Available online at www.sciencedirect.com

sc.ENcs@n.“m

Mass Spectrometry

e G
ELSEVIER International Journal of Mass Spectrometry 247 (2005) 85-92

www.elsevier.com/locate/ijms

Conformational effects on cationization of poly(ethylene glycol) by
alkali metal ions in matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry

Kayori Shimad&*, Shigetomo MatsuyanfaTakeshi Sait8, Shinichi Kinugas4,
Ritsuko Nagahat3 Shin-ichirou Kawabata

@ Polymer Standards Section, Organic Analytical Chemistry Division, National Metrology Institute of Japan, National Institute of Advanced
Industrial Science and Technology (AIST), Tsukuba Central 5, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8565, Japan
b Research Institute for Innovation in Sustainable Chemistry, National Institute of Advanced Industrial
Science and Technology (AIST), Tsukuba, Ibaraki, Japan
¢ SHIMADZU Corporation, Tokyo, Japan

Received 8 August 2005; received in revised form 3 October 2005; accepted 5 October 2005
Available online 4 November 2005

Abstract

Conformational effects of polymer chains on matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS
were studied by using an equimolar mixture of uniform poly(ethylene glycol)s (PEGs) and by molecular dynamics simulations. Uniform PEGs wi
degrees of polymerizatiom=8-39 were separated from commercial PEG samples by preparative supercritical fluid chromatography. MALDI-
TOFMS spectra of an equimolar mixture of the uniform PEGs in aqueous ethanol were measured by adding a mixture of 2,5-dihydroxybenz
acid (as a matrix reagent) and five alkali metal chlorides (LiCl, NaCl, KCI, RbCI, and CsCIl). After optimization of the matrix concentration
and laser power, five types of adduct cationized by Na', K*, Rb", and C3 could be identified simultaneously in the same spectrum. In the
lower molecular-mass region aroundf1the spectral intensity increase rapidly with increasing molecular mass of PEG,; this rapid increase in the
spectral intensity started at a lower molecular mass for smaller adduct cations. Molecular dynamics simulations were used to calculated the aff
of PEG for the adduct cations. These experimental and simulated results showed that the observed spectral intensities in MALDI-TOFMS w
markedly affected by the species of adduct cations and the degree of polymerization of the PEG, and that they were dependent on the stabili
the PEG—cation complex.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of the object polymer. Some of these effects can be avoided by
careful manipulation.

The technique of matrix-assisted laser desorption/ionization One of the most serious and unavoidable effects is the con-
time-of-flight mass spectrometry (MALDI-TOFM$),2] has  formational effect of the polymer and additive cation, which
led to major developments in the analysis of the compositiororiginates from their chemical structures. For poly(ethylene
and structure of synthetic polymdBs4]; however, the precision terephthalate) (PET) oligomer with a degree of polymerization
in quantitative analysis is not completely understood because afidex ofn = 3, two isomers — an open form and a closed form —
the presence of a number of nonquantitative effects, such asveere observed and predicted from theory by Gidden ¢18].
dependence on laser powie7], detector saturatiof8B—10], = They reported that the populations of the open and closed isomer
sample preparation methfitill—14] and the physical properties forms were markedly dependent on the laser power and that the

mass spectrum of a PET oligomer sample was strongly affected
by the nature of the cationizing alkali metal ion. Ehlera et al.
* Corresponding author. Tel.: +81 29 861 4617; fax: +81 29 861 4618. [16] applied density functional calculations to obtain the binding
E-mail address: k-shimada@aist.go.jp (K. Shimada). energy for metal cation—oligomer complexesieélkanes and
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of poly(ethylene glycol)s (PEGs). Reinhold et @l7] showed oligomers with differentss and three cations: tj Na*, and
by experiments and ab initio quantum calculations that PEGK™.
oligomers cannot be detected when they consist of fewer than
five monomer units. 2 E . tal

PEG is one of the most interesting polymers for studying™ xperimenta
the relationship between the conformation of a polymer an . . ;
its MALDI spectrum, because it can form a helical structure%'l' Preparation of an equimolar mixture of PEGs
that has a similar diameter to that of alkali metal ions. Von

Helden et al[18] studied the structure of the complex of PEG PEG 400, PEG 1000, and PEG 1540 [Wako Pure Chemical

with sodium ion at various temperatures by molecular mechan- .
ics methods and by using a MALDI source coupled to a;'lndustrles Ltd., Osaka, Japan, HO(&EH,0),H] by prepar-

ion-chromatography instrument. Togashi and Kobay#t8] ative SFC (JASCO Co., Tokyo, Japan, SUPER-201) with a
grapny hent. 10ga; y SiuperpakSILGO—SsilicageI column (JASCO Co., Tokyo, Japan).

analyzed the observed relative intensities of PEG monododecxn evaporative light-scattering detector (Alltech Associates, IL

ether ¢ =1-8) cationized by Ui, Na", and K" by using a one- b 9 9 Y

dimensional random-walk model for the migration of a metaIUSA; ELSD MK”I) was_operated atadrift-tube temperatur_e of
90°C. A modifier gradient was used to separate the uniform

ion in the PEG chain. The larger metal ions were able to moV‘E’EGS Details of the separation conditions have been given pre-
within the PEG chain more easily than could the smaller ones, ' P 9 P

o . . _viously [6,28].
which implied that the binding energy between the metal ion The mole fraction of each uniform PEG in an equimolar

and an oxygen atom in the PEG chain decreases in the OrOIBrEG mixture in extra-pure water was accurately determined by

Li*>Na" >K™. means of total organic carbon (TOC) measurements. In com-
These results suggest that PEGs with higherdegreesofpolér—‘ea s ot total org carbon ( ) measurements. o

Uniform PEGs were separated from commercial samples of

merization are more stable in the form of adducts cationized b arison with weighing each PEG by using a microbalance, this

larger ions. The same phenomenon has actually been observe(?FhOd has the advantage of being free from errors caused by

for other kinds of polymer, such as poly(methyl methacrylate)res'dual water in the PEGs. TOC measurements were carried

2021]and PET22) 1, e presenceof ager aali meral 1L 1L % SFUMAOZ TOC 200 sppae il boessn
cations produces shifts in the molecular-mass distribution t%6H4(COOK)(COOH)] as the calibration reagent, The equimo-

the higher molecular-mass region. However, important resuItF ) . . . .
were reported by Wang and co-worké28,24] that appear at ar mlxtL_Jre ponS|sted of eight uniform PEGs with degrees of
' polymerizationn=8, 12, 17, 21, 26, 30, 34, and 39. After

first sight to be inconsistent with the above conclusion. Cesi: .
N - the TOC measurements had been made, the aqueous mix-
ated PEG ion intensities were much stronger than those of tht%re of equimolar PEGs was dried under a vacuum: the total
corresponding lithiated PEG ions when indolacrylic acid was - . . . . S
. » : weight of the equimolar mixture of eight uniform oligomers was
used as the matrix. In addition, like poly(propylene glycol)8
displayed different selectivities for Cand Li* with different ng
matrices.
We think the reason for these inconsistencies lies in a fail2.2. Measurement of MALDI-TOFMS
ure to distinguish between solubility and affinity in relation to
polymers and cations. If the object polymer has a molecular- 2,5-Dihydroxybenzoic acid (DHBA) used as a matrix was
mass distribution, it is not easy to distinguish between thgurchased from the Aldrich Chemical Co. (Milwaukee, WI,
various causes of increases in spectral intensities. One pos&lSA). LiCl, NaCl, KCI, RbCI, CsCl, and ethanol were pur-
ble cause of such an increase is a change in the solubility of thehased from Wako Pure Chemical Industries Ltd. (Osaka,
polymers, cations, and matrix reagents; another is a change Japan). Extra-pure water was made by the Milli-Q system
the stability of complexes of polymers and cations at different{Nihon Millipore KK, Tokyo, Japan).
degrees of polymerizatiom). In this study, we tried to resolve Mass spectral data were acquired by using a reflectron
this confusion by using an equimolar mixture of uniform PEGMALDI-TOF mass spectrometer (Shimadzu/Kratos Kompact-
oligomers. MALDI I11) with a nitrogen laser operating at a wavelength of
Uniform oligomers are special polymers that essentially have837 nm. The laser power was regulated with a neutral-density
no molecular-mass distribution and are useful in evaluatindilter over alogarithmic power scale. For ion extraction, the static
the quantitativeness of MALDI-TOFM$25-27] We sepa- acceleration voltage was set at 20kV. The data were accumu-
rated uniform PEGs with degrees of polymerizationef8—39  lated over 400 laser shots. The laser was automatically fired at
from commercial PEG samples by preparative supercritical fluidt00 aim points on an individual sample spot across the entire spot
chromatography (SFCR8]. First, the optimum matrix con- atsame intervals. Thisaiming method can produce good repeata-
centration for avoiding a dependence of the MALDI spectrability compared to the common method of choosing sweet spots
on the laser power was determined. Then, by using a fittindpy human eyes. For each laser power, we recorded three spectra
function we determined characteristioczalues for five cations from three different spots, and then averaged the area of each
(Li*, Na", K*, Rb*, and C8) at which the spectral intensity  peak over the three spectra.
begins to increase rapidly. Furthermore, we applied molecular Forthe measurementof MALDI-TOFMS, 0.15 mg of DHBA
dynamics (MD) simulations to determine the affinities betweerand 16u1 of a mixed solvent of ethanol and water (9:1, v/v)
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Fig. 1. Typical MALDI-TOFMS spectra of the equimolar mixture of uniform Fig: 2. Typical MALDI-TOFMS spectra of an equimolar mixture of uniform
PEGs (=8, 12,17, 21, 26, 30, 34, and 39) mixed with five equimolar salts (LiCl, PEGS € =8, 12, 17, 21, 26, 30, 34, and 39) mixed with equimolar amounts of
NaCl, KCI, RbCl, and CsCl) and 0.10 mg of DHBAver matrix concentration). ~ 11ve Salts (LiCl, NaCl, KCI, RbCl, and CsCl) and 0.15mg of DHBAiable
LPs are 17.1a.u. (a) and 31.6a.u. (b), respectively. The unit of LP is defined ialrix concentration). LPs are 17.1a.u. (a) and 31.6a.u. (b), respectively. The
the text. The peaks labeled Li, Na, K correspond to [REGi]*, [PEG: + Na]*, unit of LP is defined in the text. The insets show enlargements of the spectrum
and [PEG: +K]*, respectively. in the ranges 600-1358@/z (a) and 900-170@/z (b). The peaks labeled Li,
Na, K, Rb, and Cs correspond to [PEGLIi]*, [PEG:+Na]", [PEG:+K]*,
[PEG: +Rb]", and [PEG + Cs]', respectively.

containing 38.g of an equimolar mixture of LiCl, NaCl, KClI, i ) . )
RbCI, and CsCl were added tqu of the equimolar mixture Mixture of uniform oligomers by SFC and TOC analysis, and the
of eight uniform PEGs. For the MALDI measurements, all- increments of spectral intensities with increasing the values of
aliquot of solution was placed on each spot of a sample slid8S Were so large that remarkable differences were not observed
and dried in the air. Standard sample slides with 20 spots for thé €ither integrated peak intensity or signal intensity was
Kompact-series instruments were used. used.

The laser power (LP) is indicated by relative values on a
linear power scale. An LP value of 1a.u. corresponds to aboW.3. Molecular dynamics simulations
2J. The observed threshold LP at which a spectrum could first
be detected was about 10a.u. We employed LPs in the range MD simulations were undertaken in the NVT ensemble by
12.6-31.6 a.u. to obtain adequate peak intensities for quantitaising the Discover program 2002 1, a module of Materials Stu-
tive analysis. The peak intensity was observed by the outpudio (Version 2.2, Accelrys Inc., USA). A polymer consistent
voltage of the detector, which is represented by spectral interforce field (PCFF) was used to identify the stable structures
sity (mV) in Figs. 1 and 2In Figs. 3 and 4it is shown by the of PEG complexes of differenis with three different cations:
area under each peak as a percentage of the total peak areasLilh, Na“, and K. The temperature was assumed to be 298K.
general, integrated peak intensity on a mass scale instead offThe dynamic time step was 0.1fs. The number of MD steps
time scale cannot give the correct averaged mass and distributievas 500,000, which corresponds to 0.5ns. Two series of MD
of the polyme[29-31] However, here we made the equimolar simulations were carried out; the first was for complexes of
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120 e ) 3. Results and discussion
O LP=12:6 ]
100 ® LP=171 & ] 3.1. Optimization of the matrix concentration and laser
2 [ * | P=233 : power
w | & LP=316 ]
O 8o y . )
< 1 In our previous study using tetrahydrofuran as a solj@ht
2 ok ] LP had a considerable effect on the observed spectra, but the
8 concentration of the matrix did not have a marked effect on them.
5 ! In the present experiment in which a mixed solvent of ethanol
.% 4or ] and water was used as the solvent, we began by investigating the
e | ] effects of the LP and the matrix concentration.
201 ] Before turning to our experimental results, let us summarize
[ M g R g ] the observations; lower concentration of matrix gave rise to an
1 i 1l PRI I ST ol S S S N T T S T S S S T B SRR 1 1 P .
o 0 s 20 25 30 a0 as LP dependence in the observed spectra, as showiginl,

n however, higher concentration of matrix did not lead to an LP-
Fig. 3. LP dependence of relative spectral intensities cationized ByaNla dep.endence., as showrﬁrgs.. 2and 3Fig. 1shows specira of an
fun;:ti(‘)n of degree of polymerizationfor the higher (suitable) matrix concen- equimolar mlxlture Of,the unlfor_m PEGE:,(: 8,12, 17’ 21,26, 39’
tration. LPs are 12.6a..0)), 17.2a.u. @), 23.3a.u.4), and 31.6a.uk). The 34, and 39) mixed with an equimolar mixture of five salts (LiCl,
unit of LP and length are defined in the text. Error bars denote the standartlaCl, KCI, RbClI, and CsCl) in thé&wer matrix concentration
deviations of three repeated measurements. at two different laser powers. In this case, 0.10 mg of DHBA,

which is two-thirds of the concentration described in SecBon

PEG with the cations and the second was for separate strugas added to the solution of the equimolar PEG mixture and
tures of PEG and the cations. In the first case, a cation with +&n equimolar mixture of the five salts. The spectrum shown in
charge, i.e., L, Na, or K*, was set near to a PEG molecule Fig. 1a, measured atLP =17.1a.u., is similar to previous spectra
with n=12, 17, 21, 26, 30, 34, or 39 as an initial structure. Theobtained with tetrahydrofuran as the solvent. In our previous
energy of the PEG complex with the cation was defined as thstudy [6], we observed that a molecular mass dependence of
total energy, comprising the kinetic and potential energies, aftespectral intensity occurs not only at lower valuesisbut also
500 ps dynamic run time. In the second case, a cation with +&t higher values ofs. The LP dependence was quite strong at
charge was set separated from a PEG molecule at a distance 1@ lower matrix concentrationFig. 1b illustrates a different
times larger than that in the first case. The affinity of the cation tespectrum measured at a higher LP (31.6 a.u.) Here, a decrease
the PEG molecule was determined as the difference between tfiethe spectral intensity at higher values:sfwas not observed.
energy of the complex structure and that of the separated polyn addition to the strong LP dependence observed in Bigthla
mer and cation. All MD simulations and analyses were madé&nd b, only the adducts of LiNa", or K* were found: adducts
on a HP Workstation XW8000/CT with a Xeon 3.06-GHz dual cationized by Rb or Cs" were not observed.
processor. Fig. 2 shows typical spectra of the same equimolar mixture
of the uniform PEGs mixed with the equimolar mixture of five
salts at therigher matrix concentration for two different laser

woor oL o 7 powers. Inthis case, 0.15 mg of DHBA was added to the solution
e ',;J'a ; 1 of the equimolar PEG mixture and an equimolar mixture of the
ok ~EK ! ] five salts. In general, LP can have a considerable effect on the
2 B / 1 shape of such spectra; however, as showigs. 2a and band 3
g 6ok lf 1 the observgd spectra in th_is casgldid not change markedly_with
> | / ] the LP. InFig. 3, spectral intensities are converted to relative
-:‘2 [ ! ] intensities, where the maximum intensities are designated as
$ 4o} 2 1 100 a.u.
q; I S, -] For lower matrix concentrations, as showrHig. 1, higher
% 20 { EI] ] LPs gave a spectrum that was similar to those observed at higher
i i matrix concentrations, as shownkhig. 2 In the case oFig. 1,
_./* o-E ] the matrix concentration is not sufficient to permit the detec-
. ' tion of the five kinds of adduct cation at appropriate spectral

intensities. These findings indicate that the optimum matrix con-
centration is that which was used in generating the spectra shown
Fig. 4. Relationships between relative spectral intensities and degree of polyn Fig. 2 If the matrix concentration is lower than that shown
merizationn for the equimolar mixture of uniform PEGs cationized by five in Fig. 2, the LP has significant effect on the spectral profile, as
cations at LP=17.1a.u. The unit of LP is (_1efined in the text. Cations dre Li shown inFig. 1 On the contrary, if the concentration is higher
(0), Nat' (@), K* (C), Rb" (4), and CS (v). Lines are the least-squares curves thanthat shown iffig. 2, no significant effectis observed, except

calculated by Eq(1). Error bars denote the standard deviations of three repeate . . .
measurements. that noise levels at lowers increase substantially.
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3.2. The relationship between molecular mass of PEG and also be used to deduce the relationship between the radius of
species of adduct cations cations and the characteristiéor the rapid increase in spectral
intensities.
As clearly shown irFig. 2, with a suitable matrix concen- Some examples of fitted curves are showirig. 4 for five

tration, five kinds of adduct cationized by*,iNa*, K*, Rb*,  species of cation at LP =17.1 a.u. At any other values of LP, the
and C$ could be identified simultaneously in the same specfitting curves are so close to the experimental intensities that
trum for eachus, in contrast td-ig. 1where only three kinds of they can give reasonable estimates of the valueg-ef;. The
adduct cationized by ['j Na*, and K could be observed. For parameters obtained are plotted against the radii of cations in
all adducts of PEGs and cations, lower values fifr PEG pro-  Fig. 5 for n1 (a), n2 (b), andns (c) at different LPs and for
duced lower spectral intensities. Note that the spectral intensitglifferent cations. The radius of a certain cation is taken as the
of adducts cationized by Nawas detected the most strongly van der Waals radius at a coordination number of six, i.e., Li
among the adducts cationized by the five different salts, but thi§.90A, Na 1.164, K 1.52A, Rb 1.66A, and Cs 1.82 [36,37]
cannot lead us to the conclusion that the PEG=damplex is  The fitting parameter, shown inFig. 5o is almost constant and
the most stable among the five complexes. Other important fadés independent of the cation radius. This indicates that the curve
tors, such as the solubility of the PEG, salts, and matrix in thdittings of the experimental data by E¢l) did not markedly
solvent, must be taken into account in addition to the stabilitychange their slope for different valuesmfandns.
of the complex. The maximum intensitieaz on each spectrum are shown

In Fig. 3 the repeatability of normalized spectral intensity in Fig. 5c. The highest value of3 corresponds to the adduct
is represented by the standard deviation of three measurememtationized by Na and the lowest corresponds to that cation-
made by using the same sample at different spots. Samples piized by Li*. This seems to be the inverse of the relationship
pared in MALDI matrices often exhibit a poor homogeneity, for the solubilities of the five salts in water. The molar solubili-
which results in poor repeatability at different spfitd—14] ties of the salts are LiCl 3.01, NaCl 0.68, KCI 0.76, RbCI 1.15,
In our experiments, however, by using aiming methods instea@sCl 1.61 mol/(100 g of water) at 10C, and LiCl 1.58, NaCl
of choosing sweet spots, and by spotting an aliquot solutio®.61, KCI 0.37, RbCI 0.64, CsCl 0.96 mol/(100 g of water) at
containing polymer and matrix instead of separate spotting o®°C [38]. That is, the molar solubilities of LiCl, NaCl, KClI,
polymer and matrix like a sandwich, the normalized spectraRbCl, and CsCl at above room temperature are in the order
intensities at all values of LP were so repeatable thatuthe LiCl>CsCl>RbCI>(KClorNaCl). Itis suggested that a higher
dependence of spectral intensities of an adduct cationized Igolubility of a salt in water could lead to a lower affinity between
a certain salt could be compared with those of other adductBEG and the cation, because the cations will be more stable
cationized by other salts. In this section, we investigate the relavhen complexed with water. The salts are hardly dissolved in
tionship between the-dependences of spectral intensity and thepure ethanol except for Li, but all salts have good solubility
species of adduct cation by using a characteristic fitting functio®0:10 ethanol-water mixture. In the mixture of ethanol and
betweem and the spectral intensifito distinguish between the water, the solubility of the salts is attributed to the dissolution
stability of the complex and the solubilities of the PEG, salts,of the salts into water. Once the salts formed hydrous struc-
and matrix in the solvent. tures, hydrated cations are not easily decomposed even under

To extract the factor relating to the stability of PEG—cationvacuum. The hydration of the salts is speculated as to inhibit
complexes, we first establish the relationship betweand the the formation of PEG and naked cation complex. In addition,
spectral intensity by means of the following phenomenological as shown inFig. la and b for a lower matrix concentration,
function for each of the adductive cations: the spectral intensities of Liare larger than those iRig. 2

If the lower concentration of matrix leads to a lower temper-
(1)  ature for the laser desorption/ionization process, the increase
in intensities of Lt can be attributed to the great change in

wheren; is the critical degree of polymerization at which the solubility of Li* in water at lower temperatures. For exam-
the spectral intensity begins to increasga fitting parameter ple, the molar solubilities of LiCl at 0 and 10C are 1.58 and
of the equation, ands is the maximum relative intensity (%) 3.01 mol/(100 g of water), respectively, whereas those of NaCl
for each spectrum. These values were obtained by least-squai@® 0.61 and 0.68 mol/(100 g of water), respectively. The dif-
fitting of Eq. (1) to experimental data for each value of LP andference between the solubility of LiCl at low temperatures and
for each adduct cation. The intensity curve is presumed to bthat at high temperatures is much larger than the corresponding
asymptotic tonz and has an inflection point at=ny, I=n3/2.  values for NaCl, KCI, and CsCI. Note that several studies on the
As shown in our previous studg] andFig. 1a, spectral intensi-  stability of the PEG—cation complexes have been made by using
ties at molecular masses greater than abotislivly decrease  the maximum intensities (corresponding in this cases)pbut
with increasing mass. Therefore, in this case, spectral intensitighe stability of PEG—cation complexes reflect the values; of
are assumed to have a maximum value mgabeyond the:;- as described below, rather thas
mer. A number of quantitative models and energetic formulae The characteristic degree of polymerizatien in Fig. 5a
of ionization in MALDI have been propos€82-35} however, increased with increasing radius of the adduct cation. This find-
in this fitting to the formula, the fitting function is insufficiently ing means that the spectral intensity begins to increase at around
sensitive to lead to such a conclusion. Other formulae couldhe characteristic degree of polymerizationfor each cation.

n3

I= 1+ e n2lx—n1)
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60 — a number of PEG—cation pairs for various by means of MD
[ A, ] simulations.
I * ]
o IUPRRTRIEY § 3.3. Molecular dynamics simulations for affinity of
[ e o ] PEG-—cation
of T b
- [ ] Typical examples of the lowest-energy models of PEG—cation
[ ] complexes are illustrated if¥ig. 6. The top three models
or ] are, from left to right, complex models of [PBE2 + Li]*,
. O LP=126 | [PEG:12 +NaJ, and [PEG12+K]*. Similarly, the bottom
20 2 ; tgf;g-; ] three models are, from left to right, complex models of
[ s P16 | [PEG:39 +Li]*, [PEG:39 +Na], and [PEG39+K]*. In all
10:. ] the models, the cations tend to be enclosed by the oxygen atoms

(@ o8 1.0 12 14 16 1.8 2.0 present in PEG. A perfect helical structure was not observed in
this simulation, but the PEG chains move quite flexibly. Local
helical structures appear and adduct cations are incorporated into
these structures. The sizes of the cyclic structures of the PEG
chains around the cation increase with increasing radius of the
cation. In other words, larger cations need longer chains in order
[ ¢ O ] to form complexes. These local structures are not expected to
0.30 [ o O ] exist for other polymers, such as polystyrene, and in fact no such
[ 3 . ] unusual conformational effects were observed in our previous
0202 ';3 """"" pronosnnmemnestrees S ] work [5] on polystyrene uniform oligomer. The characteristic
r * - * ] local structure of the PEG—cation complex is observed to be sta-
[ ] ble for more than several nanoseconds. Initial structures were
0.10[ ] assigned arbitrarily; however, after less than 100 ps, the struc-
[ ] tures were optimized and no marked changes in energies were
[ ] observed until 500 ps, the final state of the simulations. The fluc-
) I Y T S e E - a— tuation is represented by the standard deviation of averaged total
energies shown ifig. 7.
10—+ For three kinds of catiornkig. 7 shows the affinity of the
E ] cation to PEG. The affinity was determined as the difference
I - TR ] between the energy of a complex structure and the energy of the
102k . IRV 4 separated structures of a PEG and a cation. As shoWwigirv,
g R the affinity increases with increasing This calculated result
) ) 1 agrees with the experimentally determined increase in spectral
intensity with increasing, as shown irFigs. 2 and 3
a Cd In Fig. 7, a change between Nand K" did not produce
] a marked difference. This trend is similar to the observation
shown inFig. 5a, where the values af; for Na* and for K are
almost same. In addition, the decline in the rate of increase of
the affinity of Li* at larger values ofs is considered to corre-
; 0 T spond to the observation that a small value pis obtained for
100_8 10 12 14 16 18 5.0 the adduct cationized by Lj as shown irFig. 5a. That is, the
() van der Waals radius / 107° m energy advantage of forming the PEG—cation complex decreases

) o o o with increasing:s for a small cation, such as®LiA similar ten-
Fig. 5. Plots of the characteristic degree of polymerizatip(a), fitting param-

eterny (b), and maximum intensitiess (c) against the van der Waals radius d‘?”cy Was. reported by. TOgas.hl and KObayelsﬂ for P.EG
of cations at different LPs. LPs are 12.6am)(17.2a.u. ®), 23.3a.u. ¢), oligomers in an ethanolic solution of DHBA. This trend in MD

and 31.6 a.u.4). Values ofr;—n3 were obtained by the least-squares fittings of Simulations is consistent with the observation that the value of
experimental data to E1). Dotted lines are guides for the eye. n1 for Li* is much smaller than that for other cations, as shown in
Fig. 5a. Note that this does not mean that changing the cation has
As suggested by some auth¢i8,19,39] smaller cations give no effect on MALDI spectra. The different additive cations pro-
more-stable adducts for shorter PEG chain lengths than do largduce changes in solubilities between polymer, salts, and matrix,
cations. In other words, the larger cations need longer PE@nd the corresponding spectral intensities change as shown in
chains to form stable complexes. This phenomenon is observddgs. 2 and 4
in the shift ofns to a higher value with increasing radius of the  In our simulation, no rigid helical structure of the PEG chain
cation. In the next section, we verify the change in affinity forwas observed. However, it is generally known that PEG can
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Fig. 6. Typical structures of PEG—cation complexes for a PEG oligomerawith2 or 39 and cations of Lj Na“, or K*. The top three models are, from left to
right, complex models of [PE@.2 + Li]*, [PEG:12 + Na]", and [PEG12 + K]*. The bottom three models are, from left to right, complex models of G- Li]*,
[PEG:39 + NaJ, and [PEG39 +K]*.

form a transient helical structure with a diameter comparabld. Conclusions
to that of alkali metal ions. In contrast to PEG, polystyrene did
not show the:-dependence based on conformational effects in  Uniform PEGs of different degree of polymerization were
our previous study5] using polystyrene uniform oligomers, subjected to MALDI-TOFMS to investigate the relationship
because polystyrene is not a crystalline polymer and does ntketween the molecular-mass dependence of the MALDI signal
have a characteristic structure. In the case of polystyrene, thatensity and radius of the adduct cation. We separated uni-
cation prefers to interact with two aromatic rings as reportedorm PEGs with degrees of polymerization franx 8 to 39
by Scrivens et al[40], but this phenomenon is observed at anyby preparative supercritical fluid chromatography of commer-
range of mass and the critical degree of polymerization does naial PEG samples. A great dependence of the MALDI spectral
appear. In the case of both PEG and polystyrene, the influence oftensities on the value of was observed in the spectra of an
LP can be neglected by optimizing the matrix concentration anéquimolar-PEG mixture prepared in agueous ethanol by adding
selecting a suitable LP. It should be pointed out again that tha mixture of 2,5-dihydroxybenzoic acid as a matrix reagent and
conformational effect of PEG is fundamental and cannot easilfive alkali metal chlorides (LiCl, NaCl, KCI, RbClI, and CsClI).
be avoided in quantitative analysis by MALDI-TOFMS, whereasWe succeeded in observing all of five adducts cationized by Li
the effects of matrix concentration and LP can be eliminated. Na*, K*, Rb", and C§ in the same spectrum simultaneously.
Our main findings are as follows:

140 (1) By using an equimolar mixture of uniform PEG oligomers,
o Li aq N30 spectral intensities can be quantitatively analyzed for differ-
120 ®Na n ent degree of polymerization
100l 2K n30 (2) To distinguish the effect of affinity from that of solubility,
‘ n26 we used a fitting function to evaluaig andns. The affinity

of PEG and cations is reflected i, which corresponds
to the value ofn at which the spectral intensity increases
rapidly. The solubility is correlated ts.

(3) MD simulation supported the tendency showrvyn the
case of the affinity. The shift af; to a higher value on
increasing the radius of the cation can be simulated by the
observation that larger cations need a longer PEG chain to
form a stable complex.
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_ N _ o Inthe case of the polymer which has characteristic structures,
Fig. 7. Plots of the calculated affinity of PEG—cation complexes with dn‘ferentsuch as a helical structure for PEG, the conformational effect of

ns and three kinds of cations:"L{{), Na" (®), and K" (OJ) from molecular lvmer is fundamental and cannot be avoided in ntitativ
dynamics simulations. Error bars denote the standard deviations offluctuatiorlcgle polymerisfundamental and cannotbe avoiae quaniitatve

of averaged total energy. analysis by MALDI-TOFMS.
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