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Introduction

The copper-catalyzedHuisgen1,3-dipolar cycloaddition ”click”
reaction,1 has become an invaluable coupling reaction due to its
uncommon combination of extremely high coupling yields and
broad functional group tolerance.This versatility has beendemon-
strated in numerous applications2 including the labeling of biolo-
gical molecules (DNA, proteins, cell surfaces, etc.) both in vitro
and in vivo,3,4 synthesis of biomedical materials,5 the cross-linking
self-assembled nanostructures,6 and the functionalization of two-
dimensional surfaces.7

In the field of macromolecular synthesis, the broad utility of
click coupling has been proven through the assembly of an
exceptional range of complex macromolecular architectures,8

including diblock copolymers,9 triblock copolymers,10 star poly-
mers,11miktoarm star polymers,12 graft polymers,13 hyperbranched
polymers,14 dendrimers,15 dendronized linear polymers,16 cyclic
polymers,17 cyclic block copolymers,18 polyrotaxanes,19 and even
dendrimers with polymeric repeat units.20 As a consequence,
characterization of well-defined azide-functionalized macromole-
cules has become an increasingly important aspect of polymer
chemistry.

One of the most valuable tools for the characterization of
polymers is matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOFMS), which provides a
means to determine theMn and PDI of a polymer sample, as well
as to accurately calculate the repeat unit and endgroupmasses. In
most traditional end group identification techniques, such as
NMR or IR, the end group signal becomes vanishingly small
relative to that of the repeat units as molecular weight increases.
However, in a polymer’s mass spectrum, each signal contains
information about that n-mer’s end groups, and therefore the
mass of the end groups canbe easily calculated as long as themass
of the individual signals can be accurately determined.21

Despite the importance of monoazide functionalized poly-
mers, their reportedMALDI-TOF reflectron mass spectra have
frequently beenmisinterpretated; a result of the unusual suscepti-
bility of the azide functionality to fragment during matrix-
assisted laser desorption ionization. Mass spectra obtained in
our laboratories and elsewhere suggest that fragmentation of the
azide functionality via expulsion of N2 gives rise to ions 28 mass
units less than the mass of the n-mer.22 However, a distribution is
observed in addition to the [M- 28] ions in reflectormass spectra,
which has a mass loss less than 28 mass units, thus exhibiting the
characteristics of metastable ions. This later distribution can be
misinterpreted if one is not familiar with the metastable ion
formation process in mass spectrometry. In order to confirm the
proposed metastable ion formation in reflector mass spectra of

polymer azides, a variety of different monoazide functionalized
polymers were examined, including polycaprolactone (PCL),
poly(ethylene glycol) (PEG), and polystyrene (PS) (Scheme 1).

Results and Discussion

Metastable ions are formed in MALDI-TOF mass spectro-
metry when a parent ion generated during laser desorption
fragments at some point during the flight path in the field free
region between the ion source and detector.23 For the azide
functional group, facile fragmentation has precedence in small
molecule analogues, including the thermal fragmentation of
phenyl azides by expulsion of N2 to generate reactive nitrene
intermediates,24 as well as analogous fragmentation pathways in
the mass spectra of low molecular weight aryl25 and aliphatic
azides.26

In order to verify postsource metastable ion formation occurs
for polymeric azides, highly precise end group mass determina-
tions must be carried out. In this study, the accurate determina-
tion of end groupmasses within 0.01 Da (in the case of PEG) was
made possible by a combination of high resolving power instru-
mentation (Bruker Autoflex III) and a rigorous eight point
calibration across the molecular weight range (using monodis-
perse dendrimer standards).27

Scheme 1. Chemical Structures of the PCL, Cyclic PCL, PEG, and PS
Monoazide Polymers Used in This Study (PMDETA = N,N,N0,N0 0,

N0 0-Pentamethyldiethylene Triamine)

*To whom correspondence should be addressed. E-mail: sgrayson@
tulane.edu.



6226 Macromolecules, Vol. 43, No. 14, 2010 Li et al.

As seen in Figure 1, monoazide functionalized PCL and PEG
exhibit three distinct distributions in their mass spectra when
analyzed using reflector mode: the parent ion ([M þ Na]þ in
blue), the in-source expulsion of N2 ([M - 28 þ Na]þ in green)
and the proposed postsource expulsion of N2 (metastable ions in
red). The first observation that provides strong evidence for the
metastable nature of this third distribution involves its disap-
pearance from the spectra when linear mode is used instead of
reflector mode. In linear mode, postsource metastable ion for-
mation in the field free region will produce smaller neutral and
ionic fragments with the same velocity, and hence time-of-flight,
as the parent ion. As a result, such fragmentation will not be
apparent in mass spectra acquired in linear mode. In reflector
mode, however, ions are decelerated partway through their flight
path and then reaccelerated in a different direction by a “mirror”
toward the second detector, in order to provide enhanced resol-
ving power. Any postsource metastable ions formed before
arriving at the mirror will undergo a different deceleration,
reacceleration than their parent ion. As a result, the time-of-
flight, and thus the mass for those metastable ions (the red series)
will be some intermediate value between that of the parent mass
(the blue series) and the in-source fragment mass (the green
series). It should be noted that the intensity of the metastable
signal increases with laser power (Figure S1, Supporting In-
formation). As a result, polymers that require higher laser power
for ionization will exhibit more intense metastable signals (for
example, polystyrene in Figure 2c).

A further indication of metastable ion formation in polymer
azides is the nonuniform, nonintegermass offset of the third (red)
distribution relative to parent azide distribution. If this distribu-
tion were the result of a degradation product or a different mode
of ionization, the offset should be uniform across the entire

molecular weight range. In the case of PEG-N3, the parent (blue
distribution) and in-source fragment (green distribution) ions
correspond closely with the theoretical masses (each observed
parent ion within 0.01 Da of the theoretical value). However, the
metastable (red distribution) ions exhibit a nonuniform mass
offset that increases at highermolecularweights (Tables S1-S3 in
the Supporting Information). For example, for the PEG 13-mer

Figure 1. Comparison of MALDI-TOF mass spectra obtained for
polycaprolactone (Mn =2040 PDI = 1.04) in (a) reflector mode, and
(b) in linear mode and for poly(ethylene glycol) (Mn =2193 PDI =
1.01) in (c) reflector mode, and (d) in linear mode.

Figure 2. Comparison of reflector mode MALDI-TOF mass spectra
for (a) poly(ε-caprolactone) (Mn=2040 PDI=1.04) (b) poly(ethylene
glycol) (Mn = 2190 PDI = 1.01) and (c) polystyrene (Mn = 2160
PDI= 1.03), highlighting the difference between the parent ion and the
metastable ion at both the low and high extremes of the mass distribu-
tions.
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near 652 Da, the mass offset relative to its parent ion is
approximately 22.67 Da, however, near 2633, the analogous
mass offset is greater than 23.25 Da (Figure 2). This discrepancy
of nearly 0.60Da is almost 2 orders ofmagnitude greater than the
observed error for the calibrated parent ion data over the same
mass range. A similar trend is observed for the other two
polymers investigated, (though the signal of the other backbones
was more obscured by background noise due to inefficient
ionization) where increasing molecular weight of the parent ion
results in an increased offset in themetastable ion (Figure 3). This
noninteger mass results from postsource metastable ion forma-
tion, since the ion mass changes after its original acceleration
from the source and before its deceleration/reacceleration by the
mirror. Because the lighter metastable ions lose a greater percen-
tage of their mass during the azide fragmentation, they are
affected more strongly by the reflector voltage, and exhibit an
observed mass closer to the parent ion, while heavier ions exhibit
an observed mass closer to the in-source fragment ion. This
nonuniformmetastable mass shift has been modeled elsewhere,28

and the previously reported trends agree with the data observed
in this study.

Additional confirmation of the metastable nature of the azide
end groups is the disappearance of both the in-source and
postsource fragmentation ions in the polymer mass spectra after
their “click” coupling, because the product triazole is aromatic
and therefore is no longer susceptible to fragmentation. A
particularly clear example of this is after the intramolecular
cyclization of polycaprolactone with complementary azide and
alkyne end groups on opposite ends of the polymer.29 Because the
Huisgen 1,3-dipolar cycloaddition is an intramolecular pericyclic
reaction, there is no loss or gain in the molecular mass; however,

the fragmentation of the parent ion is no longer plausible in the
triazole product and as a result the signal corresponding to
the parent ions were retained while those corresponding to the
azide fragments are lost (Figure 4).30

Conclusion

In conclusion, the mass spectra of monoazide functionalized
polymers have been investigated in detail to verify the prevalence
of fragment ions resulting from a loss of N2 via both in-source
and postsource metastable ion formation. The postsource meta-
stable ions are identified by a nonuniform, nonintegermass offset
relative to the parent ion, and can be most easily confirmed by
their disappearance using linear mode detection. With the in-
creasing importance of macromolecular azides in polymer re-
search, the authors hope this study will assist others examining
their mass spectra by facilitating the identification and interpre-
tation of the metastable signals.
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