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ABSTRACT

Poly(ethylene glycol) (PEG) is an inexpensive, commercially available polymer that has many biomedi-
cal and material applications. Due to its water-solubility and biocompatibility, it has been used in drug
conjugation, as a humectant, as an anti-foaming agent in food, and as a stabilizer for preservation of
antique wooden objects. Despite the robust applications of PEG, the products of oxidative degradation
are not fully understood. Using matrix-assisted laser desorption ionization time-of-flight mass spectrom-
etry (MALDI-TOF MS), the end groups of PEG oxidative degradation products can be proposed. Confir-
mation of the proposed end groups can be corroborated via selective functionalization reactions as well
as electrospray ionization (ESI) tandem mass spectrometry (MS?). Furthermore, the oxidative degrada-
tion mechanism of PEG is described here by examining the degradative products using these aforemen-
tioned techniques. These findings suggest consistent oxidative behavior for both narrowly dispersed and
monodisperse PEG. However, examination of monodisperse PEG allowed for the elucidation of certain
degradation behavior due to the presence of a single starting peak, rather than a distribution of peaks, as
found in narrowly dispersed PEG. These results demonstrate that MALDI-TOF MS, ESI MS?, and selective
functionalization reactions can be applied to the elucidation of polymer end groups and aid in identifying

degradation mechanisms.

© 2020 Published by Elsevier Ltd.

1. Introduction

Poly(ethylene glycol) (PEG) is a hydrophilic polyether that is
synthesized via a ring opening polymerization of ethylene oxide
and is commercially available in a variety of molecular weights and
architectures. This ubiquitous polymer is typically narrowly dis-
persed and used in a variety of commercial, industrial, and medi-
cal applications. For example, PEG can be found as a food additive,
[1] an additive in cosmetics, [2] a drug carrier, [3-5] an electrolyte
in energy storage devices, [6] and various other applications. With
low toxicity and immunogenicity in humans, PEG is used in a vari-
ety of medical applications from improving drug persistence [3] to
forming hydrogels for wound care. [7] PEG also functions as the
active ingredient in an over-the-counter treatment of constipation
by inducing osmotic diarrhea. [8-10] Due to the aqueous swelling
behavior of PEG and its solubility in water, it has also been used
both as a modern day wood preservative and for the conservation
of dried wooden artifacts such as the Skuldelev Viking ships, the
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English Mary Rose, [11] and the Swedish warship Vasa. [12-16] By
impregnating the waterlogged wood with an aqueous solution of
PEG, the integrity of the wood is preserved by preventing common
issues upon drying, such as distortion and cracking [13].

Despite the robust applications of PEG, it is a labile polymer
that is susceptible to degradation with moderate heating, [17,18]
oxidative conditions, [17,19] microbiological exposure, [20] and au-
tooxidation.[21] PEG is regarded as a biocompatible and nontoxic
polymer, but there has been concern about how reactive impuri-
ties, under these oxidative conditions, can be both toxic and lead to
further degradation. [22,23] The degradation products of PEG have
been the subject of many studies due to their impact on the envi-
ronment, [24] health, [22] and material applications. [22] Goglev
et al. [25] were of the first to elucidate the thermal-oxidative
degradation products of PEG and propose a mechanism. They
identified the predominant degradation products to be water and
formaldehyde, the latter of which is a toxic and volatile substance.
They proposed that these oxidative products were the result of
the formation of a hydroperoxide key intermediate. Chen et al.
[26] were able to identify the presence of hydroperoxide PEG using
electron spin resonance (ESR) spin trapping and hypothesized that
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they contribute to the oxidation of PEG. Other studies [27-29] have
focused on the determination of the non-volatile components us-
ing nuclear magnetic resonance spectroscopy (NMR) and proposed
their own mechanism. There is conflicting literature on whether
the oxidative degradation originates at the ether bonds and is a
result of chain scission of the C-O and C-C bonds [25,30] rather
than the alcohol end group. [17,31] Mortensen [14] utilized matrix-
assisted laser desorption ionization time-of-flight mass spectrome-
try (MALDI-TOF MS) to identify a number of degradation peaks in
the polymer distribution of the PEG extracted from the Vasa. While
he was able to propose reasonable assignments, he concluded that
more experiments should be done to elucidate these structures
since some of the identified masses overlapped with that of possi-
ble salt clusters.

Although there are many polymer characterization techniques
available, few can provide as useful information about polymer
end group analysis as MALDI-TOF MS. When sample preparation
and data acquisition parameters are optimized, spectra should
be obtained with sufficient resolution and mass accuracy to en-
able determination of overall molecular weight distribution, repeat
unit mass, and subsequently, end groups of most homopolymers.
[32] However, unlike NMR and SEC, MS utilizes only a fraction (as
little as 1 pg) of each sample. While MALDI-TOF MS allows for the
mathematical determination of a logical end group, selective func-
tionalization reactions can help confirm the proposed structure. In
addition to selective functionalization reactions, ESI-tandem mass
spectrometry (ESI-MS?) can be applied to verify the proposed ox-
idative degradation products of PEG. In MS? analysis, one n-mer of
the polymer is isolated as the parent ion. This parent ion is then
excited via collisionally activated dissociation (CAD) and separates
into unique fragments that correlate to the n-mer structure. lons
can undergo charge induced or charge-remote dissociations, the
extent of which depends on the structure of the parent ion. Eluci-
dation of the polymer connectivity and end groups is facilitated by
the use of a universal nomenclature system which was introduced
based on the fragmentation mechanisms of polymer ions [33].

In this work, a variety of analytical techniques including MALDI-
TOF MS, ESI MSZ, gel permeation chromatography (GPC), and NMR
were utilized to elucidate the non-volatile oxidative degradation
products of PEG using hydrogen peroxide as the oxidant. While
NMR and GPC are useful in characterizing the type of functional
groups present and the change in dispersity, respectively, they do
not give the same insight to end group analysis as MALDI-TOF MS.
After reasonable structures were assigned to the peaks identified
by MALDI-TOF MS and ESI MS? selective functionalization reac-
tions were subsequently used to confirm the identity of the pro-
posed structures. Both narrowly and monodisperse PEG were used
to help elucidate the mechanism of oxidative degradation, but the
monodisperse PEG was able to give some mechanistic insight due
to the presence of one starting peak rather than a distribution.

2. Experimental section
2.1. Materials

Hydrogen peroxide solution (Sigma), hydrazine monohydrate
(TCI), acetic anhydride (Sigma), valeric anhydride (Sigma), and 4-
dimethylaminopyridine (Sigma) were all used without purification.

2.2. Degradation of narrowly disperse PEG

M, = 2000 dihydroxy PEG (Sigma) was dried in a vacuum oven
overnight at 50 °C. The peroxide solution was prepared by diluting
30% hydrogen peroxide solution (Sigma) to a final concentration
of 49 M. The PEG and peroxide solution were added to a reac-
tion flask equipped with a stir bar at a concentration of 100 mg
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polymer per 5 mL of solution. The flask was placed on a Schlenk
line where it was put under vacuum and backfilled with nitrogen
3 times and finally left under inert atmosphere (N,) to oxidize and
shielded from light exposure. Aliquots were taken at various time
points via a chloroform extraction [13] and characterized. MALDI-
TOF MS were measured at 24, 48, 96, and 192 h (Fig. 1). The re-
maining product was worked up after 192 h to get the final prod-
uct. '"H NMR (Fig. S4) (300 MHz, CDCl;): 3 = 1.94 (br), 3.64 (br,
PEG backbone), 4.17 (s), 4.32 (t), 4.73 (s), 5.40 (s), 8.08 (s), 8.12
(s). 3C NMR (Fig. S5) (75 MHz, CDCl3): 8 = 31.05, 61.86, 63.17,
67.03, 69.00, 70.44, 70.70 (PEG backbone), 72.75, 111.15, 140.05,
161.10, and FTIR (Fig. S6): 1110 cm~! (C-O, strong), 1710 cm~!
(C=0, medium), 2750 cm~! (C-H stretch, strong), 3180-3660 cm~!
(O-H stretch, broad).

2.3. Degradation of monodisperse PEG-24

The PEG-24 was dried in a vacuum oven overnight at 50 °C (Fig.
S2 TH NMR and S3 3C NMR). The peroxide solution was prepared
by diluting 30% hydrogen peroxide solution (Sigma) to a final con-
centration of 4.9 M. The PEG and peroxide solution were added to
a scintillation vial equipped with a stir bar at a concentration of
100 mg polymer per 5 mL of solution. The flask was placed on a
Schlenk line where it was put under vacuum and backfilled with
nitrogen 3 times and finally left under inert atmosphere to oxidize
and shielded from light exposure. Aliquots were taken at various
time points via a chloroform extraction [13] and characterized via
MALDI-TOF MS (Figs. 8 and S7b).

2.4. Functionalization of monodisperse Me-(OCH,CH,)g-OH and
Me-(OCH;CH,)g-CHO

The 8-mer of the monomethoxy monohydroxy PEG and the
monomethoxy oxyacetaldehyde PEG were purchased from Broad-
Pharm. These were functionalized with hydrazine to determine the
extent to which the methoxy PEG aldehyde converted into the hy-
drazone and could no longer be observed by MALDI-TOF MS. The
methoxy PEG alcohol, however, was still present and seen after re-
action with hydrazine (Fig. S10).

2.5. Selective functionalization of carbonyl groups for 192-hour
degraded PEG

Hydrazine monohydrate (TCI) was used to selectively function-
alize carbonyl groups in the 192-hour degraded dihydroxy PEG.
PEG (50 mg) was dissolved in 1 mL of methanol where 4 equiva-
lents of hydrazine monohydrate were subsequently added. The re-
action was run for 4 h and was precipitated into cold diethyl ether
(DEE) and characterized by MALDI-TOF MS (Fig. 3). 'H NMR (Fig.
S8) (300 MHz, CDCl3): d =1.87 (br), 2.77 (br), 3.53 (br, PEG back-
bone), 4.63 (s), 13C NMR (Fig. S9) (75 MHz, CDCl3): 3 = 61.86,
67.04, 70.71 (PEG backbone), 72.75, 95.72, and FTIR (Fig. S6): 1110
cm~! (C-0, strong), 1640-1690 cm~! (C=N, medium), 2750 cm™~!
(C-H stretch, strong), 3180-3660 cm~! (O-H stretch, broad).

2.6. Selective functionalization of hydroxy groups

Acetic anhydride (Sigma) was used to selectively functional-
ize hydroxy groups in the 192-hour degraded dihydroxy PEG by
adding 20 equivalents of acetic anhydride and 1.1 equivalents of
4-dimethylaminopyridine (Sigma) to the PEG in dichloromethane
(DCM). The reaction was left to run overnight and was purified by
precipitation into diethyl ether (DEE) and characterized by MALDI-
TOF MS (Fig. 4). 'TH NMR (Fig. $11) (300 MHz, CDCl3): 8 = 1.91
(br), 2.07 (s), 3.63 (br, PEG backbone), 4.21 (t), 4.31 (t), 4.73 (s),
8.01 (s), ¥C NMR (Fig. S12) (75 MHz, CDCl3): 8 = 21.09, 63.17,
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Fig. 1. MALDI-TOF MS and GPC spectra showing evolution of the degradation of PEG when exposed to 49 M H,0, with aliquots taken at 24, 48, 96, and 192 h with their

respective dispersity values.

63.73, 67.04, 69.00, 69.27, 70.71 (PEG backbone), 95.72, 161.08,
17114, and FTIR (Fig. S6): 1110 cm~! (C-O, strong), 1710 cm™!
(C=0, medium), 2750 cm~! (C-H stretch, strong), 3180-3660 cm~!
(O-H stretch, broad).

2.7. Characterization

A Bruker Autoflex IlI MALDI-TOF mass spectrometer (Bruker
Daltonics, Billerica, MA) was used to collect Figs. 1-4, 7, and 8 as
well as Figs. S1, S7, S10 and S13. Mass spectra data were collected
in positive reflectron ion detection mode. Typical sample prepa-
ration for MALDI-TOF MS data was performed using 2 types of
sample preparation. The first sample preparation was making stock
solutions in tetrahydrofuran (THF) of matrix (20 mg/mL), polymer
analyte (2 mg/mL), and a cation source (2 mg/mL). The stock solu-
tions were combined in a 10/5/1 ratio (v/v) (matrix/analyte/cation)
and plated via the dried droplet method. The second method was
using graphite from a number 2 pencil as the matrix and sub-
sequently plating 1 pL of polymer analyte solution and 1 pL of
cation solution via the dried droplet method. Sodium trifluoroac-
etate (Sigma) was used as the cation source and trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was
used as the matrix in the first sample preparation. MALDI-TOF MS
spectra were calibrated against SpheriCal dendritic calibrants (Poly-
mer Factory, Sweden).

ESI-MS and ESI-MS? experiments (Figs. 5 and S14-S19) were
carried out on a Waters Synapt HDMS quadrupole-time-of-flight
(Q-ToF) mass spectrometer (Waters, Beverly, MA) equipped with an
ESI source. For ESI-MS?, stock solutions of the polymer and lithium

trifluoroacetate (LiTFA) cationizing agent were prepared in MeOH
at concentrations of 10 mg/mL for each. These solutions were then
diluted in MeOH to 0.1 mg/mL (polymer) and 0.2 mg/mL (LiTFA)
and mixed in a ratio of 2:1 (v/v) before being introduced into the
ESI source via direct infusion at a flow rate of 20 pL/min. For ESI-
MS, stock solutions were prepared in the same manner as that de-
scribed above with the use of sodium trifluoracetate (NaTFA) as the
cationizing agent, as opposed to LiTFA. The instrument was oper-
ated in positive ion mode with a capillary voltage of 3.10 kV, an
extraction cone voltage of 3.5 V, sampling cone voltage of 40 V,
desolvation gas flow rate of 500 L/h (N;), trap cell collision en-
ergy (CE) of 6.0 eV, transfer cell CE of 4.0 eV, trap gas flow of
1.5 mL/min (Ar), source temperature of 120 °C, and desolvation
temperature of 250 °C. ESI-MS? experiments were carried out via
collisionally activated dissociation (CAD) using Ar as collision gas
in the trap cell with a collision energy of 40 eV (the transfer cell
CE was set at 10.0 eV).

Gel permeation chromatography (GPC) was performed on a Wa-
ters Model 1515 isocratic pump and a Waters Model 2487 differ-
ential refractometer detector (Waters Corp., Milford, MA) with two
columns in series PSS SDV analytical linear M (8 x 30 mm) and
PSS SDV analytical 100 A (8 x 30 mm); (Polymer Laboratories Inc.,
Ambherst, MA). Data (Fig. 1) were collected in THF at a flow rate of
1 mL/min at 30 °C.

Nuclear magnetic resonance (NMR) spectroscopy was per-
formed on a Bruker AVANCE 300 MHz spectrometer (Fig. 6, and
Figs. S2-5, $8-9, S11-12). 'H (300 MHz) and 3C (75 MHz) exper-
iments were performed at ambient probe temperate at a concen-
tration of 10 mg/mL in chloroform-d (CDCl3), purchased from Cam-
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Fig. 2. (a). 700-750 region MALDI-TOF mass spectrum of a distribution of peaks from

M, = 2000 dihydroxy PEG after being exposed to 4.9 M H,0, for 192 h. (b). Full

MALDI-TOF mass spectrum of M, = 2000 dihydroxy PEG after being exposed to 4.9 M H,0, for 192 h.

bridge Isotope Laboratories (Andover, MA, USA). A sufficient num-
ber of scans were acquired to generate adequate signal to noise
with a relaxation delay of 5 s.

Attenuated total reflection Fourier-transform infrared (ATR-
FTIR) measurements were performed on a Nicolet iS50R spectrom-
eter. Data (Fig. S6) were recorded at room temperature between
4000 cm~! and 500 cm~! at a resolution of 4 cm~! and 32 scans
were averaged for each spectrum.

3. Results and discussion
3.1. General degradation

While MALDI-TOF MS and ESI MS? were the focus of our char-
acterization because of their ability to determine polymer end
groups due to their resolution and mass accuracy, it was also im-
portant to compare the data obtained by MALDI-TOF MS to that
from other analytical methods such as GPC. Fig. 1 shows that
MALDI-TOF MS and GPC generally agree that degradation is occur-
ring, though there is a difference in how much is occurring at each
time point. Due to the mass ionization bias of MALDI-TOF MS (i.e.
lower molecular weight ions have the potential to show a higher
intensity of signal), the GPC analysis was important in understand-
ing the changes in dispersity (D) of the oxidized PEG. The calcu-
lated b is consistently higher by GPC with values of 1.03, 1.04, 1.08,
and 1.21 for 24, 48, 96, and 192 h, respectively, when compared to
MALDI-TOF MS with D values of 1.01, 1.01, 1.03, and 1.11. To de-
termine degradation by MALDI-TOF MS, the integration under the
PEG peaks before degradation was compared to the integration of
any peaks formed during the degradation of PEG. When integrat-

ing the area under the MALDI-TOF MS peaks, it was found that at
24 h 0% was degraded, at 48 h 0.3% was degraded, at 96 h 6.0%
was degraded, and at 192 h 61.2% was degraded. Though GPC is a
qualitative technique, its dispersity and integration calculations are
better for understanding molecular weight change during oxidative
degradation. The low mass ionization bias of MALDI-TOF MS skews
its calculated dispersity values and resulting degradation peak in-
tegrations. By integrating the GPC curve, there is 9.8% degradation
at 24 h, 13.3% degradation at 48 h, 18.4% degradation at 96 h, and
46.1% degradation at 192 h.

Due to the potential of O, exposure during the aliquot process,
a larger batch of PEG was degraded at the same concentration but
left undisturbed for 192 h and subsequently extracted with chloro-
form and characterized via MALDI-TOF MS, GPC, 'H NMR and 3C
NMR. While nothing was observed below 1200 Da in the starting
material, a number of signals appeared between 500 and 1200 Da
once degradation began. Fig. 2a shows oxidation after 192 h ex-
posed to 4.9 M H,0, for 700-750 Da from the overall distribution
(Fig. 2b) to characterize the end groups. Peaks were observed at
699.53 Da, 701.57 Da, 713.57 Da, 715.58 Da, and 729.60 Da. The
peaks at 743.59 Da and 745.62 Da correspond to an additional re-
peat unit in 699.53 Da and 701.57 Da, respectively. While reason-
able assignments have been made for each of these peaks, their
proposed identity will be addressed individually in the context of
selective functionalizations, reasonable reaction mechanisms, and
mass error when examined by tandem mass spectrometry (MS2).

While having proposed logical structures that correspond to the
identified masses, one of the only ways to prove what the end
groups are on the degraded PEG is to use reagents that will selec-
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Scheme 1. Hydrazine selectively reacts with carbonyl functional groups to form a
hydrazone.

tively functionalize each of the proposed end groups. In this case,
hydrazine will selectively functionalize carbonyl groups (Scheme 1)
while leaving hydroxy groups unreacted. Fig. 3 shows MALDI-TOF
MS spectra for the hydrazine reaction with 192 h degraded PEG.
When comparing the 192 h degraded PEG (Fig. 2) to the hydrazine
functionalized PEG it is apparent that all of the proposed struc-
tures in the 192 h PEG that contain a carbonyl group were sup-
pressed and the dihydroxy PEG peaks increased as a result. Using
the monodisperse monomethoxy/oxyacetaldehyde PEG, the sup-
pression of hydrazone containing groups were confirmed in the
MALDI-TOF MS (Fig. S10).

An additional reaction with acetic anhydride was used to se-
lectively functionalize structures that contain hydroxy groups to
form an ester (Scheme 2). Fig. 4 shows the overall distribution, as
well as low and high molecular weight insets of the functional-
ization (Table S1). When comparing the 192 h degraded PEG to
the acetic anhydride functionalized 192 h PEG at 700 to 750 Da
(Fig. 4), the majority of the peaks should shift since the majority
of the proposed structures contain a hydroxy group or a carboxylic
acid which can be coupled. The individual peaks as they related to

Acetic Anhydride

Scheme 2. Selective functionalization of an alcohol with acetic anhydride to form
an ester.

the original 192 h degraded PEG (Fig. 2) are in the peak analysis
section.

Finally, a reaction with valeric anhydride was used to selectively
functionalize structures that contain hydroxy groups to form an es-
ter (Scheme S1). Fig. S13 shows the overall distribution, as well as
a low molecular weight inset of the functionalization. When com-
paring the 192 h degraded PEG to the valeric anhydride function-
alized 192 h PEG at 700 to 750 Da (Fig. S13) the majority of the
peaks should shift since the majority of the proposed structures
contain a hydroxy group (Table S1). The individual peaks of the
original 192 h degraded PEG (Fig. 2) and their post-functionalized
variants are discussed below.

3.2. Peak 699.53 analysis

The peak at 699.53 Da (theoretical: 699.38 Da) (Fig. 2) corre-
sponds to a mass that could account for one end of the 14-mer
containing a hydroxy group and one group containing an oxyac-
etaldehyde. This also appears at 743.59 Da (theoretical: 743.40 Da)
with the 15-mer when sodiated (ionized with sodium) (Table S1).
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Fig. 4. MALDI-TOF mass spectra of 192 h degraded PEG reacted with acetic anhydride to selectively functionalize hydroxy groups.
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When a diol is oxidized, an aldehyde is a potential degradation
product (Scheme 3) which is 2 Da less than the respective dihy-
droxy PEG peaks (701.57 Da in this case). Once functionalized with
hydrazine to test if carbonyls were present (Fig. 3), this monooxy-
acetaldehyde monohydroxy 14-mer at 699.53 Da disappears due to
the formation of a hydrazone. Hydrazones are shown to be ineffec-
tive at ionizing (Fig. S10). The presence of hydroxy groups was con-
firmed by the reaction with acetic anhydride (Fig. 4). Once func-
tionalized with acetic anhydride, the 699.53 Da peak is shifted to
741.48 Da (theoretical: 741.39 Da). The 13-mer of the oxyacetalde-
hyde PEG (655.35 Da) with one acetate added (+42.01 Da) is also

visible at 697.43 Da (theoretical: 697.36 Da). Unfortunately, this
overlaps with the dihydroxy PEG when reacted with acetic anhy-
dride to give the addition of two acetates at 697.43 Da (13-mer)
and 74148 Da (14-mer). However, in the valeric anhydride reac-
tion (Fig. S13), the 12-mer and the 13-mer of the functionalized
monoaldehyde PEG are seen at 695.69 Da (theoretical: 695.38 Da)
and 739.69 Da (theoretical: 739.41 Da) respectively, which does
not overlap with the valeric anhydride functionalized dihydroxy
PEG of 693.75 Da (12-mer theoretical: 693.40 Da) and 737.77 Da
(13-mer theoretical: 737.43 Da). The ESI-MS? fragmentation pattern
(Fig. S14) is also in good agreement with the monooxyacetaldehyde
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monohydroxy PEG structure ((M+Li)* = 595.35). The key “b” peak ®

at 535.34 Da is indicative of the remaining PEG chain after a loss of
the HOCH,CHO end group. The small mass error of 5.7 ppm (Fig.
S$16) calculated from the bulk spectrum (Fig. S15) also corroborates
the proposed structure.

3.3. Peak at 701.57

The peak at 701.57 Da (theoretical: 701.39 Da) corresponds to
the 15-mer of dihydroxy PEG when sodiated (Table S1). This is
the result of polymer chain scission yielding a monoformate PEG
and a hydroxymethyl group (hemiacetal). This hemiacetal is very
unstable [27] and therefore not present in the mass spectrum.
This hemiacetal quickly breaks down to form an alcohol (dihy-
droxy PEG) and formaldehyde (Scheme 4). Because this species
does not contain any carbonyl groups, it will not functionalize with
hydrazine (Fig. 3) and therefore does not form any hydrazone com-
plexes. These hydrazone complexes ionize poorly by MALDI-TOF
MS (Fig. S10) and therefore the intensity of the dihydroxy PEG
increases. Because dihydroxy PEG contains two hydroxy groups,
its 14-mer (65737 Da) undergoes two functionalizations with
acetic anhydride (+84.02 Da) and shifts to 741.48 Da (theoretical:
741.39 Da) (Fig. 4) when sodiated. Similarly to the functionalization
with acetic anhydride, dihydroxy PEG also undergoes two function-
alizations with valeric anhydride (+168.12 Da) (Fig. S13) for the 11-
mer (525.29 Da) to shift to 693.75 Da (theoretical 693.40 Da) and
the 12-mer (569.31 Da) to shift to 737.77 Da (theoretical 737.43 Da)
when sodiated. The presence of dihydroxy PEG was also confirmed
with MS? fragmentation patterns (M+Li)t = 597.37) (Fig. S17) as
well as a small mass error of 12.5 ppm (Fig. S16).

3.4. Peak at 713.57

The peak at 713.57 is perhaps the most complex in the distri-
bution in that there is evidence to suggest that it is a diformyl es-
ter PEG, a monooxyacetic acid monooxyacetaldehyde PEG, or per-
haps both (Scheme 5). After functionalization with hydrazine to
react with any carbonyls (Fig. 3), there is a complete lack of sig-
nal which confirms the formation of a hydrazone which would be
the case for either the diformyl ester PEG or the monooxyacetic
acid monooxyacetaldehyde PEG. The acetic anhydride functional-
ization proved plausible for both structures as well. While neither
of the structures contain a hydroxy group, the monooxyacetic acid
PEG can be coupled with acetic anhydride via DMAP to generate

Na®0 Na fo)
H__O
hig MO%H HW/\OQVOMOH
(0] (o) 13

Scheme 5. Potential structures for the peak at 713.57 Da: diformate and oxyacetic
acid /oxyacetaldehyde PEG.

the mixed acid anhydride. This would account for the high molec-
ular weight peaks (Fig. 4b) of the spectrum such as 1842.54 Da
when sodiated. This peak does not correspond to a higher molec-
ular weight of any of the other proposed structures discussed, but
actually corresponds to the coupling of the monooxyacetic acid
monooxyacetaldehyde PEG coupling to the monoformyl PEG (the-
oretical: 1842.01 Da). Alternatively, 1842.54 Da could also be the
monooxyacetic acid without the monooxyacetaldehyde PEG cou-
pled to the monoformyl PEG and subsequently functionalized with
acetic acid (theoretical: 1842.01 Da). After functionalization, there
is a small peak at 713.44 Da which could correspond to the di-
formyl ester PEG not shifting due to the lack of a hydroxy or car-
boxylic acid functionality. This reduction in peak size compared to
the original 192 h spectrum (Fig. 2) could potentially be due to
hydrolysis of the formyl esters to monoformyl ester PEG and dihy-
droxy PEG. The spectrum of the valeric anhydride functionalization
(Fig. S13) does not show any peaks that would correspond to the
diformyl ester PEG or the monooxyacetic acid monooxyacetalde-
hyde PEG. This could be due to the hydrolysis of the diformyl ester
PEG to either the monoformate or the dihydroxy PEG which would
make sense based upon the large increase in the dihydroxy func-
tionalized with valeric anhydride PEG peaks at 693.75 Da (11-mer)
and 737.77 Da (12-mer).

Using MS?, the fragmentation patterns (Fig. S18) are a bet-
ter fit for the diformate rather than the monooxyacetic acid
monooxyacetaldehyde PEG. Notably, from the starting material
((M+Li)* = 609.33 Da), the “c” fragment at 579.35 Da (12-mer
with lithium) corresponds to the diformate PEG with the loss of a
formaldehyde group (—30.01 Da) to yield an oxyacetaldehyde end
group, and peak “b” at 563.33 which corresponds to the loss of
a formic acid (—46.01 Da) while yielding the mass of a polymer
with a vinyl ether end group. The mass error was calculated to
be 32.3 ppm (Fig. S16) which is not unreasonable, but also is not
definitive.
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Fig. 5. ESI-MS? mass spectra of the lithiated 13-mer of monoformate terminated PEG (625.36 Da) which is analogous to the sodiated 15-mer of monoformate PEG

(72939 Da).

3.5. Peak at 715.58

The peak at 715.58 Da (theoretical: 715.37 Da) corresponds to
a 14-mer PEG with an oxyacetic acid group on one end and a
hydroxy group on the other end (Scheme 6). This is another po-
tential oxidative degradation product of a PEG at its terminal al-
cohols. The carboxylic acid appears to react with hydrazine to
form an acylhydrazine. With the formation of this poorly ioniz-
ing acylhydrazine as well as the hydrazone groups, only the di-
hydroxy PEG is observed in the spectrum of the hydrazine reac-
tion product (Fig. 3). When functionalized with acetic anhydride
(Fig. 4), a small amount of the 13-mer monoacetic acid is seen at
713.44 Da (theoretical: 713.36 Da) for a shift of plus one acetate
group (+42.01 Da) to the monohydroxy compound (671.35 Da).
Due to the presence of the oxyacetic group, it also potentially
couples as an ester with the predominate byproduct, the mono-
formyl 25-mer (e.g. + 1146.66 Da), subtracting water (—18.01 Da),
resulting in the peak at 1842.54 Da (theoretical: 1842.01 Da). We
can confirm that this is in fact a carboxylic acid and not an in-
chain ester because upon functionalization with acetic anhydride
there should have been a peak at ~755.34 Da corresponding to
two functionalizations with acetic anhydride if there were hydroxy
groups on both ends. However, there was one (713.44 Da), but not
two (~755.34 Da). For the valeric anhydride functionalization (Fig.

S13), we see a peak at 711.76 Da (theoretical: 711.38 Da) which
corresponds to the reaction of the 12-mer (627.32 Da) monohy-
droxy end group with one equivalent of valeric anhydride, but
not on the carboxylic acid end. Using MS2, the fragmentation pat-
tern (Fig. S19) is a good fit to the monocarboxylic acid structure
((M+Li)* = 611.35). Notably, the peak “c” at 551.32 m/z corre-
sponds to the lithiated 12-mer of the monooxyacetic acid PEG with
the loss of acetic acid. The mass error was calculated (Fig. S16)
from the bulk spectrum (Fig. S15) to be 17.7 ppm.

3.6. Peak at 729.60

It is important to describe the most intense peak which is the
formyl ester at 729.60 Da (theoretical: 729.39 Da) which corre-
sponds to the 15-mer with a hydroxy group on one end and a
formyl ester on the other end (Table S1). For the majority of the
degradation spectra by MALDI-TOF MS (48-192 h), this appears to
be the most significant peak of all of degradation products. One re-
action that had been proposed by Mortensen was if the hydroper-
oxide attacked at the beta carbon from either end group, the ac-
tivated compound could be broken down to the polymer formyl
peak and formaldehyde. This would only result in high molecu-
lar weight products (1500-2500 Da) since it happens at the end
of the polymer chain. However, the degradation products are ap-
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Fig. 6. '"H NMR of the formyl region of the: (a). hydrazine functionalized 192 h degraded PEG, (b). acetic anhydride functionalized 192 h degraded PEG, and (c). 192 h

degraded PEG.

proximately half the molecular weight of the starting material. This
means that the degradation resulting in the formyl ester end group
at approximately 700-1200 Da is caused by cutting each PEG chain
approximately in half (Scheme 4). In this case, the remainder of
the degradation is a hemiacetal group (which is not seen) on one
half, and the hydroxy group on the other side of the chain. This

hemiacetal end group rapidly degrades to form formaldehyde and
the dihydroxy PEG.[14,27] When functionalized with hydrazine, the
formate group is converted to a hydrazone and therefore will not
ionize well for MALDI-TOF MS (Fig. S10). When acetic anhydride is
reacted with the formyl ester PEG, the one hydroxy end group of
the 14-mer is functionalized with an acetate and gives 727.48 Da
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750 Da.

(theoretical: 727.37 Da) when sodiated. There is also potential for
the monoformyl PEG (25-mer) to couple with monooxyacetic acid
(13-mer) to create an ester plus one acetoxy group (+42.01 Da)
and form the peak at 1842.54 Da (theoretical: 1842.01 Da). In the
functionalization of the monoformyl ester with valeric anhydride
(Fig. S13), there is a peak at 725.70 Da (theoretical: 725.39 Da)
which corresponds to the 13-mer of the formyl ester functionalized
with valeric anhydride. The low mass error of 3.9 ppm (Fig. S16)
calculated from the bulk spectrum (Fig. S15) (Fig. 5) supports the
proposed monoformate structure ((M+Li)* = 625.36) in the MS?2
fragmentation pattern when lithiated.

PEG and its degradation products can easily be ionized via
adduct formation with alkali metal ions due to the oxygen-rich na-
ture of the polymer.[33] Fig. 5 provides an ESI-MS? mass spectra of
the lithiated 192 h degraded formate ester of PEG at 625.36. The
presence of a formate end group is verified by the high intensity
b, fragment (579.352 Da), as a result of the degradation product
undergoing the characteristic McLafferty rearrangement. As shown
in Scheme 7, PEG with Li* adducts can undergo a charge-induced
fragmentation at the CH,-O bond that leads to the formation of
fragments containing a hydroxy and formate end group (z," se-
ries) or a hydroxy and a vinyl end group (b, series). This reac-
tion proceeds via charge-induced heterolytic C-O bond cleavage,
followed by hydride and proton transfers to produce both the z,"
and b, fragments. The same mechanism can occur between the
0-CH, bond, to produce the c," series (dihydroxy end groups)
and the x, series (vinyl and formate end group). In addition to
the above mentioned fragmentation mechanism, homolytic cleav-
age of the polymer backbone leads to free radical intermediates,

10

such as those shown in the low molecular weight region (b-, x-, c,
a,, and y-). The b, x;, and c:, radical ions can then undergo beta
hydride scission to form the by, x, and c, fragments (aldehyde
and hydroxy end group). Additionally, the a- and y- radical ions
can undergo beta methoxy scission followed by beta hydride scis-
sion to produce the b, and x, fragments respectively. These series
are seen in the highest abundance in Fig. 5, as a result of charge
induced mechanisms favoring small oligomers such as the degra-
dation products discussed herein.

While MS techniques were able to identify aldehydes, car-
boxylic acids, and formates, NMR was only able to detect the pres-
ence of formates. Typically, polymer end group analysis by NMR is
difficult because of the relatively large intensity of polymer back-
bone signals. However, due to the formation of formates as a major
component of the product from oxidation, this region can be used
to determine the success of functionalization (Fig. 6). A peak in the
formate region (~8.1 ppm) is visible for the 192 h degraded PEG
(Fig. 6¢) and the acetic anhydride functionalized PEG (Figs. 6b).
While in the 192 h degraded PEG reacted with hydrazine (Fig. 6a),
this peak is absent due to the formation of a hydrazone functional
group which forms an insoluble precipitant. Fig. 6¢ also shows the
formic acid which is a byproduct of the degradation of the formate
group, yielding a new dihydroxy PEG. This is also apparent in the
13C NMRs of the 192 h degraded PEG (Fig. S5) which shows a sub-
stantial peak at 161.1 ppm which is the formate. The acetic an-
hydride functionalized (Fig. S12) PEG shows this peak (161.1 ppm)
plus two additional peaks, the acetic ester at 171.1 ppm as well as
the methyl at 21.1 ppm. The hydrazine functionalized (Fig. S9) does
not show this peak at 161.1 or anything above 100 ppm demon-
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Fig. 8. MALDI-TOF mass spectra of 192 h degraded PEG-24 at 0, 48, 96, and 192 h shows formation of the dihydroperoxide and hydroperoxide at 48 h and hydroperoxide at

96 hwithn+m=23andq +r +s=22.

strating the complete functionalization of carbonyl groups with hy-
drazine. Finally, the FTIR (Fig. S6) shows the carbonyl peak at 1730
cm~! is present in both the acetate functionalized PEG as well as
the 192 hdegraded PEG. It is increased due to the amount of car-
bonyls from the residual formyl peaks, plus the acetate functional-
ization. This carbonyl peak is quenched in the hydrazine function-
alized PEG, where the formation of the hydrazone peak at 1620-
1690 cm~! is indicative of the presence of the C=N resonance.

3.7. Monodisperse PEG-24

PEG is typically found as a narrowly dispersed polymer, but in-
dividual repeat units can be isolated via HPLC to yield a monodis-
perse polymer. By degrading a monodisperse polymer, the actual
products of degradation, as well as the mode of degradation, be-
come more apparent due to the lack of overlapping signals in the
starting material of narrowly disperse PEG. The MALDI-TOF MS
spectra show the 192 h degraded narrowly disperse PEG (Fig. S7a)
and 192 h degraded monodisperse PEG (Fig. S7b). When compar-
ing the degraded monodisperse PEG-24 to the 192 h degraded nar-
rowly dispersed PEG (Fig. S7), it is apparent that cleavage of the
polymer does not happen at one particular site (i.e. the end, the
middle, etc.) and can be attributed to random chain scission. When
looking at the products of degradation from the narrowly dispersed
PEG and the monodisperse PEG-24 (Fig. 7), there are no new prod-
ucts in the degraded PEG-24. It is apparent that there are some
potassium and sodium adducts, which are to be expected when
using graphite as a matrix.

1

The most interesting aspect of the monodisperse PEG in the
study of oxidative degradation is the ability to see the addition of
a hydroperoxide via MALDI-TOF MS. Due to the overlapping peaks
in a narrowly dispersed PEG, this is not readily visible. Fig. 8 shows
the evolution of oxidation of PEG-24 over a 192 h time period
with both a sodiated dihydroperoxide and hydroperoxide visible at
1161.78 Da and 1129.75 Da respectively, at 48 h, the formation of
a hydroperoxide and an ester derivative at 96 h, and finally only a
potassium adduct at 192 h. Between the 96 h period (with an ester
at 1161.78 Da) and the 192 h period (without an ester), it appears
that the majority of these break apart via hydrolysis to create a
lower mass carboxylic acid (715.37 Da) and lower mass PEG diol.
Seeing the addition of the hydroperoxide via mass spectrometry is
especially interesting because it supports previously proposed re-
action mechanisms which suggest the formation of a hydroperox-
ide intermediate [25,28,29,34]

4. Conclusions

In this study of the oxidative degradation of PEG, we have uti-
lized various analytical techniques such as GPC, NMR, MALDI-TOF
MS, and ESI-MS2. MALDI-TOF MS is unique in its ability to deter-
mine repeat unit mass, and subsequently, the end groups of most
homopolymers. While MALDI-TOF MS has been previously utilized
in studying the degradation of PEG, [14] it has only been used
to suggest structures that could potentially match the observed
masses in a MALDI-TOF MS spectrum. For the first time, we not
only propose structures, but also confirm their existence by selec-
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tive functionalization reactions and corroborate that with ESI-MS?2
data. While many studies have done significant work with nar-
rowly dispersed PEG or small oligomers [18,28,29,35,36] such as
tetraethylene glycol, [17] this work demonstrates the usefulness of
larger monodisperse PEGs in the understanding of the degradation
mechanism by identifying hydroperoxides via mass spectrometry.
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