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Abstract: Although a poly(ethylene/propylene glycol) (PEG/PPG) copolymer mixture is far too complex
(~150 oligomeric formulas) for conventional purification, oligomer ion compositions of <1% abundance
can be separated by Fourier transform mass spectrometry and dissociated into sequence-specific fragment
ions. Using collisionally activated dissociation (CAD) or other conventional energetic methods, we found
that misleading rearrangements are common; however, these are negligible with electron capture dissociation
(ECD), consistent with its nonergodic mechanism. Despite the lack of reference compounds, ECD of five
oligomers ranging from PEG,PPG;5 to PEGsPPG;5 shows that ~80% of their isomers have all PEG units
at one end, while CAD gave lower values because of an ~21% rearrangement loss of internal monomer
units. In contrast to the indicated triblock “PEG/PPG/PEG” sample designation of this commercial surfactant,
all of these oligomers are found to consist primarily of diblock PEG/PPG structures, so that their termini
differ significantly in hydrophobicity, as expected for a surfactant.

Introduction and end group determinatiofis} and conformational data have
been reportef.For a linear copolymer (e.g., ER however,
the sequence ordering of its monomers (e.g., EPP, PEP, or PPE)

s also a critical determinant of its properties, but MS charac-
terization has been unreliable because molecular ion dissociation
often leads to rearranged products (e.g., PEPP+ E)2757

For a linear protein, tandem MS (MS/MS) structural char-
acterization of a mass separated molecular ion by energetic
cleavage (e.g., collisionally activated dissociation, CAD) has
been extensively exploited to yield reliable sequence data, as
the backbone cleavage products retain their original amino acid
connectivities, without rearrangemérfeor common polymers,
however, this is often not true, even for CAD at 8 k&8uch
rearrangements are especially competitive for even-electron
ions? such as those produced by MS sample introduction

Despite the high commercial importance of synthetic poly-
mers, most methodologies for their molecular charactenzaﬂon
can only examine mixtures of their oligomeric components and |
provide little information on copolymer sequences. Individual
oligomers of larger homopolymers 2 kDa) can be isolated in
high purity only with specialized techniques, and copolymers
can represent far more complex mixtuteblowever, these
oligomers after ionization can be readily separated by mass
spectrometry (MSJ.° Even isotopic separation can be achieved
by Fourier transform (FT) MS, identifying 50 oligomers®20
kDa poly(ethylene glycol) (PEG)and~200 oligomers of the
copolyester dipropoxylated bisphenol A/adipic acid/isophthalic
acid (DAI 12)5f The mass values of these molecular ions can
provide monomer identification, molecular weight distributions,
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methods for nonvolatile compounds (e.g., electrospray ioniza- Results and Discussion

tion, ESI)>19 A recent article on MS/MS of copolyestéfs
cogently illustrates the problem with DAI 12, in which the
Q-diol (D) can be bound to either of the diacids, adipic (A) or
isophthalic (1). ESI followed by CAD of the isolated major ion
[(DA).DI]Na* gave firm evidence for the isomers DIDADA
and DADADI, but no evidence for the third possibility,
DADIDA; sequencing would be more extensive “if the bonds
could be broken more selectively” MS/MS of alkylpolyiso-
cyanate copolymers formed cyclic trimer product ions that
indicated block microstructures, but not their location in the
polymer!! Although conventional matrix-assisted laser desorp-
tion/ionization (MALDI)/time-of-flight is poorly suitable for
MS/MS sequencing of separated oligomeric iéhsdetails of

Rearrangement Minimization. CAD of MS isolated [HO-
(CoH40)H + nH]™ (x = 24, 44, 95, 100) ions formed by ESI
of PEG produces (eq 1,* +, R = H) the complementanA
and B fragment ions by cleavage of a backbone ether Hond.

[R(OC,H,),OR + nH]'”Em_ [R(OCH)=0—(CHO)x R + (- DH®-V*

[R(OC,H,),OH + mH]™ 4+ [(C,H,0)_yR+(n-m- DH" ™
A B
C: [R(OC,H,),OR + mH]™

ECD is similar (eq 1, *= -, an unpaired electron, and-RH)

diblock copolymer structures have been derived from extensive in Yielding A ions, butB products are negligibl€’ For CAD

analysis of MALDI molecular weight distribution dat&a!2
Polyglycols are the polymers most studied by MS7:10.13.14

CAD spectra of PEG, poly(propylene glycol) (PPG), and other

polyether even-electron ions show fragment ions containing bot

termini, demonstrating rearrangement association through in-

ternal monomer loss.We report here that electron capture
dissociation (ECD, the nonergodic dissociation of an odd-
electron ion}315causes minimal rearrangement during dissocia-

tion of PEG/PPG copolymer ions to provide useful sequence

information from oligomer components representing% of

the total. Such “Pluronics” copolymers are commonly used as

nonionic surface-active agents for which the PEG and PPG
d ions ofx = 42, 45, and 48 (not shown), onl products are

blocks are assumed to provide contrasting hydrophilicity an
hydrophobicity, respectivelif

Experimental Section

lons from nanoelectrospray of 46:46:8,8IMeOH/acetic acid
solutions (26-40 uM) of PEG, PPG, and PEG-block-PPG-block-PEG
samples (Aldrich) were introduced into a modified 6T Finnigan FTMS
instrument and isolated by SWIFTas a*C, and*3C; (A1 Da) pair of
peaks, unless noted otherwk8é® Their CAD'® and ECD®'® spectra
were measured with data collection startingrét 500 and with data
reduction by the THRASH prograf.
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spectra, produdE was demonstrated previouslp be formed
by the rearrangement elimination of internabHzO units
through the cleavage of two bonds. For=RH, productA is

p identical to producC, but these products can be distinguished

using methoxy end-capped PEG (eq ERHs). CAD of these
(PEGMe, + H)'* ions produces 21%C rearranged ions
(Figure 1), similar to the yield shown by deuterium labeling
data from CAD of smaller PEG oligomef3ECD of (PEGMe;
+ nH)"" givesA ions (eq 1, R= CH) that represent 98% of
the fragment ions fox = 24 (Figure 1). Rearrangement products
C,3 and C,, (direct loss of one and two monomer units)
represent<1% of the products. For ECD of thet3and 4+
visible, and no products represent the loss of both methoxy
termini. The absence df ions from ECD is consistent with
the proposdP that its 5-6 eV neutralization energy causes
immediate (nonergodic<10712 s) dissociation of one bond
without appreciably changing the internal energy of the rest of
the ion; products requiring the dissociation of two bonds, such
as rearrangements, are also negligible in the ECD spectra of
proteins!®

Copolymer Characterization. ESI of the commercial co-
polymer “PEG-block-PPG-block-PEG” gave a complex spec-
trum whose molecular ions indicate 33% (charge-normalized
ion abundance) PP ,, homopolymer oligomers, plus130
copolymer PEG-11PPGo-22 oligomers whose highest abun-
dance values of thei2ions are~0.5% (Figure 2). The-t ion
spectrum shows a remarkable resemblance to the pubtished
MALDI/FTMS spectrum of BASF Pluronic L31, suggesting a
similar source for both their and our samples. Theirs was
described as a triblock PEG/PPG copolymer “with the structure
HO—(CH40)—(CsHeO)y— (C2H4O),—H”, matching the “PEG-
block-PPG-block-PEG” description of our sample. For the
Figure 2 data, the PEG/PPG compositiongP(Eor X, y) were
assigned to the Figure 2 data as described by van RooiPet al.
They provide an extensive discussion of the distribution of the
130 oligomer compositions identified, and their data fully
support a random coupling of ;840 units onto the PPG
reactantsP

Copolymer SequencingDespite abundances of oniy0.5%
for the oligomer 2 ion precursor, ECD spectra were obtained
for PEGPPGg (Figure 3), PEGPPGs, PEGPPGg, PEG-
PPGs (Figure 4)?° and PEGPPGs.2! For the fragmentation

(20) Some of the selected mass values will contain contributions ff6gions
2 Da lower; PEGPPGg will be contaminated with 11% PRg PEG-
PPGg with 15% PPGy, and PEGPPGs with 13% PEGPPGs.
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Figure 1. CAD spectrum of (PE@Me, + H)** and ECD spectrum of (PE@Me; + 2H)?*". Inset: ECD of the monoisotopic precursor ios.ions,
internal GH4O loss;D ions, possible CEDH loss fromA; *, noise (no isotope peaks) or background peak. ECD of the isobaric 4REz+ 2Nay yields
the (PEGsMe; + Na)'* ions14

1 © o Q Log ELE ®
® o o R LR NN L%
o ~ o ~ uf |/ oo = ~ <
TR s e AFEle S/
Z05{ | be Y 2w 5 @ ‘i\w "i ;“cog o N @
-~ - ‘_" - - NS AR n .- - -
3 S s 0 TP < YELE \o = ;‘i’j\o@ “ip
© 9 ° G - | /o < Xv J Nl S
c / N o | > ol e ol oIS o
9 ~ / * o~ A / o N [eo] - - }D * - S
Ttz ielsztst=tst2 W lshe =T
s LS L E At f
N I - | |
N O NSO, 110 P 0 O L O A LD O L L
m/z 540 560 580 600 620 640

Figure 2. Partial (2+ region) ESI mass spectrum of “PEG-block-PPG-block-PEG” copolymé, & X, y, ions whose exact mass$ ppm) corresponds
to the protonated monoisotopic molecular ion [HQO)(CsHsO)H + nH]™"; the peak 1 Da higher is that containing of¥€ atom.
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Figure 3. ECD mass spectrum of the MS separated (&g + 2H)?* ions of Figure 2.

behavior expected of a specific homopolymer block at a polymer fragments (Figure 4, solid bars, top left and top right spectra),
chain terminus, the reference ECD spectra of (REG2H)?" with the most abundant corresponding to the loss of faitsO
and (PPGs + 2H)?* show significant differences in theik units for PPG versus loss of two,i 84,0 units for PEG. Each
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Figure 4. CAD (A, C ions, striped bars) and EC[A (ions, solid bars) spectra of MS separated (R, + 2H)?" ions of Figure 2 showing relative ion
abundances as a function of monomer units lost; separate bar graphs are shown fovaaehfor (GH4O)y lost.

proton will be repelled by the other toward the end of the chain, bar graph “(GH4O), lost” (Figure 4 right column, second
where the terminal hydroxyl can be one of approximately seven spectrum) must represent fragmentation of thelf free
groups that participate significantly in "Hsolvation#3~15 terminus, and it does match well the spectrum of GEGs.
apparently—OH participation is far less important in the PPG  The “(C;H40); lost” spectrum of PE@PGgis consistent with
terminus than in the PEG terminus because of the higher cationa terminal GH4O unit; its close resemblance to that of PEG
binding affinity of the ether units-CH,OCH(CHs;)— versus PPGg (and not of PEPPG) shows that one ££1,0 unit near
—CHOCH,—. the terminus has not allowed the cation binding affinity of the

These correlations can be used to interpret the ECD spectrumterminal hydroxyl to affect the spectrum. However, the greater
of the simplest copolymer formula, PERPGgs. Irrespective abundance (68%) of the “¢E,0); lost” products suggests that
of where the one 4,0 monomer unit is placed, at least a the GH4O unit has significantly increased the Btom affinity
terminus of nine @HgO units must have no £1,0 units. The of this terminust®

From the “PEG-block-PPG-block-PEG” designation, the other
(21) A very low signal/noise ECD spectrum of PG5 (not shown) had a

majority of peak intensities for the formulas PR G415 (all C;H4O lost) oligomers should have #£.0 at bOt_h_ termini; yet their
and PEGPPG-14 (N0 GH,O lost). “(C2H40) lost” spectra are also of significant abundance<{18

9290 J. AM. CHEM. SOC. = VOL. 124, NO. 31, 2002
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26%), with the most intense peaks in each representing the lossethat obscures the expectetDCH(CHs)—. In a careful study

of (C3HeO)4 and (GHgO)s like that of PEGPPGg and PEG-
PPGs.?! Because of the low Hatom affinity of the all-PPG
terminus, even lower than for PEBPGg, the “(C;H40)p lost”
abundances should indicate that the majority of the G g,
PEGPPGs, and PEGPPGs oligomers have one terminus with
at least five (GHgO) units.

This major diblock structure is also consistent with the more
abundant ECD fragment ions that have lost all of their PEG
monomers [bar graphs “¢840)x lost” for PEGPPG].2! These
represent 5866% of the ECD products, and they must have
been formed by a single ECD cleavagéhat removed from
one end of the polymer all of the,B40 units plus a varying
number of GHgO units. The relative abundances in these vary
much more than those of the “484,0), lost” bar graphs;

of the distribution of oligomer formulas of the molecular ion
spectrum from the closely similar “triblock PEG/PPG/PEG”
sample, this absence of a PEG block at one end was not
discernible®® However, their analysis was consistent with a
random coupling hypothesis, indicative of a very small, or a
very large, difference in reactivity between the ends of the PPG
polymer. The ECD data for PEBPGg and PEGPPGg (Figure

4) indicate that>84% of the products result from adding four
C,H40 units to one end of the PPG chain without adding any
CoH40 units to the other end, and for PEFRPGs, 79% from
adding five GH40 units to one end.

CAD Rearrangement. Characterization by CAD, however,
of PEGPPGgand PEGPPGgindicates (Figure 4, striped bars)
that the products whose termini contain only zero or foitO

detailed sequence interpretation would be helped by referenceynits represent 70 and 74%, respectively, versus the 84 and 84%

ECD spectra of pure isomers. Even with four or five terminal
C,H,4O units, proton solvation must also involve the neighboring
C3HgO units, in keeping with the many additionaksO units
lost in these “(GH.O)y lost” spectra.

Triblock Impurities. Although the “(GH4O)o lost” and
“(C,H40)« lost” spectra are consistent with diblock HO
(CoH4O)—(CsHeO)y—H structures for PE@PPGs, PEGPPGg,
and PEGPPGs (and PEGPPGs),% this cannot be true for the
16, 17, and 22%, respectivelyy fragments that represent
simultaneous loss of both monomers (but less thanPE@nN

found by ECD. The difference should represéntarrangement
ions for which a 21% vyield was found for the Figure 1 data.

Conclusions

For ECD applications, polyglycols were the first macromol-
ecules investigatéd after proteing® for other copolymers to
be amenable to such structural characterization, they must give
multiply charged molecular cations for which ECD effects
backbone dissociation. Here ECD/FTMS was effective in

a single ECD cleavage, as such products are negligible from eliminating sequence-misleading rearrangements and in char-

rearrangement (vida supra). The 5(30); lost” product

acterizing low abundance oligomers; witk150 different

indicates that one of the PEG units is on the terminus lost, while formulas for oligomer ions;-40 are still of sufficient abundance

the “(CGH4O)-1 lost” product indicates that all but one of the

for ECD. The five ECD spectra measured are consistent with a

PEG units is on one terminus; again, the much more abundantl@rge reactivity difference for chain extension at the two ends

products are those losing moreHGO units, the terminus that
should thus have the greater Etom affinity. Note also that
each of the three “(8440)x-1 lost” spectra, despite low signal/
noise, is similar to its counterpart “¢840)x lost” spectrum;

of the PPG reactant, so that80% of the isomeric structures

for this surfactant are diblock, critically different than the label
“PEG-block-PPG-block-PEG”. These oligomers do not have
ends of similar hydrophilicity outside a hydrophobic center, but

the most intense peak is formed by loss of the same number ofinstead have the more common surfactant structure with ends

monomer units. Again, replacing &40 unit with a GHgO

of contrasting solubilities. Even without reference copolymers

unit has had little apparent effect on the proton solvation of the Of €stablished isomeric structure, the extensive structural details

original dication!3-15

The Copolymer Structure. Thus, most isomers of these
oligomers must have no-8,0 units on one terminus, contrary
to the sample label. For anionic polymerization 6HgO onto
PPG, the growing chain at theOCH(CHs;)CH,O~ end appar-
ently is favored for GH,O addition over that at the-OCH,-
CH(CH3)O™ end, resulting in chain ends HOCH(gH and
—CH,OH. Proton NMR could only confirm thel OCH,— group
in this sample; the complex NMR spectrum, indicating 1PEG:
4PPG, has a small 3.1 ppm triplet consistent Wit®CH,—,
but this is adjacent to a complex Gliegion at 3.2-3.7 ppm

obtainable by ECD MS/MS from such complex copolymer

mixtures should provide a far more powerful method for relating
synthetic variables to the physical properties that are critical to
specific applications.

Acknowledgment. We are indebted to Geoffrey Coates for
the NMR study, to him, Ying Ge, Barry Carpenter, Ron Heeren,
Sander Koster, and Phil Price for helpful discussions, and to
the National Institutes of Health (grant GM16609) for generous
financial support.

JA0123756

J. AM. CHEM. SOC. = VOL. 124, NO. 31, 2002 9291



