binary mixtures of salts in various
concentration ratios were used for cationization of PPG
and sodium ion was selected as the reference ion. The
ESI-MS spectrum of PPG cationized with the binary
mixtures of Na*™ and Li* ions is shown in Figure 1.
As seen in Figure 1, the singly, doubly, and triply
charged PPG can easily be discerned. In addition, from
a careful inspection of the low mass region of the
spectrum (m/z 450-600) the presence of quadruply
charged PPG with low intensity can also be recognized.
Doubly charged PPG cationized with two Na*, one
Na® and one Li* and two Li" ions, i.e., adduct ions
[(PO), + 2Nal**, [(PO), + Na + Li]** and [(PO), +
2Li]** (where PO and n represent the propylene oxide
repeating unit and the degree of polymerization, re-
spectively) were formed. Similarly, triply charged ad-
duct ions of PPG with the composition of [(PO), +
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3Nal]**, [(PO), + 2Na + LiJ**, [(PO), + Na + 2LiJ**
and [(PO),, + 3Na]®* were generated as indicated in
Figure 1 inset. It should be emphasized that the number
of types of the adduct ions formed from binary mix-
tures of cations for a given charge level (r) is expected
statistically to be equal with r + 1, i.e., 3 and 4 different
types of adduct ions are formed from double and triple
charging. As expected, formation of adduct ions obey-
ing this simple statistics was observed in each case. The
ion intensities within a series of the singly, doubly, and
triply charged PPG varied significantly with the cation
(C") and the concentration ratio of the Na® and C*
ions.

The Dependence of the Intensity Ratios
on the [Na*]/[C"] Ratio

Figure 2 shows the dependence of the intensity ratio of
sodiated and potassiated PPG on the concentration ratio
of the Na® and K" ions. The intensities referred
throughout the text were obtained by summation of the
corresponding intensities for each PPG oligomer peak
appearing in the ESI-MS spectra.

As depicted in Figure 2, the values of Iy,./Ix.
change linearly with those of [Na*]/[K"] and the slope
of the line is denoted «. The effect of the concentration
ratio on the ion intensities of the doubly and triply
charged PPG cationized with different numbers of Na™*
and K" ions is shown in Figures 3 and 4.

As seen in Figures 3 and 4, linear relationships with
good linear correlation coefficients (r* > 0.95) were
found with relatively small values of intercepts and
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Figure 2. Intensity ratio of sodiated (Iy,) and potassiated (I)
peaks versus [Na*]/[C*] plot for the singly charged PPG. ([PPG]
=0.1mM, [Na*] + [K*] = 1 mM).
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Figure 3. Intensity ratio of sodiated and potassiated PPG peaks
versus [Na"]/[C*] plots for the doubly charged PPG. ([PPG] = 0.1
mM, [Na*] + [K*] = 1 mM).

very different slopes. Linear relationships were also
obtained between the corresponding intensity ratios
and [Na*]/[C"]in the case of the other cations, i.e., Li*,
Cs*, and NH,". The values of the intercepts and the
slopes for all the cations investigated are summarized in
Table 1.

As it turns out from the data of Table 1, in the case of
a given Na'-C" cation pair there is a good correlation
between the slopes determined from the differently
charged PPGs. Using the values of slopes in Table 1, one
can easily observe that the slopes of I+ /Inac2+ and
Inacas /Iecos versus [Na™]/[C'] plots are approximately
a/2 and 2a, respectively. Similarly, for the triply charged
PPGs, the Inananas+/INanacs+s Inanacs+/Inaccs+, and
Inaces+ /Ieccs versus [Na™]/[C*] plots yield slopes with
the values of approximately «/3, a and 3, respectively.
However, in the case of Cs* (Table 1) relatively large
differences in the values of o were obtained (considering
the a values determined from the Iyanacs/Inacscs and
Inacses/Icscscs plots). To explain the dependence of the
corresponding intensity ratio on the [Na™]/[C*] ratio, we
consider the following solution state equilibria (eqs 1 and
2) existing between PPG and A" and B" cations.

(PO), + A" = (PO), A" (Ky) (1)
(PO), +B" = (PO),B" (Kp) (2)
Using the equilibrium constants K, and K, the concen-
tration ratio of (PO),A™ and (PO),,B" can be expressed

by the following equation:

[(PO),A*)/[(PO),B'] = a[A*)/[B*], where «

=K, /Kg (3)

J Am Soc Mass Spectrom 2005, 16, 152-157

Assuming equal ion formation and detection efficien-
cies for the same charge level, the measured intensity
ratio will reflect the concentration ratio of (PO),A™ and
(PO),B™.

For the doubly charged PPG equilibria (eq 4) and (eq 5)
are considered.

(PO), A" + A" = (PO),AA*" (Kup) 4)
(PO),B* + B* = (PO),BB*" (Kgp) ®)

The concentration ratio of (PO),AA%*" and (PO),BB*" is
then given by eq 6:

[(PO)AA™T _ K [(PO),A'T[A']
[(PO).BB*'] K [(PO).B"] [B]

(6)

The ratios of the equilibrium constants of the successive
complexes when all coordination sites are equivalent
can be determined statistically [15] using eq 7.

K. (Mm+1)p-—-m+1)

Kowi  m(p—m) @)

where p, m, and p-m are the number of total coordination
sites, occupied and available sites, respectively.

In the case of PPG, each monomeric unit contains an
oxygen atom to which cations can attach. Therefore, the
total number of coordination sites available for cations
is expressed as p = n+1, where n is the number of the
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Figure 4. Intensity ratio of sodiated and potassiated PPG peaks
versus [Na™]/[C*] plots for the triply charged PPG. ([PPG = 0.1
mM, [Na*] + [K*] = 1 mM).
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Table 1. The slopes and the intercepts determined from the corresponding intensity ratios versus [Na™]/[CT] (CT = Li*, K*, Cs,”
and NH, ") plots. The first and the second number represent the slope and the intercept, respectively

Li* K™ Cs* NH,*
singly charged
1. Ina/lc (@) 3.55;0.06 0.58;0.13 0.57;0.04
doubly charged
2. Inana/INac (@/2) 1.78;0.02 0.31;0.02 0.61;0.11 0.28;0.01
3. Inac/lce (2a) 7.38;0.09 1.22;0.28 2.37;0.24 0.83;0.15
triply charged
4. Inanana/INanac (@/3) 1.09;0.08 0.25;0.05 0.33;0.15 0.21;0.11
5. Inanac/INace (@) 2.82;0.07 0.63;0.29 0.99;0.25 0.55;0.21
6. Inacc!lece (3a) 7.23;0.41 2.18;0.20 4.12;0.21 1.36;0.35

repeating units and the additional coordination site
comes from the terminal OH group. Considering the
degree of polymerization of PPG (DP = 24-45), in the
limit case when the total number of the available
coordination sites is high, eq 7 gives a value of approx-
imately 2 for K, /K,, i.e,, Ky, = K,/2 and Kgg = Kg/2.
It should be noted, however, that the backbone coordi-
nation sites in the doubly and triply charged PPG ions
are not equivalent due to the differing Coulombic
repulsion in the different PPG charge states.

Substituting Ky, = K,/2 and Kgg = Kg/2 and a =
KA/Kg into eq 6, we get eq 8.

[(PO),AA*)/[(PO),BB*] = o’[A"T/[B'T 8)

Furthermore, for the ratio [(PO),AA%"]/[(PO),AB>"]
and [(PO),AB*"]/[(PO),BB**] using the equilibrium
constants and « eq 9 and eq 10 can be derived.

[(PO),AA™)/[(PO),AB*'] = a/2[A"]/[B] ©)
[(PO),AB**1/[(PO),BB**] = 2a[A"]/[B"] (10)

Similarly, the corresponding concentration ratio for the
triply charged PPG can be expressed by eqs 11-13.

[(PO),AAA™]/[(PO),AAB*] = o/3[A*V/[B']  (11)
[(PO), AAB*|/[(PO),ABB**] = o[A*]/[B"] (12)
[(PO),ABB**]/[(PO),BBB*] = 3a[A*]/[B"] (13)

Eqs 9-13, which are derived from the solution state
equilibrium of PPG with cations A" and B" describe
well the experimentally determined slopes from differ-
ent plots (Table 1). Furthermore, the advantage of eqs
9-13 is that they allow to estimate of the value of « from
the intensity distributions of the doubly and triply
charged polymer adduct ions in cases when the deter-
mination of a from the singly charged distribution is
difficult, e.g., due to low signal intensity. For instance,
the value of « for the Na™-Cs™ system can be deter-

mined using the results for the doubly and/or triply
charged distributions. In this case, due to the low signal
intensity of the singly charged species, the value of «
cannot be directly obtained from this distribution. Us-
ing the values of « in Table 1, it can be established that
the selectivity of the cations towards the PPG chains
increases in the order of Li* < Cs™ =~ Na* < K" =~
NH,". This trend correlates with the increasing size of
the cation, except for the Cs™ ion. The dependence of
the selectivities of cations to PPG on the chain length
was evaluated by plotting the intensity ratios of PPG
cationized with sodium and the other cations as a
function of the chain length (low intensity peaks, i.e., at
the two edges of the distribution, because of the low
signal to noise ratio were not considered). Using this
method, we did not observe any significant chain length
dependence.

The Dependence of the Relative Intensities
on the [Na™J/[C™] Ratio

The relative ion intensities of the doubly charged PPG,
i.e., the intensity of PPG cationized with two A™ (Ba4),
one A" and one B" (8,5), and two B™ (Bgg) ions with
respect to the sum for all the doubly charged PPG can
be derived using eqs 8-10 to give eqs 14-16.

Bas = /(02 + 2ax + 1) = o/ (ax + 1)? (14)
Bag = 2ax/(ax + 1) (15)
B = 2ax/(ax + 1)? (16)

where x = [A"]/[B].

The experimentally determined B, Bap and PBgg
values versus [A"]/[B"] ratio for the doubly charged
PPG together with the curves calculated by eqs 14-16
are plotted in Figure 5.

As seen in Figure 5, eqs 1416 render the experimen-
tally observed dependences of the relative ion intensities
on the [A™]/[B*] ratio. One can also calculate from eq 15
that the maximum value of the relative ion intensity for
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the doubly charged species containing mixed cations
(BaB,max) 18 0.5 occurring at [A"]/[B"] = 1/a.

The intensity of PPG cationized with three A"
(Baaa), two AT and one B* (Boap), one A" and two B
(Bagpg), and three B (Bppg) ions relative to the sum for
all the triply charged PPG can be calculated on the basis
of eqs 11-13 to obtain eqs 17-20.

Baaa = oz3x3/(oz3x3 +3a’% + 3ax + 1) = a3x3/(ax + 1)3

17)
Baas = 36>/ (ax + 1)° (18)
Bass = 3ax/(ax + 1)° (19)
Bess = 1/(ax + 1)° (20)

The dependences of the Baaa, Baap Bass and PBgss
values on the [A"]/[B™] ratio for the triply charged PPG
together with those calculated by eqs 17-20 are depicted
in Figure 6.

As it turns out from Figure 6, eqs 17-20 describe the
dependences of the different 8 values on the [A™]/[B*]
ratio well. It can also be rationalized from eqs 17-20 that
the maximum values of the relative ion intensities for the
triply charged adduct ions composed of mixed cations is
12/27 for both [(PO), + 2A + B’ and [(PO), + A +
2B]**. The maxima occur at the concentration ratio x =
2/ (in the case of [(PO),, + 2A + B*") and x = 1/(2a) (in

+ Bk
® Brak
A BNaNa

[Na'J/[K']

Figure 5. The relative ion intensities of PPG cationized with two
sodium ions (Byana), One sodium and one potassium (By.k), and
two potassium ions (Bxx) versus [Na*]/[K*] plots. The solid lines
represent the calculated values using eq 14-16 with a = 0.65.
([PPG = 0.1 mM, [Na™] + [K*] = 1 mM).
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Figure 6. The relative ion intensities of PPG cationized with
three sodium ions (Branana), two sodium and one potassium
(Bnanak), one sodium and two potassium (By.xk), and three
potassium ions (Bxkk) versus [Na*]/[K*] plots. The solid lines
represent the calculated values using eq 17-20 with a = 0.75.
([PPG = 0.1 mM, [Na™] + [K"] = 1 mM).

the case of [(PO),, + A + 2B]*"). Our results also show that
the abundance of the adduct ions composed of mixed
cations can easily be maximized using the value of a and
the above considerations. For example, to obtain maxi-
mum abundance for the doubly charged [(PO),, + A +
BI*" or the triply charged [(PO), + 2A + BJ’* mixed
adduct ions, [A*]/[B*] ratio at x = 1/a or x = 2/a,
respectively, should be applied. Such considerations are
very useful when, e.g., one intends to perform MS/MS
experiments on the mixed adduct ions.

Although our observation reflects a correlation of the
ESI MS spectra to the equilibrium state in bulk solution,
it is also possible that the observed binding selectivity
of cations to PPG is related to the charged droplets or
gas phase processes and not to the bulk solution prop-
erties as suggested by one of the reviewers. Interest-
ingly, it was shown by vibrational spectroscopic studies
performed on the bulk mixture of PPG of low molecular
weight and alkali thiocyanates (LiSCN, NaSCN, and
KSCN) that the strength of the interaction between the
metal ion and the ether groups of PPG (as well as OH
end groups) increased in the order Li* > Na® > K"
[16]. This trend is opposite to that observed in our ESI
studies. However, the complex formation between
metal ions and PPG is affected by many factors such as
the solvent environment, the counter ions, the polymer
dynamics, and local conformation of PPG, etc. [11, 16,
17]. Therefore, the discrepancy in the trends may be due
to MS sampling, the different solvents, and counter ions
used as well as different local conformation and poly-
mer dynamics of PPG.
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