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Abstract

A combined structural/conformational study of ethylene oxide/propylene oxide (EO/PO) copolymers has been undertaken. Electrospray
ionisation (ESI) and matrix-assisted laser desorption/ionisation (MALDI) methods have been utilised and ESI-tandem mass spectrometry
(MS/MS) product ion spectra, including accurate mass measurements, utilised to establish fragmentation pathways. This has enabled end
group and sequence information to be obtained. lon mobility mass spectrometry experimental, along with theoretical, approaches has been
used in tandem to probe the gas-phase conformation of selected cationised species from the block and random copolymers. The cross-section
established from these measurements and calculations have been shown to be dependent on molecular weight of the oligomer and radii of the
cation but largely independent of the sequence of the ion in the gas-phase. The ion mobility results have been used to aid the understanding
of the fragmentation of these copolymers by means of ESI-MS/MS.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction e Random or block nature of copolymer

The successful commercial application depends on tailor-
ing the required physical performance from the structure of
r;bhe material. It is important, therefore, to be able to charac-
terise the detailed microstructure of these materials and relate

Copolymers of ethylene oxide (EO) and propylene ox-
ide (PO) form an important class of modern industrial sur-
factant. These materials are used as dispersants, emulsifie

and stabilisers for pigments, dyestuffs, printing inks, paints, this information to physical properties.

coatings, agricultural chemicals and lubricaifs They are . .
widely used in pharmaceutical, medical, food and pesticide _The S”P'Ct“fe of the copolymer s_yst.ems charggtgn;ed n
formulations. The performance of these materials depends onthIS study is shown belowl} where R indicates the initiating
a number of factors. These include: (w) end group ana andya_rg the number qf moles of EO and
PO, respectively. The initiator was a mixture of tridecanol
e Molecular weight distribution and pentadecanol, which leads to formation of oligomers
e Initiator and/or terminator (end groups) with tridecyl and pentadecyl initiatingx§ end groups (R).
e Balance between hydrophobic PO chain and hydrophilic
EO chain RO—{CHZCHZOHCHZ‘CHoijH
* Corresponding author. Tel.: +44 1642 435720; fax: +44 1642 435777. 1
E-mail addresstony_jackson@ici.com (A.T. Jackson). . .
1 present address: Department of Biological Sciences, The University of ~ SP€ctroscopic approaches such as infra-red (IR) spectro-
Warwick, Coventry CV4 7AL, UK. scopy and nuclear magnetic resonance (NMR) spectroscopy

1387-3806/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/).ijms.2004.09.025



288 A.T. Jackson et al. / International Journal of Mass Spectrometry 238 (2004) 287-297

have been used to characterise these polymer sy$2ei@ks have been found to provide optimal structural information
These approaches measure overall average values rather thda7].
individual molecular structure. In recent years, mass spec- lon mobility mass spectrometry experiments were per-
trometry has shown great promise in the provision of detailed formed using a home-built MALDI-time of flight (MALDI-
molecular structural information from such low molecular ToF) instrument. The details concerning the experimental
weight polymeric systemi®]. For polymers of low polydis-  set-up for the mass spectrum and ion mobility measure-
persity accurate molecular weight distributions can be ob- ments have been published previoug], so only a brief
tained by using matrix-assisted laser desorption/ionisation description will be given. Sodiated EO/PO copolymer ions
(MALDI) mass spectrometry. Product ion spectra have also (i.e., [M + NaJ") were formed by MALDI in a home-builtion
been obtained from selected precursor ions in the MALDI, source. The matrix employed was 2,5-dihydroxybenzoic acid
or electrospray ionisation (ESI) mass spectrum of these ma-(DHB) and methanol was the solvent. Approximately30
terials, using collision-induced dissociation (CID) with the of DHB (100 mg/mL) and 5@.L of copolymer (1 mg/mL)
results interpreted to give valuable structural information were combined and 8L of Nal (saturated in methanol) was
[10-13] EO/PO copolymer systems have been studied us-added to ionise the copolymer. The solution was then applied
ing these, and similar, approachggl] and characteristic  to the sample target and dried. A nitrogen laser 837 nm,
fragmentation mechanisms of polyethers have been outlined12 mW power per pulse) was used to generate ions in the
[14-18] Polyether copolymers have also recently been stud- MALDI source. To obtain a mass spectrum the ions were
ied by a combination of Fourier-transform mass spectrometry desorbed into a two-section (Wiley-McLaren) ion source and
(FTMS) and electron capture dissociation (EGD9]. accelerated down a 1-m flight tube with 9kV acceleration
In order to better understand structure—property relation- voltage. The MALDI-ToF is operated in reflectron mode to
ships in synthetic polymer systems an approach, based orobtain high-resolution mass spectra.
ion mobility mass spectrometry, has been develof2&q. For ion mobility experiments, the reflector is turned off
The technique of ion mobility mass spectrometry is based on and the ions are decelerated and gently injected into a drift
the principle that ions with different conformations will have cell at~300 eV. The glass drift cell is 20-cm long and filled
different mobilities when drifting through a buffer gas under with ~1.5 Torr of helium gas. The temperature of the drift
the influence of a weak electric field. Theoretical approachescell can be varied from 80 to 500 K depending on the needs
are then used to generate candidate structures of the ion®f the experiment. A weak uniform electric field is applied
and calculate their corresponding mobilities for comparison across the cell that gently pulls the ions through the helium
to experiment. This approach has been used to better undergas at a constant drift velocity. After exiting the drift cell,
stand cationisation of polymer molecules in the gas-phasethe ions are gently accelerated through a quadrupole mass
and to probe gas-phase conformati@h—25] This work in- filter, mass selecting the ion of interest to be detected with an
volves detailed structural analysis of the copolymer systems electron multiplier. The quadrupole is set to a specific mass-
combined with gas-phase conformational studies utilising the to-charge ratiorfVz) to eliminate any ions that might arise
ion mobility mass spectrometry approach. The combination from fragmentation in the drift cell and interfere with the ion
of the ion mobility studies with results from tandem mass mobility experiments. The pulse source extraction voltage
spectrometry (MS/MS) has previously been found to aid the triggers a timing sequence so that the ions are detected as a
understanding of the latter experiment, especially with regard function of time, yielding an arrival time distribution (ATD).
to the fragmentation mechanisms of polymgs,25] This The mobility, Ko, of the ion is accurately determined from
combination of approaches has therefore been undertaken t@ series of arrival time distributions measured at different
facilitate the generation of structural information from the electric field strengths (7.5-16 VV/cm) across the drift cell.
EO/PO copolymers involved in this study. Using kinetic theory, the ion’s collision cross-section can also
be determined.

2. Experimental
3. Results and discussion

Structural studies were carried out using electrospray ion-
isation (ESI) mass spectrometry and tandem mass spec3.1. Tandem mass spectrometry of copolymers
trometry (MS/MS), acquired in a Q-ToF Ultima instrument
(Waters MS Technologies, Manchester, UK). Ethylene ox-  The EO/PO polymers studied)(were prepared from a
ide/propylene oxide (EO/PO) block and random copolymers mixed G 3 and G5 alcohol initiator. Both block and random
were manufactured in-house (ICl). Exact mass MS/MS data copolymers were available (Sample A and Sample B, respec-
were generated in the Q-ToF Ultima operating in ‘W’ op- tively). The composition of the copolymers was confirmed
tic mode at a resolution of approximately 20,000 (FWHM), by means of NMR measurements (data not shown) and was
with a LocksprayM source fitted. Lithium bromide (1%, v/v)  found to correspond to the results showTable 1
was added to the sample (in 50/50, v/v methanol/water) to  Fig. 1shows the ESI-MS spectrum obtained from Sample
promote ionisation. Lithiated precursor ions (i.e., [M +1)i] A. A large number of components are present, as expected,
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Table 1

Sample details for copolymers studied

Sample |Initiator alcohol EO (mol%) PO (mol%) Copolymer type
A C13/C1s 3 5 Block

B C13/C15 12 5 Random

and the average molecular weight calculated from the ESI-
MS spectrum is in reasonable agreement with that obtained
from NMR. The predominant peaks are from singly charged
[M+Li] * ions although some doubly charged [M + 2]
ion peaks are also observed (see annotatidfign1). The
ESI-MS spectra become more complex for higher molecular

weight EO/PO copolymers, as a consequence of overlapping

distributions from multiply charged ion peaks (from copoly-
mers that are already very complex). The MALDI-ToF spec-
tra from these copolymers (data not shown) are dominated
by peaks from singly charged ions, even for the oligomers of
highest molecular weights. The overlapping distributions of
peaks from oligomers with different initiating) end groups
(i.e., from the tridecanol and pentadecanol mixtures of alco-
hols used as the initiator for the copolymers) mean that decon-
volution of the data would be required for three-dimensional
intensity plots to be produced, as previously shown for other
copolymers (also from MALDI-ToF datd27-30]

The ESI-MS/MS product ion spectrum from a lithiated
oligomer ([M +Li]*) of Sample A (block copolymer) that
contains three moles of EO reacted onto the tridecanol ini-
tiator, followed by four moles of PO (i.el, wherex is 3,y
is 4 and R is —@gH>27), is displayed inFig. 2 Some of the
peaks inFig. 2 have been annotated with proposed assign-
ments. Proposed fragmentation schemes for polyglycols wer
established by Lattimer and coworkdist,16], along with
propounded mechanisms. A slightly modified (for the glycols
characterised inthese experiments) summary of some of thes
proposed fragmentation pathways is showSdémeme 1lon
peaks from each of th& (i.e.,A’ andA”), B (i.e.,B’ andB”)

[M+Li]*

[M+2Li] 2*

I

Fig. 1. ESI-MS spectrum of block EO/PO copolymer, Sample A, showing
presence of both singly charged ¢{ Li] *) and doubly charged {f+ 2Li]%*)
peaks from intact oligomers.

200 400 600 800 1000 1200 1, 1400

(S

289

[M+Li]*

Hy;C150-[CH,CH,0],-[CH,CH(CH,)O] -H
H,,C,,0-EOEOEOPOPOPOPO-H
013E3P4

P3

E3Py

CigE5 | Ci3FsP C13E3Ps

/ / C13/'53':’2 i
E,P,
LL‘g 4;““ " ﬂ ' P

350 400 450 500
m/.

P

4
Lo B L Ll

200 250

EP,
il

300

Lodd
100

sl

150

50 550
z

Fig. 2. ESI-MS/MS spectrum from the lithiated ¢ Li] *) tridecanol initi-
ated block copolymer oligomer of Sample A, containing three units of EO
and four units of PO. Peaks from t#€ and A” series are annotated as
described in the text.

andC (i.e.,C’ andC”) series of fragment ion peaks described
by Lattimer are observed in the spectrum displaydeiin 2
Only peaks from thé\’ andA” series are annotated ffig. 2

for simplicity. This is also the case for annotation of all the
other ESI-MS/MS spectra discussed here (vide infra). The
annotation use§ 3 to refer to the initiatorq) end group and

En andPy, represent the units)f of EO and PO, respectively.
The ion peaks of thé’ andA” series are not always more
intense than that of the other series. Some of the peaks from
the C’ series are slightly more intense than their analogues
from the A’ series (i.e., compared to peaks from fese-

ries annotated a€13E3, C13E3P and C13E3P> in Fig. 2).

geaks from th®’ andB” series are generally of much lower

intensity than those from th&’ andA” series.

These data are consistent with this oligomer being from a
block copolymer, as is indicated by the proposed fragmenta-
tion of this moiety that is shown iBcheme 2This scheme
is annotated as for the fragment ion peaks in the ESI-MS/MS
spectrum displayed iRig. 2 Cleavage of the polymer back-
bone, with charge retention of the lithium cation, allows a
full sequence of the oligomer to be generated from the prod-
uct ion spectrum. The fragmentation is consistent with the
block copolymer having been synthesised by addition of the
EO to the tridecanol initiator prior to addition of PO. Peaks
from the A’ series indicate that this oligomer is terminated
with PO units, as sequential units of this monomer are the
difference between the highestz moieties (i.e., se€13Es,
C13E3P, andC13E3P, andC13E3P3in Fig. 2andScheme 2
The A” series of peaks also suggest that this is the case. In
addition, peaks from this series indicate that the EO is the
first monomer feed added to the initiator, as losses of part
of the initiator E3P4) and the initiator and EO unit&gP4,

EP4 andP,) are part of this series. This series also suggests
that there is a run of PO units in this oligomer (i.e., peaks
annotated aB»,, P3 andP, in Fig. 2andScheme 2
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Li [R‘O{CHZCHRO}n R'} + [M+Li]* Precusor lon

l MS/MS
A' Li [R'O{CHZCHRO}X H] + Li [ HO{CH@HRO}; R'} + A"
B Li [R'O{CHZCHROk CH:CHZJ + Li [HZC:CHO{CHZCHRO}V Rﬂ + B"
c Li [R'O{CHZCHROk CHZCH:O] + Li [O:CHCHzo{CHchRo}y Rﬂ + c

Fragment lons
Ris 'CH3 or 'H, R'is I'b7C13' or H31Cl5' and R"

is -H

Scheme 1. Proposed fragmentation scheme for formation @€'th&”, B’, B”, C’ andC” series of ions from the EO/PO copolymers employed in this study.

i i
|
|

! are correct.

EsP, E;P, EP, P, P P, (e.g., G3E3P3) and indicates that the sequence assignments

H27C130—§—EO—§—EO—E-EO _i_po_i_po_é_po_;_ PO—H The ESI-MS spectrum from Sample B (data not shown)

1 1 1 |
- - - -

C13EqP Ci13E3P3

: | i extends too much highen/'z than that from Sample A, as a
consequence of the higher average molecular weight of the

Cuafs CLaEsPs former copolymer. Singly charged peaks (i.e., from [M +Li]
ions) from the same lower molecular weight oligomers were
Scheme 2. Proposed fragmentation scheme for the lithiated g *) tride- observed in both spectra, however, so a comparison between
canolinitiated block copolymer oligomer of Sample A, containing three units  ESI-MS/MS data obtained from the block (Sample A) and
of EO and four units of PO. random (Sample B) copolymers was undertaken. The ESI-

_ MS/MS spectrum, from a lithiated oligomer ([M + Lij with
The accurate mass assignments of the peaks, frol'the  the same empirical formula as that selected for the spectrum
andA” series annotated Fig. 2 are shown ifTable 2There  shown inFig. 2, is displayed inFig. 3. This precursor was

is excellent agreement between the experimental and calcu-
lated mass-to-charge ratios, validating the assignments from
the ESI-MS/MS data for this oligomer. These data enable

[M+Li]*

confirmation of the initiator, indicating that tridecanol is in- H G OLICH.CH.O]ICH.CHICHIG] H
deed used, as many of the fragment ions retain this end group GO 1CH, & ]E [P ZCH(CH,)OL
EP 133" 4
2
Table 2 &P
Accurate mass results for ESI-MS/MS spectrum of lithiated tridecanol initi- EP
ated block oligomer containing three units of ethylene oxide and four units
of propylene oxide Ep
Experimental, Calculated, Error,m/z Empirical Assignment
m'z nmz (ppm) formula EP E3EZP EqP3
273
141.1099 141.1103 —-2.8 CsH140sLi Py P, EPs
199.1520 199.1522 -0.8 CgH2004Li  P3 £ Ps
257.1937 257.1940 -1.3 CioH260sLI Py = 3
301.2200 301.2202 -0.8 C14H3006LiI  EP4 ‘ ‘ ‘
3393080  339.3087 —20 C1oHa0OsLi Ci3Es ML | il ol
345.2467 345.2465 N} Ci6H3407Li  E2Py4 100 150 200 250 300 350 400 450 500 550
389.2730 389.2727 .8 CigH3g0gLi  E3Pys miz
397.3506 397.3505  .B CooHagOsLi  C13E3P _ . o o
455.3924 455.3924 0 CosHss06Li  C13E3Ps Fig. 3. ESI-MS/MS spectrum from the lithiated ¢f Li] *) tridecanol initi-
513.4340 513.4343 —05 CogHsgOLi  C13E3Ps ated random copolymer oligomers of Sample B, containing three units of

Mean=1ppm

EO and four units of PO. Peaks from tAéandA” series are annotated as
described in the text.
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therefore expected to contain a tridecanol initiated random Ps
oligomer containing 3 mol of EO and 4 mol of PO (i.&,, Ha7C150-[CH,CH,0]5 [CH,CH(CHYOl, -H
wherex is 3,y is 4 and R is —@zH»7). The spectrum is HoACr0 'EOEoEOE%TEZ%:OPOPOPOPOPO-H
partially annotated with proposed assignments of the frag- Py
ment ion peaks, as iRig. 2 The spectrum from the random
copolymer (Sample Brig. 3) is far more complex than that
from the block material (Sample Ajg. 2), as would be ex- Py
pected. The random oligomer would be expected to have up to
35 (i.e., [7!/4!3!]) isomers present at varying concentrations, Ps
depending on the degree of randomisation of the monomers
during polymerisation. This would partially be dependant on
the reactivity ratios of the two monomers with the tridecanol Po CreEsPs S
initiator and the growing oligomers. p oy | T ey | cgerESPT
The data indicate that the monomers are randomised along ﬁM el b b / Lm,sﬁﬁii |%3"1 H?Tﬁﬁﬁkl
the oligomer chain, but that there may be a preference foran 100 200 300 ~ 400 ~ 500 600 700, 800
initial mole of PO to react with the initiator, rather than EO,
prior to reaction randomly with additional monomers. Peaks Fig. 4. ESI-MS/MS spectrum from the lithiated.¢f Li] *) tridecanol initi-
of theA” series from the last two (i.eE,, EP andP,), three ated block copolymer oligomer of Sample A, contgining five units of EO
and seven units of PO. Peaks from theandA” series are annotated as
(e.g.,E2P and EPy), four (e.g.,E3P, E>P> and EP3) and described in the text.
five monomer units (e.gE3P2> andE»P3) indicate that the
monomer units are fully randomised at the terminating end
of the oligomer. There is, however, only a very low intensity ployed for the peaks of th&” andA” series inFig. 4. This
peak for fragments of thA” series, containing five and six  fragmentation scheme indicates that a full sequence of this
monomer units of EO and PO, with four units of PO present. block copolymer can be obtained from the ESI-MS/MS spec-
Indeed, two fragment ion peaks of this series (EeR4 and trum. The accurate mass results are again confirmatory with
E3P3) having six monomer units would be expected to be these assignments. They enable a more definitive knowledge
close to equivalent intensity if addition of the first monomer of the structure of the initiator and the sequence information
unit of either EO or PO to the initiator was totally random. The to be gleaned from the spectrum.
peak from three units of both EO and PO, however, dominates  The pentadecanol initiated oligomers in Sample A are pro-
in this region, which indicates that reaction of one unit of PO posed to be present in significantly lower amounts than those
with the initiator is the principal reaction to start the growing originated from tridecanol, as the latter is present in signifi-
oligomer chain. cantly higher abundance in the original alcohol mixture used
These data clearly show that there are significant differ- to make this material. Furthermore, some of the oligomersiini-
ences between product ion spectra that enable differentia-tiated with tridecanol will have the same empirical formula as
tion between block and random oligomers of these EO/PO those initiated with pentadecanol (e.g., an oligomer initiated
copolymers. The more complex nature of the spectrum from with tridecanol, reacted with one unit of EO and five units
the random copolymer (Sample B) clearly differs from that of PO has the same empirical formula as a pentadecanol ini-
obtained from the block copolymer (Sample A), from which tiated oligomer containing three units of EO and three units
one dominant isomer is proposed to be present as expectedof PO). It is possible, however, to select an oligomer from
A singly charged precursor ion ([M+Lf) from an this sample for study by ESI-MS/MS that is purely initiated
oligomer of higher molecular weight from Sample A (block with pentadecanol, providing the EO content is low. The peak
copolymer) was then selected for study. The resulting productfrom one such oligomer has been used to generate the spec-
ion spectrum, from an oligomer initiated with tridecanol and trum shown irFig. 5. The singly charged, lithiated, precursor
containing five units of EO and seven units of PO, is displayed ion was from an oligomer initiated with pentadecanol, which
below inFig. 4. A similar pattern of fragment ion peaks is had been reacted with one unit of EO and four units of PO.
observed as from the lower molecular weight oligomer that The annotation of the peaks from thé andA” series, de-
is discussed above (s&&g. 2). The annotation used in this  rived from the proposed fragmentation described by Lattimer
spectrum is analogous to that described above, modified fromand coworkerg14,16], is analogous to that from the tride-

[M+Li]*

that initially proposed by Lattimer and coworkdtis4,16] canol initiated oligomers (vide supra). The major difference
The peaks annotated are again fromAhandA” series (see is for the annotation of peaks from tie series, wher€;s
Scheme 1 represents the initiaton§ end group of the oligomer.

These data are again consistent with this oligomer from  The proposed fragmentation from this precursor is dis-
Sample A being a tridecanol initiated material that has been played inScheme 4with the annotation the same as that for
reacted with EO followed by PO to make a block copolymer. peaks in the product ion spectrum showirig. 5. This frag-
The proposed fragmentation for this oligomer is described in mentation allows full sequence of this oligomer from Sample
Scheme 3in which the annotation is the same as that em- A, again indicating that it is block copolymer. The accurate
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Scheme 3. Proposed fragmentation scheme for the lithiated ] *) tridecanol initiated block copolymer oligomer of Sample A, containing five units of EO
and seven units of PO.

P2 Ps The high sensitivity of the approach enables the acquisition of
Hy,C12 O-[CHCH,01-[CH,CH(CHo)OLH MS/MS data from minor components in copolym_e_r sa_\mples.
HaC160-E0POPOPOPO-H Exact mass MS/MS data aids end group identification and
e provides further confirmation of the proposed fragmentation

mechanisms.

[M+LIT*

3.2. lon mobility mass spectrometry results

Having obtained the detailed structural information from
these samples, ion mobility experiments were carried out in
order to probe the potential conformational changes. The data

Cy5EP C15EP,

. Py EP / 7 cuses obtained can be analysed following the procedure described
L Hcﬂuh | H elow i -
T 150L P 3é“oL s L45Lo = The reduced mobility of the mass-selected ions can be
m/z obtained from the ATD using Eq1) [31]:

Fig. 5. ESI-MS/MS spectrum from the lithiatedL¢ Li]*) pentadecanol 5 ( 273 p 1
Ko=1 ( ) (1)

initiated block copolymer oligomer of Sample A, containing one unit of EO 7607 V In — Io
and four units of PO. Peaks from ti# and A” series are annotated as
described in the text. wherel is the length of the celll is the temperature in Kelvin,

pis the pressure of the He gas (in ToW)is the potentialta

is the ions’ arrival time taken from the centre of the ATD peak
andt, is the amount of time the ion spends outside the drift
cell before reaching the detector. A series of arrival tinugk (
are measured by changing the voltagedpplied to the drift

mass results aid confirmation of the structure of the initiator
(o) end group, indicating that this oligomer was indeed initi-
ated with pentadecanol. The fragmentation is consistent with
reaction of one unit of EO with the initiator, followed by four

units of PO, during synthesis of this oligomer of the block o A piot ofta versugy/V yields a straight line with a slope
copolymer. These data indicate that the ESI-MS/MS experi- inversely proportional té, and an intercept df,. Onceko is

ment can be employed to differentiate between oligomersini- ¢, the ion's collision cross-section can be obtained using
tiated with either tridecanol or pentadecanol, as well as aiding Eq.(2):

discrimination between block and random copolymers.
These studies, along with those from other copolymer sys- @y e 2r \Y? 1
tems[13], clearly show the power of the ESI-MS/MS ap- = 16Ny \ kT Ko

proach in obtaining considerable structural information on , ) ) ,
random and block copolymers. Random and block speciesVNereeis the charge of the iom, is the number density of
He at STP]T is temperatureky, is Boltzmann’s constant and

may be differentiated, information on the initiator and ter- " ™ he i duced
minating agent may be generated and, in many cases, thé* Is the ion-He reduced mapa1].

complete sequence can be obtained for a block copolymer. , ,
3.3. Theoretical modeling

)

EP, P, Py P . . o .
A S Conformational analysis of the ions is obtained by com-

' paring the experimental cross-section from the arrival time

. . distributions to the cross-sections of theoretical structures.
I Molecular mechanics/dynamics methods are required to gen-
CisEP C1sEPs erate trial structures for the EO/PO copolymers. Success has

C1sE C1sEP2 been achieved in using the AMBER set of molecular mechan-

i nami rogr 2] to provide reliable structures for
Scheme 4. Proposed fragmentation scheme for the lithiated g *) pen- CS/dy amics prog an{s ] 0 pro de reliable structures fo

tadecanol initiated block copolymer oligomer of Sample A, containing one many O“gO_nUdeOt'delgg_g’S] _In thes? Casesv_t_he theoretical
unit of EO and four units of PO. cross-sections agreed well with the ion mobility data.

Hg1C150+ EO-+ PO+ PO-- PO+ PO—H
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Table 3

EQ, POy Experimental and theoretical cross-sections for sodiated block EO/PO
c=169 A2 copolymer (Sample A) oligomers
Block copolymer structure Cross-section
EO,; PO; Units of EO Units of PO Experimeni@) Theory @2)
6 =190 A2
5 3 186 188
5 5 206 205
EOs PO, 5 7 228 230
o =206 A2
0 5 169 171
3 5 190 193
EO, PO, 5 5 206 205
=224 A2 7 5 224 223
11 5 252 253
EO,, PO,
6=252 A2 of the possible sequences for the EO/PO oligomer have a
similar conformation, allowing only one peak to occur in the
Arrival Time (us) gas-phase. The experimental collision cross-sections for so-

diated tridecanol initiated block EO/PO copolymer oligomers

Fig. 6. Typical arrival time distributions for sodiated ¢ NaJ*) tridecanol ;
initiated block copolymer oligomers, where the number of PO units is con- of 1 [where the number of moles of EQand POf) varies],

stant { is 5) and EO units varyx(is 0, 3, 5, 7 and 11), from Sample Aat  Obtained from the 300 K arrival time distributions, are listed
300K. in Table 3 The overall cross-sections, as expected, increase
with increasing molecular weight of the EO/PO oligomers.
Using the appropriate AMBER parameters, trial struc- There is excellent agreement between the experimental ion
tures were calculated for sodiated EO/PO copolymers. An mobility values and those theoretical values calculated using
annealing/energy minimisation cycle was used to generatethe above approach.
100 structures for each copolymer. In this cycle, an initial The lowest energy structures calculated from some se-
minimisation of the structure is followed by 30 ps of molec- lected sodiated precursor ions, and their agreement with ex-
ular dynamics at 600 K and 10 ps of molecular dynamics in perimentally derived cross-sections, are showfiin 7. Al
which the temperature is incrementally dropped to 0K. The six oxygen atoms are shown to be coordinated with sodium
resulting structure is then energy minimised again and usedcation for the oligomer containing no EO (i.e., homopoly-
as the starting structure for the next minimisation/dynamics mer), with the other two oligomers (block copolymer) hav-
run. After all low-energy structures are obtained, theoretical ing seven coordinating oxygens. It is noted that these lowest
cross-sections must be calculated for comparison with ex- energy confirmations indicate that the cation favours inter-
perimental cross-sections. A temperature-dependent projecaction primarily with the oxygen atoms at the terminating
tion model[36,37], with appropriate atomic collision radii  (w) end of the latter two oligomers, which are from PO units
calculated from the ion—He interaction potential, is used to for the block copolymer (Sample A). This coordination is,
calculate the angle-averaged collision cross-section of eachtherefore, with oxygens that are predominantly the furthest
theoretical structure. A scatter plot of cross-section versusaway from the alkyl chain of the tridecanol initiator. Pre-
energy is collected for the minimised structures and used tovious results from poly(ethylene glycol) (PE(@4,39-41]
help identify the ions observed in the experimental arrival and poly(propylene glycol) (PP@4] indicated that the co-

time distributions. ordination of sodium ions with oligomers was similar to that
shown inFig. 7, with the cation efficiently wrapping the poly-
3.4. lon mobility results mer around it (i.e., to ‘solvate’ the cation as for crown ethers).

These previous studies showed that oligomers had preferen-

Only one peak appears in the 300K arrival time distri- tial conformers with the sodium cation that involved coordi-
butions obtained for all sodiated singly charged ((M+Na] nation with either seven or eight oxygen atoms for PPG and
tridecanol initiated EO/PO oligomers from the copolymers PEG, respectivelf24]. It was discovered for polyethers that
(see data from block copolymer, Sample AFig. 6). Sin- there was a competition between the sodium cation and the
gle, symmetric peaks on arrival time distributions generally polyether backbone that influenced the overall conformation,
indicate that either one family of conformers is present or such that less oxygen atoms coordinated to the PPG which
multiple conformers are present that rapidly interconvert in has an extra methyl group in the monomer unit compared to
the drift cell. A single peak also appears in all the sodiated PEG. The coordination number with the sodium cation, for
EO/PO arrival time distributions measured at a drift cell tem- the EO/PO oligomers, is the same as that for PPG oligomers.
perature of 110K (which should be a low enough tempera- This might be expected as most of the oxygens coordinated
ture to slow down most isomerisation processes and separatéo the sodium ion, for these block copolymer oligomers, are
multiple conformerg35,38). It is, therefore, likely that all from the PO units.
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Fig. 7. Lowest energy structures for sodiatett{Na]") tridecanol initiated block copolymer oligomers, where the number of PO units is constas) @nd
EO units vary X is 0, 7 and 11). Experimental and theoretical cross-sectidfisfor these oligomers are also shown.

Table 4shows the cross-sections calculated from the ar- calculated cross-sections. All three lowest energy structures
rival time distributions measured for selected tridecanol ini- have the sodiumion coordinated to seven oxygen atoms of the
tiated sodiated precursors from the block (Sample A) and oligomer. This coordination number is the same even though
random (Sample B) EO/PO copolymers. The striking obser- the oxygen atoms are from different ratios of units of the two
vation here is that the calculated cross-sections for the blockmonomers, ranging from two to five PO units and two to five
and random copolymer molecules are virtually identical. This EO units. Furthermore, these oxygen atoms are all from the
would suggest that, for sodiated ions in the gas-phase, thatlast seven units of monomer in the oligomeric chains, that is
differing structural isomers of an EO/PO oligomer ion have at the terminating«4) end of the EO/PO copolymer. This is
little effect on the observed arrival time in the ion mobility the same as seen for oligomeric chains from the block copoly-
experiment for that species and thus the calculated crossimer material (Sample A), as shownfig. 7. The cation does
section. In order to try to understand this result, theoretical not appear to have an affinity for oxygen atoms near the hy-
calculations of the lowest energy structures for some iso- drophobic alkyl chain at the initiaton end group.
mers were generatefig. 8 shows a typical result for the In order to probe the effect of the cation on the cross-
sodiated ions formed from precursors of tridecanol initiated sections, measurements were made on lithium, sodium,
oligomers containing five units of both EO and PO. Two of potassium and caesium cationised precursors of both the
these structures are from block copolymer oligomers, but dif- block (Sample A) and random (Sample B) EO/PO copoly-
fer in the monomer that is reacted with the initiator first. The mers.Table 5shows the experimental results obtained from
third lowest energy structure is from an alternating EQO/PO block and random cationised precursors that were tridecanol
oligomer. As can be seen from the structures even these siginitiated with eleven units of EO and five units of PO. The
nificant changes in composition lead to no difference in the results show, as might be expected, a small increase in ex-

perimental cross-section with increased size of cation but the
results for the block and random samples with the same cation
Table 4 are virtually identical. There is, therefore, no observable

Experimental cross-sections for sodiated block (Sample A) and random . L ) . .
(Sample B) EO/PO copolymer oligomers differentiation between the cross-section of block and ran

Copolymer structure Cross-section Table 5

Metal dependence of experimental cross-sections of sodiated tridecanol ini-
tiated block and random oligomers, containing 11 units of ethylene oxide
and 5 units of propylene oxide

Unitsof EO  Units of PO Block copolymer Random copolymer
(experimentA2) (experimentA2)

2 g ;gg ;g? Metal cation Cross-section
5 7 228 227 Block copolymer Random copolymer
0 5 169 168 (experimentA2) (experimentA2)
3 5 190 191 Li* 251 251
5 5 206 207 Na* 252 252
7 5 224 223 K* 254 254
11 5 252 252 Cs 255 256
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Fig. 8. Lowest energy structures for sodiatetH{NaJ") tridecanol initiated block and alternating copolymer oligomers, where the number of EO units is five
(xis 5) and PO units is also fivg (s 5). Theoretical cross- sectlon%Q() for these oligomers are also shown.

dom samples with increased size of cation. This observationpolymer chain, for lithium and potassium ions, whereas the
is again supported by theoretical calculations. Typical lowest caesium ion is coordinated to oxygens at the initiatQre(nd
energy structures for block EO/PO oligomers, with lithium, of the oligomer. The former oxygens are therefore primarily
potassium and caesium cations, are showkign 9. The co- from PO of the block oligomer, compared to the totally EO
ordination number of oxygen atoms to the cation increases, asoxygen focussed caesium cation in the latter case.
expected, with increased radii of cation from six coordinate ~ The lowest energy structure for the lithium cation coor-
forthe lithiumion up to 10 coordinate for the much larger cae- dinating to the EO/PO copolymeFig. 9) could give some
sium cation. A similar phenomenon was observed previously insight into the fragmentation in the ESI-MS/MS spectra of
from other polyetherf24,41] The calculated cross-sections the block and random oligomers described above. The ESI-
agree well with the experimental results, as showhi@ 9. MS/MS spectra were all obtained from singly charged lithi-
There is a significant difference in the location of the cation ated precursors. The fragmention peaks in all of these spectra
in the theoretical structures showrHig. 9, when comparing  are far more intense for cleavages of the copolymer backbone
that with caesium to that with potassium and lithiumions. The occurring near to the terminating) end of the oligomers.
cations interact with oxygens at the terminatiagy€nd of the The mechanisms for formation of these fragment ions were
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e \ 3 N o
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2 £ ®
< ‘,/" %, (6-coord) 5 e T
G T o &7
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Fig. 9. Lowest energy structures for a cationisdd{Caf]*), whereCatis a lithium, potassium or caesium ion, tridecanol initiated block copolymer oligomer,
where the number of EO units is 14i¢ 11) and PO units is five/(s 5). Experimental and theoretical cross-sectidk? for these oligomers are also shown.
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previously proposed to be charge mediaféd,16] The to other polymeric systems to probe structure activity
coordination of the lithium cation with the oxygen atoms that relationships.

are closest to the terminating) end of the oligomers would

indicate that reactions, in the ESI-MS/MS experiment, in-

volving cleavages close to these atoms would be most preva-
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