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ABSTRACT: The ability of multidimensional mass spectro-
metry (MS) approaches, interfacing different ionization meth-
ods with tandem mass spectrometry (MS?) fragmentation and
ion mobility (IM) separation, to characterize synthetic poly-

mers is demonstrated for poly(o-peptoid)s synthesized by

N-heterocyclic carbene (NHC)-mediated zwitterionic ring-
opening polymerization. Matrix-assisted laser desorption ioni-

zation (MALDI) causes elimination of the NHC initiator, if
performed in the presence of cationizing salts. Electrospray

ionization (ESI) is softer, allowing for the detection of the intact

self-assembly
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r
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sample. It also shows that in proper solvents self-assembly of the poly(a-peptoid) occurs to form supramacromolecules; since these
noncovalent self-assemblies overlap with the main product, separation by IM MS is essential for their conclusive identification. MS*
confirms the connectivity of the poly(a-peptoid)s, whereas MS> combined with IM separation renders valuable insight into the
binding interactions in the supramolecular assemblies and on the structures and conformations of the poly(a-peptoid) resulting
after NHC elimination. Performing all analyses inside the mass spectrometer (“top-down”) enables fast, sensitive, and cost-effective
analysis of polymer composition, structure, and architecture without prior derivatization, separation, or degradation.

B INTRODUCTION

The introduction of matrix-assisted laser desor;)tion ioniza-
tion (MALDI)"? and electrospray ionization (ESI)” has enabled
the formation of gas-phase ions from a wide variety of biomater-
ials and synthetic polymers, opening a new era for their mass
spectrometry (MS) analysis. MS experiments provide the mass-
to-charge ratios (m/z) of the constituent n-mers of a polymeric
material, from which compositional heterogeneity, molecular
weight, and functionality distributions can be deduced. Such
information has been essential in the discovery of new polym-
erization techniques, the elucidation of polymerization mechan-
isms, and the advancement and commercialization of new
products.*”'* Nevertheless, significant challenges still exist. Both
MALDI and ESI require the use of solvents and/or matrices that
may alter the identity of reactive or labile analytes. Furthermore,
polymerizations, in particular newly developed methods, may
create complex mixtures that are difficult or impossible to
characterize by single-stage MS because of discrimination effects
in the ionization and detection steps and/or because the product
contains isobaric components or a mixture of isomeric architec-
tures that cannot be identified by m/z measurement alone, even
at high mass resolution. In this Perspective, we will demonstrate
how such problems can be bypassed by combining MALDI and
ESI with two-dimensional (2-D) top-down methods involving
tandem mass spectrometry (MSZ), ie, two stages of mass
analysis with intermediate fragmentation, ">~ '® ion mobility mass
spectrometry (IM MS), i.e., post-ionization gas-phase separation

by mass, charge, and shape coupled with mass analysis,'” >" or a
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3-D combination thereof.**** The “top-down” characteristic
indicates structural identification entirely in the mass spectro-
meter without prior derivatization, degradation, or chromato-
graphic separation; in contrast, “bottom-up” analysis includes
one or more of the latter steps.

The system chosen to illustrate the challenges addressed by
the mentioned multidimensional methods is cyclic poly(o.-
peptoid)s prepared via N-heterocyclic carbene (NHC)-mediated
zwitterionic ring-opening polymerization.** " As peptide mimics,
poly(a.-peptoid)s have shown promise as therapeutic agents or drug
delivery carriers because of their enhanced hydrolytic stability
compared to conventional polypeptides. For those examined in
the present study, the major polymeric species observed was the
NHC-containing poly(o-peptoid) by ESI, but either the NHC-
bound poly(o.-peptoid) or the free poly(o-peptoid) without the
NHC functionality by MALDI, depending on the conditions
used.”” Several questions are raised by this discrepancy. Do the
matrix and salt used in MALDI cause the loss of the NHC
segment, or is ESI favoring the ionization of NHC-containing
species? Did the ring-opening polymerization yield solely NHC-
substituted poly(a-peptoid) or a mixture of this product plus
unsubstituted material? Are the NHC-missing poly(at-peptoid)
molecules cyclic or ring-opened isomers without end groups?
Herein, we will examine this puzzling polymerization process at

Received:  March 9, 2011
Revised: May 18, 2011
Published: June 07, 2011

4555 dx.doi.org/10.1021/ma200542p | Macromolecules 2011, 44, 4555-4564



Macromolecules

PERSPECTIVE

Scheme 1. Synthesis of Poly(a-peptoid)s by N-Heterocyclic Carbene (NHC)-Mediated Zwitterionic Ring-Opening

Polymerization
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B EXPERIMENTAL SECTION

Materials. The poly(a-peptoid)s, poly(N-butylglycine) (M, 1500
or 1100 Da), and poly(N-methylglycine) (M, 1800 Da) were synthe-
sized via N-heterocyclic carbene (NHC)-mediated ring-opening poly-
merization (Scheme 1), as described by Guo and Zhang*” Cyclic
poly(alanine), an isomer of poly(N-methylglycine), was prepared by
the procedure of Zhou et al.** Chemicals and solvents were purchased
from Fisher Scientific (Pittsburgh, PA) or Sigma/Aldrich (St. Louis,
MO) and were used as received.

MALDI MS. The MALDI MS experiments were carried out on a
Bruker Ultraflex III tandem time-of-flight (ToF/ToF) mass spectro-
meter (Bruker Daltonics, Billerica, MA), equipped with a Nd:YAG laser
emitting at a wavelength of 355 nm. All spectra were measured in
positive reflector mode. The instrument was calibrated externally with a
poly(methyl methacrylate) standard prior to each measurement. Five
different matrices were used: dithranol (DIT), 2,5-dihydroxybenzoic
acid (DHB), and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyli-
dene]malononitrile (DCTB) dissolved in tetrahydrofuran (THF) at 20,
10, and 20 mg/mL, respectively, as well as 3-hydropicolinic acid (HPA)
and @-cyano-4-hydroxycinnamic acid (CHCA) dissolved in acetonitrile
(ACN)/water (v/v, 50/50) at S mg/mL. The polymer samples were
dissolved in methanol (MeOH) at S—10 mg/mL. Sodium trifluoroace-
tate (NaTFA), sodium iodide (Nal), and potassium trifluoroacetate
(KTFA), which served as cationization salts, were dissolved in THF at
10 mg/mL each. Matrix and cationizing salt solutions were mixed in the
ratio 10:1 (v/v). The samples were analyzed with and without the addition
of cationization salt. Sample preparation involved depositing 0.5 #L of
matrix/salt mixture or just matrix on the wells of a 384-well ground-steel
plate, allowing the spots to dry, depositing 0.5 #L of each sample on top of
a dry matrix (or matrix/salt) spot, and adding another 0.5 uL of matrix/
salt or matrix on top of the dry sample (sandwich method); compared to
the commonly used dry droplet method, in which a mixture of matrix and
sample is deposited onto the target plate, the sandwich method minimizes
the disintegration of labile substances and allows for facile variation of the
matrix to maximize the signal intensity. MALDI MS> experiments were
performed using Bruker’s LIFT mode.* Data analysis was conducted with
the flexAnalysis software.

ESI MS and ESI-TWIM MS. Both ESI MS and ESI-TWIM MS
experiments were performed with a Waters Synapt HDMS quadrupole/
time-of-flight (Q/ToF) mass spectrometer (Waters, Milford, MA).*®
The triwave region of this instrument, located between the Q and ToF
mass analyzers, contains three confined regions in the order trap cell
(closest to Q), TWIM cell, and transfer cell (closest to ToF). Either the
trap or the transfer cell can be used for MS® studies via collisionally
activated dissociation (CAD). The following ESI and TWIM parameters
were selected: ESI capillary voltage, 3.5 kV; sample cone voltage, 35 V;
extraction cone voltage, 3.2 V; desolvation gas flow, 500 L/h (N,); trap
collision energy (CE), 2 or 6 eV; transfer CE, 1 or 4 eV; trap gas flow,
1.5 mL/min (Ar); IM gas flow, 22.7 mL/min (N,); sample flow rate,
S uL/min; source temperature, 40 or 100 °C; desolvation temperature,
60 or 150 °C; traveling wave velocity, 350 m/s; traveling wave height,
8.5, 9.5, or 11 V, depending on the m/z ratio to be separated. The
sprayed solutions were prepared by dissolving 0.3 mg of sample in 1 mL
of MeOH or ethanol (EtOH)/ACN (v/v, 50/50). In select experiments,
a few droplets of a 10 mg/mL NaTFA solution in the same solvent, or of
trifluoroacetic acid, were added to the sprayed mixture. Conventional
MS? (CAD) spectra were acquired in the trap cell with the TWIM device
turned off. MS® (CAD) experiments combined with TWIM separation
were performed in the trap cell (fragmentation before IM separation) or
in the transfer cell (fragmentation after IM separation). All MS? studies
employed 60 eV collisions with Ar targets. A more detailed description
of our TWIM experiments can be found elsewhere.”***** Data analysis
was conducted with the MassLynx 4.1 and DriftScope 2.1 programs of
Waters.

B RESULTS AND DISCUSSION

MALDI MS Analysis. Matrices common in polymer analysis,
such as DIT, DCTB, DHB, and CHCA, were employed both
with and without the addition of NaTFA, Nal, or KTFA
cationizing salt. In the presence of an alkali metal salt, the major
species detected is the free poly(N-butylglycine) without the
NHC substituent (4), which gives rise to a narrow distribution of
[4,4Na]™ or [4,+K]" ions maximizing near the expected
molecular weight (Figure 1). Replacing the trifluoroacetate salt
with an iodide salt leads to the same result. In either case, if the
detector gain is raised to observe minor products with higher
sensitivity, a trace of NHC-poly(N-butylglycine), 3, is also ob-
served in the form of [3,4+H] " ions (cf. Figure 1c). Surprisingly, 3
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Figure 1. MALDI mass spectra of poly(N-butylglycine) 1500, synthe-
sized via NHC-mediated polymerization of N-butyl-N-carboxyanhy-
dride (Scheme 1) using different matrices and cationizing salts: (a)
DIT plus NaTFA; (b) DCTB plus NaTFA; (c) DHB plus KTFA.
CHCA gives rise to similar spectra if NaTFA or KTFA is added. An
increased detector gain was used for spectrum (c), which distorted the
isotope pattern of the main ion series. The m/z values marked in the
spectra are for the monoisotopic signals.
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Figure 2. MALDI mass spectra of poly(N-butylglycine) 1500, synthe-
sized via NHC-mediated polymerization of N-butyl-N-carboxyanhy-
dride (Scheme 1) using different matrices but no cationizing salt: (a)
CHCA, (b) DHB, and (c) HPA. The molecular weight distribution
obtained with HPA most closely agrees with the average molecular
weight of ~1500 Da determined by size exclusion chromatography. The
m/z values marked in the spectra are for the monoisotopic signals.

becomes the predominant species detected, as a distribution of
[3,+H]" ions, if no salt is added to the sample subjected to
MALDI (Figure 2). The highest signal/noise ratio and cleanest
spectrum were obtained using HPA as matrix (Figure 2c), pre-
sumably because of the low internal energy transferred during
protonation with this basic matrix.**** The basicity imparted to 3
by the NHC substituent explains the preference of this product to
ionize via proton addition; in contrast, 4 ionizes by metal ion

3;
o
2
. A [4+H]*
NHC & [3+H]*
30
2
o
* 4
4y 3 - a 3;
g | 2 N b
o
H o2 35, 3, | 3, 443 4% 4
~ n Qg ~ L o 3 o e
~ g © R S v 98 =
A A~ * g S = d
* * * * * l
| | et ) I\ LA | A A
T T T T T T
200 400 600 800 1000 m/z

Figure 3. MALDI MS? spectrum of the protonated 7-mer from NHC-
poly(N-butylglycine) 1500 ([3,+H]" at m/z 1181). The asterisks
indicate fragments with more than 7 repeat units.

adduction, as generally do all polyamides.*® Based on Figure 2,
HPA most closely reproduces the average molecular weight of
~1500 determined by NMR or size exclusion chromatography
coupled with multiangle light scattering and differential refractive
index detection.

The NHC group is a UV chromophore that absorbs at the
wavelength of the MALDI laser (355 nm). Therefore, a mass
spectrum can be obtained even without a matrix; however, this
direct laser desorption causes photoinduced degradation, as the
resulting spectrum (not shown) does not contain intact ions of 3
or 4. Some of the minor, uninterpretable distributions in
Figures 1 and 2 could be due to such direct laser desorption/
fragmentation.

NHC-mediated ring-opening polymerization is believed to
proceed via the zwitterionic intermediate 2, which is in equilib-
rium with 3 (Scheme 1). We reason that the anion of the
cationizing salt added to the MALDI sample (trifluoroacetate
or iodide) catalyzes the conversion 3 — 4 by replacing the
NHC chain end of 2 with CF;COO™ (TFA™) or I, which is
subsequently displaced, via intramolecular nucleophilic substitu-
tion, by the amide chain end of 2.*” A strategy similar to the one
used to prepare 3 (Scheme 1) can be applied to lactide to
synthesize cyclic polyesters.** *® Our MALDI results indicate
that the major product in such syntheses is the NHC-substituted
macrocycle but that this macrocycle may readily lose the NHC
group during MALDI MS analysis, if the analyte sample contains
salts, which are often deliberately added to enhance signal
intensities. Since NHC-free product is not observed during ESI
analysis, even if the sample is doped with an alkali salt (vide
infra), the intramolecular nucleophilic substitution must proceed
over a considerable barrier that can only be overcome under
MALDI, which generally deposits h?her average internal en-
ergies than the softer ESI method.***

MALDI MS® Characterization of the NHC-Substituted
Macrocycle. The protonated 7-mer of NHC-poly(N-butylglycine),
viz. [3,+H]" at m/z 1181, was selected for a MALDI MS”
experiment; the resulting spectrum is shown in Figure 3. When
energetically activated, the [3,+H]" precursor ion dissociates to
yield two fragment distributions: one containing NHC-bound
poly(N-butylglycine) and one free poly(N-butylglycine), which
have been labeled in Figure 3 by 4 ([3,+H]") and a ([4,+
H]™), respectively. Dissociation most likely proceeds through
the ring-opened isomer (cf. Scheme 2) and involves nucleophilic
displacements at the carbonyl groups by the terminal amine to
generate 3, (n = 0—6) and 4, fragments, either of which
may keep the proton charge. For instance, bond cleavage at the
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Scheme 2. Fragmentation of Energetically Activated
[3,+H]" Ions to Yield Fragments with or without the NHC
Moiety”
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“The reaction is exemplified at the C=0 group attached to NHC but
can similarly occur at the other C=0O groups.

carbonyl group next to the NHC substituent would yield the free
NHC (3,) together with 4, (Scheme 2), which are observed in
protonated form at m/z 389 and 793, respectively. Note that 4 is
the largest poly(N-butylglycine) fragment possible from the
heptameric precursor ion selected. Surprisingly, we also observe
traces of [4,+H] ™ fragments with more than 7 repeat units (1 =
8—10), cf. Figure 3; these are attributed to the presence of
isobaric components in the mass-selected [3,+H]" precursor
ion beam, as will be corroborated by the ESI and TWIM data
(vide infra).

ESI MS Analysis. The ESI experiments were performed with a
poly(N-butylglycine) sample with lower average molecular
weight (1100) in order to avoid extensive multiple charging of
the polymer, which complicates spectral interpretation. The ions
generated by ESI reach the mass analyzing device after passing a
desolvation zone and several focusing and guiding lenses; for
labile or reactive species, the corresponding temperatures and
potentials must be kept low to minimize unintended dissociation
(cf. Figure 4). Under such mild conditions, poly(N-butylglycine)
1100 gives rise to the spectrum depicted in Figure 4a, in which
the main distribution arises from the protonated NHC-carrying
polymer, viz. [3,+H] *. A second distribution, peaking 388 Da
higher, corresponds to noncovalent complexes of NHC-poly(N-
butylglycine) and unreacted NHC, viz. [3,+NHC+H]"; this
distribution disappears at higher temperature and voltage set-
tings (Figure 4b), substantiating that the second NHC unit is
attached noncovalently to the protonated oligomers of 3. The
minor distribution observed 22 Da above the major [3,+H]"
series is due to [3,+Na] " ions, originating from adventitious
sodium. Supporting evidence for this assignment is provided by
the increase in relative intensity of the latter ions when NaTFA is
added to the sample (Figure 4c). The added NaTFA also causes
some H/Na exchange, which gives rise to [3,+2Na— H] ™" species,
cf. Figure 4c; this reaction may proceed by enolization of one amide
group, followed by OH — ONa exchange. Addition of NaTFA also
reduces the relative abundance of the noncovalent complex. The
sodium ion most likely interacts with multiple amide sites of the
poly(ct-peptoid), leading to a geometry that cannot efficiently
associate with a second NHC unit. It is noteworthy that no free
poly(N-butylglycine) (4) is observed in the ESI mass spectra,
regardless of whether NaTFA has been added or not. Hence,
the presence of NaTFA in the sample is not sufficient to cause the
conversion 3 — 4; higher internal energies are also required.
More importantly, the ESI spectra confirm that NHC-mediated
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Figure 4. ESI mass spectra of poly(N-butylglycine) 1100 acquired
(a, b) without or (c) with NaTFA cationizing salt. Other varied
parameters: ESI source temperature (a, c) 40 °C or (b) 100 °C;
desolvation temperature (a, ¢) 60 °C or (b) 150 °C; trap cell bias
(3, ¢) 2 Vor (b) 6 V; transfer cell bias (a, c) 1 V or (b) 4 V. The m/z
values marked in the spectra are for the monoisotopic signals.

ring-opening polymerization produces the NHC-substituted
poly(a-peptoid) and that auxiliary reagents (e.g, NaTFA) and
energetic excitation (as available in MALDI or MS %) are neces-
sary to obtain the corresponding free poly(ct-peptoid).

ESI MS? Characterization of the NHC- Pon(a-peptmd) and
Its Noncovalent Adduct with NHC. The ESI MS” spectrum of
the protonated 7-mer from NHC-poly(N-butylglycine), [3,+
H]™ (m/z 1181), shows the same fragment distributions that
were observed upon MALDI MS” (cf. Figure S vs Figure 3). For
example, in both cases, cleavage of the NHC group (388 Da)
gives rise to major peaks at m/z 793 and 389, corresponding to
the complementary fragments [4,+H]" (loss of NHC) and
[3p+H] " (protonated NHC), respectively.

A much simpler MS” spectrum is obtained from the complex
of the 7-mer and NHC, [3,+NHC-+H]" (m/z 1569), which
mainly dissociates into its constituents, viz. [3,+H]" (m/z
1181) and [NHC+H] ™" (m/z 389), cf. Figure 6; such fragmen-
tation pattern corroborates that the binding interaction between
the NHC-poly(a-peptoid) and the second NHC unit are of
noncovalent nature. It is noticed that the ESI MS” spectra of both
[3,+H]" (Figure 5) and [3,+NHC+H]" (Figure 6) contain
fragments with more than 7 repeat units, some with m/z values
above those of the respective precursor ions. This observation
indicates that the mass-selected precursor ions (m/z 1181 or 1569)
overlap with species in higher charge states (z > 1). More highly
charged ions could originate from larger poly(N-butylglycine)
macrocycles or from products with different, not yet identified
structures. The separation ability of TWIM MS, combined with
MS?, will be used to characterize these species.

Separation of the Synthetic Product by ESI-TWIM MS. IM
MS and its TWIM MS variant may be viewed as post-ionization
chromatography methods that separate gas-phase ions according
to their mass, charge, and shape. 19733 ESI.TWIM MS can be
performed on all ions formed upon ESI, or ions of a specific
m/z ratio, by setting the quadrupole mass filter preceding the
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Figure 5. ESIMS? spectrum of the protonated 7-mer from NHC-poly(N-butylglycine) 1100 ([3,+H] " at m/z 1181). The asterisks indicate fragments

with more than 7 repeat units.
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Figure 6. ESI MS? spectrum of the protonated cluster containing the
7-mer from NHC-poly(N-butylglycine) 1100 and a second NHC unit
([37-§—NHC—}—H]Jr at m/z 1569). The asterisks indicate fragments with
more than 7 repeat units.

TWIM region to either rf-only mode or mass-selective mode,
respectively.’®* Inside the TWIM cell, ions drift under the
influence of an electric field against a carrier gas flowing in the
opposite direction. Ions of the same mass and charge can be
dispersed by shape because the more compact architecture will
have a shorter drift time through the TWIM cell. Conversely,
different charge states of the same m/z ratio can be dispersed by
the number of charges because the more highly charged species
will travel generally faster in the TWIM cell. The m/z values of
the separated ions are determined by ToF analysis and (usually)
plotted against the corresponding drift times, as shown in
Figure 7 for all ions produced by ESI of poly(N-butylglycine)
1100 as well as for mass-selected m/z 1181.

Two discrete regions of ions are observed in Figure 7a; based on
the corresponding isotope patterns, the region with longer drift
times (at right) contains singly charged species and the region with
shorter drift times (at left) doubly charged species. Each region can
be integrated separately to obtain individual mass spectra. The
mass spectrum extracted from the 1+ species is similar to that
acquired without TWIM (Figure 4a), showing NHC-poly(N-
butylglycine) ionized by protons, [3,+H]", or sodium ions,
[3,+Na]", and the protonated noncovalent complex [3,+
NHC+H]". On the other hand, the mass spectrum obtained
from the 2+ species (Figure 8) shows five sizable distributions,

4559
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Figure 7. 2-D ESI-TWIM MS plots of (a) all ions and (b) mass-selected
m/z 1181 from poly(N-butylglycine) 1100. The sample was dissolved in
methanol (no cationization salt added). The source and desolvation

temperatures were set at 40 and 60 °C, respectively.

only two of which are analogous to those detected for +1, viz.
[3,+2H]*" and [3,+H+Na]*". A third distribution arises from
the adduct of 3,, and the ESI solvent (methanol), [3,+MeOH+
H+Na] ™, and the remaining two from higher order complexes
whose formation unveils important insight into the aggregation/
self-assembling properties of NHC-poly(ot-peptoid)s (vide infra).
Unambiguous detection and identification of the doubly charged
products is impossible without prior ion mobility separation due to
their small concentration (~5% of total ions).

The TWIM MS plot in Figure 7b illustrates the overlap of
different charge states at a given m/z ratio. For m/z 1181, two
distinct components are detected: a major singly charged and a
minor doubly charged. The latter constituent reconciles the
appearance of tiny fragments with more than 7 repeat units in
the MS? spectra of [3,+H] " (m/z 1181), as was discussed earlier.

The doubly charged distributions of Figure 8 were identified
based on their exact m/z ratios and, especially, with the help of
MS? spectra, which will be discussed in detail in the following
section. It is important to mention at this point that the yield of
2+ ions depends strongly on the solvent used for ESI. Replacing
methanol with an ethanol/acetonitrile mixture essentially eliminates
the 2+ charge state (cf. Figure 9). A reduction in the proportion of
higher charge states with the use of ACN as solvent had been
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in each distribution; the corresponding calculated m/z values are 647.49, 658.47, 674.49, 1207.89, and 1854.37, respectively.
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Figure 9. 2-D ESI-TWIM MS plot of poly(N-butylglycine) 1100 (all
ions), dissolved in EtOH/ACN (v/v, 50/50). No cationization salt was
added. The source and desolvation temperatures were set at 40 and
60 °C, respectively.

observed in the ESI mass spectra of proteins and was attributed to
the higher basicity of this solvent;** such reasoning also reconciles
our differences between the ESI data in Figures 7a and 9.
ESI-TWIM MS? Characterization of the Higher Order Non-
covalent Complexes. The identity of the higher mass distribu-
tions with 2+ charges was interrogated by combining TWIM
with MS>. TWIM disperses the singly and doubly charged
components of a selected m/z ratio (precursor ion), so that their
MS?® fragmentation patterns can be examined individually via
CAD in the transfer cell that follows the TWIM device. Frag-
ments formed this way have the same drift time as their precursor
ions. Those arising from the 2+ component of m/z 1854, a
species in the high mass distribution of Fi§ure 8 (+) are encased
in a rectangle in the 2-D TWIM MS~ plot of Figure 10a;
integration of the encased region leads to the ES-TWIM MS>
spectrum shown in Figure 10b. All major fragments observed
originate from losses of intact NHC-poly(N-butylglycine) (3,,)
n-mers. Repeating the same procedure with doubly charged m/z
1208, a species in the middle distribution of Figure 8 (x) and a
fragment from m/z 1854, reveals a very similar fragmentation
behavior, viz. mainly losses of intact 3,, oligomers (cf. Figure 10c).
A dramatically different TWIM MS” spectrum is obtained for
doubly charged m/z 674.5 (Figure 10d), a species in the low mass
distribution of Figure 8 (®), and a major fragment from m/z
1208. There is no loss of intact 3, oligomers; instead, NHC
elimination gives rise to the most abundant signal, and most

other fragmentation pathways lead to singly or doubly charged 4,
(NHC-free poly(N-butylglycine)). These MS” characteristics
provide convincing evidence that the 2+ products of intermedi-
ate (x) or high (+) mass in Figure 8 correspond to noncovalent
complexes, assembled from a core unit plus either one or two 3,
units, respectively. The core is composed of 3, + MeOH and is
doubly charged by H" and Na™ (labeled by 4 in Figure 8). The
2+ distribution without MeOH or that ionized by two protons
(¥ and ¥, respectively, in Figure 8) form no association products.
Evidently, both MeOH and sodium are required to promote self-
assembly. The exact structure of the core remains puzzling.

Is the Poly(a-peptoid) Formed after NHC Release Cyclic?
Our study with NHC-containing poly(N-butylglycine) has
shown that such poly(a-peptoid)s can readily lose the NHC
substituent either unintentionally, due to the sample preparation
procedure used, or intentionally, by activation with collisions or
laser light during MS” experiments. On the basis of their mass,
the resulting NHC-free poly(at-peptoid)s carry no end groups
and, thus, have been assumed to be macrocyclic; however,
isomeric linear structures with one saturated and one unsaturated
chain end are also possible. For an unequivocal determination of
the correct architecture, the poly(N-methylglycine) generated
from the corresponding NHC-containing polymer was com-
pared to an isomer, viz. cyclic poly(alanine), which was prepared
by a method known to yield the cyclic polypeptide. ESI-TWIM
MS of the poly(alanine) sample led to the 2-D plot depicted in
Figure 11a, in which protonated oligomers, [(Ala),+H]™", are
the dominant ions (Ala abbreviates the repeat unit of alanine).
NHC-free poly(N-methylglycine), produced by MS* (CAD) of
the corresponding NHC-containing product in the cell preced-
ing the TWIM device (see Experimental Section), led to the 2-D
plot depicted in Figure 11b, where protonated oligomers also
dominate. The drift times of isomers with the same number of
repeat units are identical within experimental error. Also, the
corresponding drift time distributions are indistinguishable, as
attested for the 6-, 7-, and 8-mers in the respective figure insets.
These results clearly indicate that poly(alanine) and poly(N-
methylglycine) n-mers of the same size have essentially the same
geometries (collision cross sections).'? 2973133

Linear poly(N-methylglycine) isomers would have had con-
siderably longer drift times because of their extended geometries
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Figure 10. (a) 2-D ESI-TWIM MS? plot of the m/z 1854 ion from poly(N-butylglycine) 1100 dissolved in MeOH and (b) ESI-TWIM MS? mass
spectrum of doubly charged m/z 1854 extracted from the encased region of the plot. (¢, d) ESI-TWIM MS> mass spectra of doubly charged (c) m/z 1208
and (d) 674.5 extracted from analogous 2-D TWIM MS? plots (not shown). Doubly charged fragments are indicated by a 2+ superscript. The ions at
m/z 142.1, 154.1, 542.5, and 580.4 in part (d) agree well with (butyl),N"=CH,, [ N-butylglycine+Na] ™, [3;+H,0+Na] ", and [45+Me] ", respectively.

(@)

m/z cyclo-poly(alanine)

(ms)
3
5
4—s

200

(o) 1.0 2.0 3.0 4.0 50 ms
1000 I / NHC-poly(N-methylglycine)
(Ms?)
m/z
500
2.0 4.0 6.0 8.0 10.0 ms

Figure 11. (a) 2-D ESI-TWIM MS plot of poly(alanine) (all ions
formed upon ESI) and (b) 2-D ESI MS*~TWIM plot of the protonated
9-mer from NHC-poly(N-methylglycine) (m/z 1028.6). Both plots
were acquired at the same TWIM conditions (traveling wave velocity
of 350 m/s and traveling wave height of 8.5 V). The samples were
dissolved in methanol (acidified by trifluoroacetic acid); source and
desolvation temperatures were set at 40 and 60 °C, respectively.

(larger collision cross sections).*”*° Our TWIM MS/MS? findings
confirm that NHC release leads to macrocyclic poly(ct-peptoid)s
in the gas phase of the mass spectrometer. This dissociation likely
proceeds via acid-catalyzed, intramolecular nucleophilic substitu-
tion, as rationalized in Scheme 2. Solvents that favor such an
intramolecular (and, hence, unimolecular) pathway should also
yield macrocyclic poly(a-peptoid) architectures in solution.
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B SUMMARY

Mass spectrometry advancements in the past two decades
have substantially facilitated the characterization of synthetic
polymers. This Perspective illustrated how multiple levels of
mass spectrometry can be applied to gain comprehensive insight
into the composition, structure, and architecture of a promising
class of biomimetic materials, viz. poly(ot-peptoid)s.

Without mass spectrometry analysis, it is difficult to conclu-
sively deduce the real compositional heterogeneity of polymers.
MALDI still is the most straightforward and widely used tool
to obtain this information because it produces mainly singly
charged ions minimizing superimposed charge states, has a high
tolerance for impurities and salts, and provides analysis with high
sensitivity and speed. Inappropriate matrix and salt selection can,
however, introduce erroneous results, especially for labile spe-
cies. Our experiments with poly(N-butylglycine) clearly show
that the acquisition of spectra under a variety of experimental
conditions are advisible to ensure that the polymer is not changed
during the MALDI MS analysis. Compared to MALDI, ESI is
softer and more suitable for labile materials, especially for
products held together by noncovalent interactions. It also
introduces multiple charging which may complicate the resulting
spectra, but which also allows for the detection of products of
high molecular weight that might escape detection in charge state
1+ (or 1—) due to mass discrimination effects. MS analysis can
be further enhanced by ion mobility spectrometry and tandem
mass spectrometry. The former enables separation by charge
state and/or architecture, making it possible to identify minor or
overlapping components invisible in the total spectrum, while the
latter confirms primary structure and the presence or absence of
noncovalent interactions (which are weak and, hence, break most
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easily). Combining ion mobility separation with tandem MS
further allows for the simultaneous separation and determination
of polymer architectures. Here, all these top-down approaches
have been employed to prove beyond doubt that NHC-mediated
zwitterionic ring-opening polymerization yields products carry-
ing the NHC functionality and that elimination of this NHC
substituent opens a route to cyclic poly(ct-peptoid)s having
conformations that closely mimic those of cyclic polypeptides.
At the same time, this study warns that, although mass spectro-
metry plays a vital role in synthetic polymer analysis, it may alter
the analyte, yielding misleading data; the use of more than one
approach is recommended to avoid such pitfalls.
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