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A tandem mass spectrometry-based method to assess
the architectural purity of synthetic polymers: case of
a cyclic polylactide obtained by click chemistry

Thomas J osse,”i Julien De Winter,* Philigpe Dubois,” Olivier Coulembier,”
Pascal Gerbaux *“ and Antony Memboeuf *“

A tandem mass spectrometry-based method is developed to determine the degree of purity achieved in
the cyclization of a linear poly(L-Lactide) prepared by copper-catalyzed alkyne-azide cycloaddition.
When proton nuclear magnetic resonance, size-exclusion chromatography, and single-stage mass
spectrometry are unable to demonstrate the presence of residual linear polymer, the proposed ESI-
tandem mass spectrometry methodology allows detecting starting materials traces (<5 %) based on
radically different collision-induced dissociation (CID) behaviours. The technique is believed to be

readily adaptable to numerous

characteristics.

Introduction

Click reactions have recently attracted increased attention,
specifically for use in material and life sciences.' In the last decade,
the preparation of well-defined complex polymer architectures such
as block (co)polymers,” star-shape® or dendrimers,* was successfully
achieved based on click couplings. In particular, the design of cyclic
peptides,’ polynucleotides® and more generally cyclic polymers has
been drastically improved using click reactions, ie. Copper-
catalyzed Alkyne-Azide cycloaddition (CuAAc),” Hetero-Diels-
Alder cycloaddition (HDA),® and the thiol-ene coupling.” Although
the CuAAc reaction between azide and alkyne complementary end-
groups is nowadays the most common method for the preparation of
cyclic polymers and is well-known for its remarkable efficiency,
trace amounts of the linear precursor are inescapable. As polymer
physical properties are inherently related to the chemical structure,
the architectural purity assessment is a key step in their evaluation.'’
The traditional characterization techniques, such as proton nuclear
magnetic resonance ('H NMR), size-exclusion chromatography
(SEC), and Fourier Transformed Infra-Red spectroscopy (FT-IR),
are not sensitive enough to characterize unambiguously the purity of
cyclic polymers and provide only averaged information over the
sample. Usually, mass spectrometry (MS) measurements can provide
far more detailed information on the chemical structure of individual
polymer chain as well as side-products with a high sensitivity."'
Nevertheless, as a consequence of the 100% atom economy'? of
click reactions, linear and cyclic polymers are isomers and therefore
the purity cannot be unequivocally assessed based on single-stage
MS measurements.”® On-line coupling with chromatographic
separation technique, i.e. Ion-Mobility (IM), was recently used to
differentiate linear and cyclic poly(e-caprolactone) topological
isomers."> More recently, tandem mass spectrometry was also used
to differentiate macrocycles from their linear analogues, by careful
visual inspection of MS/MS spectra® or combined with complex

This journal is © The Royal Society of Chemistry 2013

isomeric pairs of macromolecules presenting different CID

energy-resolved ion-mobility strategy'> but without giving any
quantitative information. In a recent report, Memboeuf et al
presented a simple tandem mass spectrometry-based method for the
analysis and quantification of a mixture of isobaric ions using the
Survival Yield (SY) technique.'® Depending on the excitation regime
in Collision-Induced Dissociation (CID) experiments, isobaric ions
were separated and quantified. The procedure relies on the fact that
fragment ions of the two isobars are induced at different collision
energies according to differences in the structures of the isobaric
components. In this context, Grayson and co-workers recently
reported the CID fragmentations of cyclic and linear polymer
isomers obtained by CuAAc reaction.'® As long as the polymer
exhibits an azide end-group, the partial elimination of N, molecule is
highlighted even at low excitation regime.'” Interestingly, the
triazole linker resulting from the cyclization is no longer prone to the
loss of N,. In the present report, we take benefit of this fingerprint
fragmentation for quantitative purpose using the survival yield
technique.

Results and discussion
Cyclic poly(r-Lactide) (P(1-LA)) was prepared by CuAAc reaction

performed on well-defined linear a-azide-w-alkyne P(L-LA) (M,3E¢
P = 6500 g.mol'; Py = 1.12). The general procedure is depicted in

Scheme 1.
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Scheme 1. Synthetic route for the preparation of cyclic P(L-LA)
using CuAAc click coupling. PMDETA= N,N,N’,N”,N”-
pentamethyldiethylene triamine.
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The preparation of the functional precursor 1 was realized
according to published procedure.” First, the cyclization
efficiency was approached by qualitative techniques, i.e. SEC
and Matrix-assisted Laser Desorption/Ionization mass
spectrometry (MALDI-MS), and quantitative 'H NMR. A
direct evidence of the cyclization efficiency can easily be
provided by SEC analysis. In general, a cyclization reaction
leads to a more compact structure resulting in a smaller
hydrodynamic volume. Consequently, cyclic polymers display
a longer retention time.'® In close agreement, a clear shift of the
entire molar mass distribution of polymer 1 (M, *P = 6500
g.mol'; Py = 1.12) to higher elution volume combined with the
retention of the molar mass distribution attests the high
efficiency of the cyclization reaction, affording cyclic polymer
2 (M,SEC P = 4500 g.mol'; Py = 1.13) (Figure 1). Since the
Mark-Houwink parameters for P(1-LA) chains cannot be
applied to the macrocyclic topology, the as-reported SEC
molecular weights (M, ") are relative to polystyrene
standards and therefore over predicts the absolute average
molecular weights.
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Figure 1. Overlay of SEC traces for linear precursor, a-azide-w-
alkyne-P(t-LA) 1 and the cyclic polymer 2.

The MALDI-ToF MS spectra depicted in Figure 2 for linear
precursor 1 and macrocycle 2 reveal a common major
distribution, consequence of the ‘click’ atom economy, and are
therefore indistinguishable based on this signal only. As
suspected following the report of Grayson and co-workers,!”
linear precursor 1 is prone to the loss of N, (Figure 2a), while
for cyclic product 2 this loss is no longer observed. Moreover,
protonated ions of 2 appear as a signature for the triazole group,
due to its pronounced basicity (Figure 2b).
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Figure 2. MALDI-MS spectra of (a) a-azide-w-alkyne-P(L-LA) 1
and (b) the cyclic polymer 2. Expanded region from m/z 3380 to m/z
3560 is illustrated on the right. Nal is used as cationization agent.

Additionally to an apparent reduction in the molecular weight in
SEC experiments (Figure 1), the efficiency of the intramolecular
cyclization is unequivocally confirmed by MALDI-MS analyses
where the molecular weight of the polymer samples 1 (M MAP =
3500 g.mol™'; Py = 1.05) and 2 (M, A" = 3500 g.mol™'; By, = 1.05)
remained unchanged after the “click” cyclization (Figure 2). The
cyclization is also confirmed to proceed to very high conversions by
the complete disappearance of characteristic signals for linear P(r-
LA)1,ie 6=1.98,3=2.52 and & = 3.25 ppm (protons b, ¢ and a
respectively in figure 3a), but also by the presence of the
characteristic signals, i.e. = 3.06, 3 = 4.28 and 6 = 7.37 ppm
(protons a’, ¢’ and b’ respectively in figure 3b), of the cycloadduct in
the '"H NMR spectra.
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Figure 3. "H NMR spectra of (a) linear precursor P(L-LA) 1, and (b)
cyclic P(t-LA) 2 in CDCl;. An expanded region from & = 2.95 to
3.30 ppm demonstrating the apparent quantitative conversion of
signal a to a’ is depicted as inset to Figure 3.

As a preliminary conclusion, quantitative conversion of the linear
P(t-LA) 1 into the cyclic P(t-LA) 2 seems to be pointed out by all
these characterization techniques (SEC, MALDI-MS and 'H NMR).
However, whereas 'H NMR spectroscopy is well-known to afford
quantitative information, this method definitively suffers a lack in
sensitivity, particularly well-emphasized for the quantification of
macromolecules ends-groups at trace level."

To overcome this lack in sensitivity and fully characterize the
cyclization product, our isomeric system was then submitted to
tandem mass spectrometry methods with special care to the detection
of residual linear macromolecules. Electrospray ionization (ESI)
tandem mass spectrometry analysis of lithium cationized P(L-LA)
precursor 1 and cyclic P(t-LA) 2 were performed, both separately
and in mixtures (See ESIt, Figure S1). CID experiments were done
on the doubly charged ion m/z 1523 corresponding to a degree of
polymerization (DP) of 19. MS/MS spectra were recorded at
increasing collision voltages (CV) from 5 to 100 V. In the range 30-
70 V, pure linear polymer gives fragment ions at m/z 1509 only,
corresponding to the loss of N, from parent ions at m/z 1523, while
cyclic polymer remains quasi-unfragmented in the same range
(Figure 4). Fragment ions of 2 were found in the range 75-100 V
(See ESIf, Figure S2). The Survival Yield technique uses Survival
Yield (SY) ratio which is a convenient quantitative measure of the
fragmentation degree that is defined according to: SY = ((Zy))/([yy + X
Ir)), where I stands for the intensities of fragment ions peaks and 7,
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for the parent ions peak intensity.’ Using this definition, the value

of this ratio can be recorded and plotted as a function of the

excitation voltage: this leads to the SY curve.
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Figure 4. MS/MS spectra for linear [P(L-LA),g+2Li]*" (spectra a,b
and ¢) and cyclic [P(L-LA);o+2Li]*" (spectra d,e and f), obtained at

30 V (spectra a and d), 50 V (spectra b and e) and 70 V (spectra ¢
and f) excitation voltages.

Under the same experimental conditions, SY curves for linear and
cyclic polymers 1 and 2, respectively, were first obtained separately
(Figure 5). At the same mass-to-charge ratio, the curve obtained for
lithium cationized cyclic P(t-LA) is shifted to much higher
excitation voltages as compared to the one obtained for linear P(r-
LA). This is in close agreement with the general assumption that
collisionally-excited cyclic cations first undergo a ring-opening
reaction that lead to linear cationic species having exactly the same
m/z ratio.”' Therefore, in the same experimental conditions, cyclic
cations exhibit a delay in the collision-induced dissociations
compared to their linear isomers. At 70 V the whole population of
linear [PLA,+2Li]*" parent ions have already dissociated by loss of
neutral N,, when on contrary cyclic polymer [PLA;y+2Li]*
molecular ions do not exhibit fragment ions at first glance. A closer
inspection of the cyclic polymer SY curve in the range 30-70 V
reveals a small decrease with a sigmoid-type shape, well-illustrated
after magnification of the SY curve (Figure 5, inset). By plotting
both SY curves for linear and cyclic polymer in their respective
fragmentation range between 30 and 70 V, an almost perfect overlap
was observed, which demonstrates the presence of molecules of the
linear type inside the cyclic polymer sample. Interestingly, the latter

is expected to contain pure cyclic polymer according to other
characterization techniques.
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Figure 5. Survival Yield curves of m/z 1523 ions for linear [P(r-
LA);o+2LiJ*" 1 and cyclic [P(1-LA)o+2Li]*" 2. The inset shows the
overlay of SY curves for the pure linear compound (scale on the left)

and a magnification of SY curve for the cyclic compound (scale on
the right).

In order to evaluate the degree of contamination, we used the
standard addition method (addition of different precise amounts of
pure linear polymer into the cyclic polymer sample), and measured
the SY curves for the new samples. Briefly, when increasing the
amount of linear polymer into the cyclic sample, the SY curve trends

to get closer to the curve obtained in the case of pure linear sample
(Figure

6).
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Figure 6. SY curves for cyclic, linear and cyclic:linear P(1-LA)
mixtures at relative concentrations 9:1, 8:2, 7:3 and 6:4, recorded in
the same experimental conditions.

As exemplified in Figure 6, CV in the range 60-70 V afford enough
fragment ions to achieve a high sensitivity. Since the entire
quantification method is based on the observation of fragment ions
from the linear isomer, only the data points obtained at these high
collision voltages were considered. By separately collecting data
points obtained at 60, 65 and 70 V collision voltages and plotting (1-
SY) as a function of the relative amount of linear polymer added,
straight lines are obtained using simple linear regression (Figure 7).

J. Name., 2012, 00, 1-3 | 3
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The absolute value of the x-axis intercept provides access to the
amount of linear contaminant in the initial cyclic polymer sample (or
simply by dividing the slope by the intercept in the linear fit
equation). In the original cyclic polymer sample, we determined, at
70V, 2.3 +/- 1% of the linear isomer still present considering a 95 %
confidence interval. The robustness of the method is demonstrated
by the determination of a linear residue content of 2.1 +/- 0.9 % and

1.8 +/- 11 % for CV = 65 and 60 V, respectively.
T T T T T T T T T
0354 ®m AtCV=70V
A ACV=65V
0304 * AtCV=60V
1——»=00181-0.7887x: R = 0.995
- 025 ] .
2 3 - 0.0164 + 07657, R - 0.997
> 0204 3 0.0115 +0.6234x; R~ 0.994 i
—_
= 1
€ 0.154 4
U) 4
;
~ 0.104 i
0.05 _
0.00

00 o1 02 03 o4

n./ (nl|n+ncy)
Figure 7. Correlation between the SY values recorded at 60, 65 and
70 V collision voltages and the ratio cyclic/linear P(.-LA) from
sample preparation 9:1, 8:2, 7:3 and 6:4.

Experimental

Materials

All reagents were purchased from Aldrich and used without
further purification, unless otherwise noted. L.-LA (=99 %) was
purchased from Galactic, recrystallized from dried toluene three
times and stored in a glove box under dry nitrogen atmosphere
(0,<5ppm, H,O<lppm) prior to use. CH,Cl, was dried over
CaH, for 48 hours at r.t., distilled under reduced pressure and
stored in a glove box under dry nitrogen atmosphere. 1,8-
diazabicyclo-[5.4.0Jundec-7-ene (DBU) was purchased from
Fluka, dried over BaO, distilled and stored in a glove box.
Copper (I) bromide was purified by washing with acetic acid.
11-azidoundecanol was synthesized as reported in the
literature®* and dried over anhydrous MgSO, prior storage in
the glovebox. 4-pentynoic anhydride was also synthesized as
reported in the literature.?

Instrumentation

"H NMR spectra were recorded in CDCl; at a concentration of
20 mg/0.6mL on a Bruker AMX500 (500 MHz), with shift
reported in part-per-million downfield from tetramethylsilane
used as internal reference.

Size exclusion chromatography was performed in THF (with
2% triethylamine added) at 35 °C using a Polymer Laboratories
liquid chromatograph equipped with a PL-DG802 degasser, an
isocratic HPLC pump LC 1120 (flow rate = 1 mL.min"), a
Marathon autosampler (loop volume = 200 pL, solution conc. =
1 mg.mL"), a PL-DRI refractive index detector and three
columns: a PL gel 10 um guard column and two PL gel Mixed-
B 10 um columns (linear columns for separation of MWpg
ranging from 500 to 10° daltons). Poly(styrene) standards were
used for calibration.

4| J. Name., 2012, 00, 1-3

Positive-ion MALDI-MS experiments were recorded using a
Waters QToF Premier mass spectrometer equipped with a
nitrogen laser, operating at 337 nm with a maximum output of
500 J.m? delivered to the sample in 4 ns pulses at 20 Hz
repeating rate. Time-of-flight mass analyses were performed in
the reflectron mode at a resolution of about 10k. All the
samples were analyzed using trans-2-[3-(4-tert-butylphenyl)-2-
methylprop-2-enylidene] malononitrile (DCTB) as matrix. That
matrix was prepared as 40 mg/mL solution in CHCI;. The
matrix solution (1 puL) was applied to a stainless steel target and
air-dried. Polymer samples were dissolved in CHCIj; to obtain 1
mg.mL™" solutions. Aliquots (1 pL) of those solutions were
applied onto the target area already bearing the matrix crystals,
and air-dried. For the recording of the single-stage MS spectra,
the quadrupole (rf-only mode) was set to pass all the ions of the
distribution, and they were transmitted into the pusher region of
the time-of-flight analyzer where they were mass analyzed with
1 s integration time. Data were acquired in continuum mode
until acceptable averaged data were obtained.

Positive-ion ESI tandem Mass Spectrometry (ESI-MS/MS)
experiments were performed using a Micromass/Waters QqQ
Quattro II mass spectrometer equipped with a Z-spray
ionisation source. Polymer samples were dissolved in
acetonitrile to obtain 0.2 mg.mL™ solutions. Lil aqueous
solution was added to afford a 1:10 polymer:Lil molar ratio.
Analytes solutions were introduced into the source at Sul/min
flow rate using a Harvard Apparatus type 22 syringe pump. The
temperature of the source was set at 90°C and the desolvation
temperature at 120°C. The electrospray voltages were set to the
following values: probe (capillary) at 3.25 kV, sample cone at
70 V, extraction cone at 30 V. The first hexapole was in RF-
mode only with a 0.1V amplitude for optimal ion transmission.
The first quadrupolar analyser was used in average resolution
mode with 12 as Low-Mass (LM) and High-Mass resolution
(HM), while for the second analyser 14 was used for both mass
ranges. Multiplier detector voltage was set to its maximum
value at 950 V. Throughout the complete set of measurements,
vacuum was maintained at 4.5 10" mbar inside the instrument,
while 2.8 10~ mbar of Ar was introduced in the collision cell
during MS/MS experiments. MS/MS spectra were recorded
during 1 min for collision voltages in the range 0 to 60 V and 5
minutes for collision voltage in the range 60 to 100 V at a scan
rate of 500 amu.sec™'. Since visual inspection of MSMS spectra
reveals only one fragment in the range 0-70 V, corresponding
to the loss of N, (-14 m/z shift) from the doubly charged linear
parent ions, MSMS spectra for mixtures were recorded on a 25
m/z mass range in order to improve the sensitivity. The ESI-
MS/MS spectra were subsequently analyzed using MassLynx
software (Waters, UK). All MSMS spectra were background
substracted (15% below curve), smoothed (Savitsky-Golay; 3
smooths) and centroided (top 80 %; areas). The peak list is then
transferred in Excell software and used for the determination of
the SY ratio.

Synthetic procedures

Preparation of linear a-azide-w-hydroxy P(1-LA). In a glovebox
under nitrogen pressure (O,<5ppm, H,O<Ippm), a vial was charged
with .-LA (1.00 g, 6.9 mmol) and 11-azido-1-undecanol (60 pL,
0.28 mmol). CH,Cl, (10.0 g) was added followed by the addition of
DBU (43 pL, 0.28 mmol). [L-LA]y/[11-azido-1-undecanol]y/[DBU],
= 25/1/1. After 2 minutes under stirring, benzoic acid (50 mg, 0.4
mmol) was added. DBU catalyst was removed by three times
extractions from dichloromethane into 0.1M HCI solution (3X20
mL). The organic lawyer was dried on MgSO,, filtered and

This journal is © The Royal Society of Chemistry 2012
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concentrated in a rotary evaporator prior to precipitation into cold
methanol to give a-azide-w-hydroxy P(1-LA). Representative
characterization follows. '"H NMR (CDCl;, 6, ppm): 1.27 (m, 14,
N;3(CH,),(CH,),CH,-), 1.50 (m, 4, N;CH,CH,(CH,),CH,CH,-), 1.56
(d, 6n, -[COCHCH;O]y,-), 3.25 (t, 2, N3CH,(CH,);(0-), 4.11 (m, 2,
N3(CH,)sCH,0-), 435 (m, 1, -COCHCH;OH), 5.18 (m, 2n, -
[COCHCH;0],,-). Conv'm ™R > 9904 pf IHNMR = 3950 o mol™!. MS
(MALDI-TOF): M*™P"= 3500 g.mol'; By = 1.05. SEC: M,FC P
= 6425 gmol; Py=1.12.

Preparation of linear a-azide-w-alkyne P(.-LA) (1). Linear o-
azide-w-hydroxy P(L-LA) (M, = 3850 g.mol; Dy = 1.12) (0.500
g, 0.13 mmol) was dissolved in dichloromethane (30 mL). 4-
pentynoic  anhydride (30 upL, 0.17 mmol) and 4-
dimethylaminopyridine (0.020 g, 0.17 mmol) were added to the
solution. The solution was allowed to stir at room temperature for 24
h. The reaction was followed by MALDI-MS until completion. The
crude reaction mixture was extracted three times from saturated
aqueous NaHCOj; into dichloromethane and three times from
saturated aqueous NaHSO, into dichloromethane. The organic phase
was dried on MgSO,, filtered and concentrated in a rotary evaporator
prior to precipitation from dichloromethane into cold methanol to
give a-azide-w-alkyne P(1-LA) 1. Representative characterization
follows. 'H NMR (CDCl;, 6, ppm): 127 (m, 14,
N;(CH,),(CH,),CH,-), 1.50 (m, 4, N3CH,CH,(CH,),CH,CH,0-),
1.56 (d, 6n, -[COCHCH;0],,-), 1.98 (s, 1, -CO(CH,),CCH), 2.52 (t,
2, -COCH,CH,CCH), 2.64 (t, 2, -COCH,CH,CCH), 3.25 (t, 2,
N3CH2(CH2)100-), 4.11 (m, 2, N3(CH2)8CH20-), 5.18 (m, 2n, -
[COCHCH;0],-). Conv'™ MR > 9904 pg HNMR = 4000 g.mol™!. MS
(MALDI-TOF): MMA*P! = 3500 g.mol™'; Py = 1.05. SEC: M,5EC PP
= 6500 g.mol; Py =1.12.

Preparation of cyclic P(L-LA) (2). A 0.7 mM solution of 2 in
CH,Cl, (30 mL) was degassed and backfilled with N, with two
freeze, pump, thaw cycles. In a separate flask,
pentamethyldiethylenetriamine (PMDETA) (0.912 g, 5.26
mmol) was dissolved in dichloromethane (100 mL) and
degassed with one freeze, pump, and thaw cycle. Immediately
following a second freeze, Cu(I)Br (0.377 g, 2.63 mmol) was
added, followed by a pump and thaw cycle. Upon thawing, a
syringe and syringe pump were used to transfer the polymer
solution to the rapidly stirring CuBr/PMDETA solution at a rate
of 1.5 mL per hour. After complete addition of the polymer
solution, the reaction mixture was allowed to stir for an
additional 5 h. Then, the polymer was concentrated under
vacuum before solubilization in 250 mL of toluene,
centrifugation and recuperation of the supernatant. The crude
was extracted three times from saturated aqueous NaHSO, into
toluene. The organic phase was dried on MgSQO,, filtered and
concentrated in a rotary evaporator prior to precipitation from
dichloromethane into cold heptane to give 2. Representative
characterization follows. 'H NMR (CDCls, 6, ppm): 1.27 (m,
14, Niriazole( CH2)2(CH)7(CH,),0-), 1.50 (m, 4,
Niiazole(CH2)oCH,CH,0-), 1.56 (d, 6n, -[COCHCH;0];,-), 1.86
(m, 2,  Nrbaoll CH,CH(CHy)90-), 280 (¢, 2, -
COCHZCHZCTriaZOIe)s 3.06 (t: 2, NTriazoleCHZ(CHZ)IOO'): 4.11 (ma
2, NTriazole(CHZ)IOCHZO'): 4.28 (t, 2, 'COCHZCHZCTriaZOIe)s 5.18
(I’Il, 211, '[COCHCHZvO]Zn'): 7.37 (S: 15 NTriazoleCHCTriazole)-
Conv'T ™R 9904 a7, 'H "MR = 4000 g.mol”!. MS (MALDI-
TOF): MMAPT = 3500 g.mol™!, Py = 1.05. SEC: M,5FC 2P =
4500 g.mol™’, Py =1.13.

Conclusions

This journal is © The Royal Society of Chemistry 2012
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In summary, a tandem mass spectrometry-based methodology
was developed to determine the architectural purity of a cyclic
polylactide sample prepared by Copper-catalyzed Alkyne-
Azide cycloaddition. Although usual polymer characterization
techniques were unable to demonstrate the presence of residual
linear polymer, the proposed ESI-tandem mass spectrometry
methodology allows detecting starting materials traces (<5 %)
based on radically different collision-induced dissociation
(CID) behaviours of topological isomers. Thanks to its ultra-
high sensitivity, mass spectrometry is emerging as a
predilection technique for the analysis and quantification of
numerous isomeric pairs of macromolecules, particularly at
trace level. The authors hope this proof of concept should help
in the evaluation and improvement of synthetic procedures. A
detailed analysis of the performance (reproducibility,
repeatability, sensitivity, efc) of the proposed technique is
currently under investigation within our laboratory.
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