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Abstract. 

Block-truncated poly(phosphodiester)s are digital macromolecules storing binary information 

that can be decoded by MS/MS sequencing of individual blocks released as primary fragments 

of the entire polymer. As such, they are ideal species for the serial sequencing methodology 

enabled by MS-(CID)-IMS-(CID)-MS coupling, where two activation stages are combined in-

line with ion mobility spectrometry (IMS) separation. Yet, implementation of this coupling still 

requires efforts to achieve IMS resolution of inner blocks, that can be considered as small 

oligomers with α termination comprised of one nitroxide decorated with a different tag. As 

shown by molecular dynamics simulation, these oligomers adopt a conformation where the tag 

points out of the coil formed by the chain. Accordingly, the sole nitroxide termination was 

investigated here as a model to reduce the cost of calculation aimed at predicting the shift of 

collision cross section (CCS) induced by new tag candidates and extrapolate this effect to 

nitroxide-terminated oligomers. A library of 10 nitroxides and 7 oligomers was used to validate 

our calculation methods by comparison with experimental IMS data as well as our working 

assumption. Based on conformation predicted by theoretical calculation, three new tag 

candidates could be proposed to achieve the +40 Å2 CCS shift required to ensure IMS 

separation of oligomers regardless of their coded sequence. 
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INTRODUCTION 

As inspired by DNA which stores large quantities of genetic information using a set of four 

monomers (A, T, G and C), digital polymers are sequence-defined macromolecules specifically 

designed for data storage applications.1-3 These polymers are synthesized by stepwise solid-

phase chemistry, making use of two comonomers arbitrarily defined as bits (e.g. the 0- and 1-

bit of ASCII alphabet) to grow monodisperse and sequence-defined chains.4-6 Reading the 

binary information encoded in digital polymers is typically a sequencing task which can be 

achieved by tandem mass spectrometry (MS/MS),7 as now well established for peptides,8 

oligonucleotides,9 and oligosaccharides.10 Yet, in contrast to biopolymers which structure is 

defined by nature to achieve biological functions, the main purpose of digital polymers is to be 

read: their structure can thus be specifically tailored to avoid usual roadblocks of MS/MS 

sequencing and hence derive maximum benefit of the technique. This is of upmost importance 

because full sequence coverage is mandatory for reliable reading of information in digital 

polymers. Indeed, unlike peptides which can be identified even from a partial sequence of 

amino acids after searching appropriate databases,11 the set of 8 bits used to code a given letter 

in the selected ASCII alphabet may only differ by location of one 1-bit compared to the 

following letter, as exemplified with 01101001 coding for "i" versus 01101010 coding for "j".  

Most commonly performed using collision-induced dissociation (CID), de novo MS/MS 

sequencing requires the random cleavage of the polymer backbone in order to produce complete 

sets of fragments that contain one or the other termination of the original chain and differ in 

mass by a single building unit. On the one hand, co-monomers of different mass must be 

selected so as to avoid the need for sophisticated approaches as implemented for peptides to 

distinguish isomeric residues such as leucine and isoleucine.12, 13 On the other hand, chemical 

moieties used to define the coding alphabet should not exhibit any reactivity upon activation so 

that backbone bond cleavages can occur independently of the co-monomer sequence. This is 

the reason why variation between coding units most often relies on alkyl groups, either with a 

simple H/CH3 variation between the two units to implement a binary language,14-19 or 

employing a larger variety of alkyl segments to elaborate more complex alphabets.20-22 Owing 

to the great variety of co-monomeric units that can be combined in their sequence, non-natural 

polymers do not obey universal fragmentation rules as do biopolymer families. This raises the 

particular issue of the reading direction which has to be defined as a convention between the 

“writer” and the “reader”. For example, using the negative ion mode to sequence oligourethane 

chains deprotonated at their α chain-end ensures that all detected fragments contain this starting 

group: as a result, they need to be considered from the smallest to the largest in order to 
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reconstruct the sequence from the left- to the right-hand side.16 Placing isotopically-rich atoms 

such as bromine at the ω termination has also been a useful strategy to readily identify ω-

containing fragments amongst other series in MS/MS spectra.14, 23 Ideally, the number of 

fragment series needs to be limited in order to prevent extensive signal dilution that would 

hamper full sequence coverage of chains as their size increases. In CID, energy imparted to 

precursor ions is indeed rapidly randomized, so any bonds of the structure may experience 

dissociation regardless of its location. This limits the size of sequenceable peptides to a few 

tens of residues and the same issue is encountered for abiological polymers.24 Yet, since 

fragmentation of polymer ions in the gas phase is essentially dictated by their backbone 

chemistry,25 the structure of digital polymers can also be optimized to tune their dissociation 

behavior. Beside lowering the number of reactive functions,26 the most efficient strategy to 

minimize the variety of dissociation routes consists of introducing linkages of low dissociation 

energy that make any other bonds MS/MS silent. This was achieved by Zhang and co-workers 

who made use of the marked decrease of C–S bond dissociation energy upon oxidation of 

thioether into sulfoxide moieties,27 whereas our group achieved full control of coded chain 

fragmentation with weak alkoxyamine linkages.24 The latter approach was successfully 

employed to decipher, using a routine mass spectrometer, large amounts of information stored 

in digital poly(phosphodiester)s (PPDE) despite cleavage of phosphate bonds in each unit 

generates eight fragment series.28 By distributing weak C–ON bonds between each group of 

eight co-monomers (i.e., one byte of information), short coded blocks are released by soft 

activation of the chains and, when further subjected to CID, the complexity of their dissociation 

pattern remains manageable given their small size. Continuous improvements in the design of 

these block-truncated PPDEs have been achieved during the last five years to adjust crucial 

parameters, including their MS/MS readability,29 enabling automated decryption of high 

capacity PPDEs containing up to 440 bits of information.21  

Although error-free readout was systematically achieved, the analytical workflow 

implemented for these digital polymers lacks efficiency since it relies on multiple successive 

experiments, namely MS, MS/MS and pseudo-MS3, as described in Figure S1 with the most 

recent structural design developed to also address the issue of atom economy.30 The structure 

of block-truncated PPDEs was designed interactively with the development of this reading 

methodology.28 In particular, to prevent any mass coincidence in MS2 and enable safe selection 

of individual blocks for sequencing in the MS3 stage, each block is mass shifted with a specific 

label (hence named mass-tag). In order to take advantage of the resolving capabilities offered 

by orthogonal acceleration time-of-flight (oa-TOF) mass analyzers to safely assign fragments, 
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the Q-TOF instrument used here for MS and MS2 stages was also employed to perform pseudo-

MS3 experiments. As depicted in Figure 1a, deprotonated polymers are activated in the 

instrument interface by raising the cone (or skimmer) voltage to perform in-source CID; so-

released individual blocks are then mass selected in the Q1 quadrupole for further excitation in 

the collision cell and fragments are measured in the oa-TOF. Although successfully enabling 

de novo sequencing of blocks with full sequence coverage (Figure S1c), this reading 

methodology is quite time consuming since the number of sequencing events increases with the 

number of blocks in the digital chain. The whole readout process would be advantageously 

accelerated by performing serial sequencing, with on-line separation of blocks prior to their 

sequencing. This could typically be achieved by combining the two activation steps with ion 

mobility spectrometry (IMS) in a single MS-(CID)-IMS-(CID)-MS experiment as enabled by 

Synapt instruments. Taking advantage of this instrumental configuration, the intact entire chain 

could be mass selected as the primary precursor ion in Q1, activated in the ion trap placed in 

front of the traveling wave ion mobility (TWIM) cell so that individual blocks released as 

fragments can reach the post-IMS collision cell one after the other for individual sequencing 

(Figure 1b). Of course, this hold true as long as blocks are all IMS-resolved.  

 
Figure 1. Instrumental configuration and analytical workflow a) used so far to implement the 

pseudo-MS3 steps requested to sequence all coded blocks and b) proposed to perform serial 

sequencing in a single MS-(CID)-IMS-(CID)-MS experiment. c) Detailed structure of 

individual blocks released upon C–ON bond cleavage as a function of their initial location in 

the PPDE chain (with R = H for 0-bit and R = CH3 for 1-bit). 
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Preliminary IMS works indicated that blocks elute in the order of increasing mass (i.e. initial, 

final and inner block, Figure 1c), far earlier than larger fragments comprised of multiple blocks 

also released in the MS2 step (Figure S1b). Moreover, when holding an appropriate tag, the 

final block could be IMS-separated from both the initial and inner blocks when all generated at 

the 2– charge state (data not shown). Although encouraging, these results indicate that efforts 

still need to be dedicated to IMS resolution of inner blocks, the number of which increases with 

the size of PPDE chains. Inner blocks share the same structure (Figure 1c) and can be regarded 

as small PDE oligomers holding a TEMPO-based radical decorated with one tag as the α group 

and the same carbon-centered radical ω group. Accordingly, the analytical question actually 

raised here is how the IMS behavior of these oligomers can be influenced by the nature of their 

α termination.  In the present study, we have hence investigated the potential of the mass-tags, 

primarily conceived to enable mass-distinction of blocks, to also act as “shape-tags” able to 

induce IMS separation of inner blocks. Because it is dictated by ion collision cross section 

(CCS), IMS separation of these blocks was inferred from conformation predicted by theoretical 

calculation rather than performing the trial-and-error approach consisting of synthesizing 

polymers to experimentally evaluate the IMS impact of any tested tag. 

 

EXPERIMENTAL SECTION 

Chemicals. Water, methanol (MeOH) and acetonitrile (ACN) used to prepare solutions 

submitted to electrospray ionization (ESI) were from SDS (Peypin, France). Poly-DL-alanine 

(MW 1000–5000 Da), ammonium acetate and formic acid were purchased from Sigma Aldrich 

(St Louis, MO). Orthophosphoric acid (H3PO4, 85%) was from VWR International (Fontenay-

sous- bois, France). All chemicals were used as received without further purification. TEMPO-

based nitroxides as well as block-truncated PPDEs were prepared according to synthesis 

protocols detailed in a recent paper.30 For ESI-IMS-MS analysis, PPDE samples (few mg) were 

dissolved in H2O/ACN (50/50, v/v) supplemented with 0.1% formic acid, and further diluted 

(1/10, v/v) with MeOH whereas nitroxides (few mg) were dissolved in MeOH and further 

diluted (1/10, v/v) with a methanolic solution of ammonium acetate (3 mM). 

Ion mobility mass spectrometry. High resolution mass spectrometry (MS) and traveling 

wave ion mobility (TWIM) spectrometry experiments were performed with a Synapt G2 HDMS 

instrument from Waters (Manchester, UK), operated in the negative ion mode for PPDEs 

(capillary ESI voltage, –2.27 kV; sampling cone voltage, –20 V; extraction cone voltage, –6 V) 

or in the positive ion mode for nitroxides (capillary ESI voltage, +2.8 kV; sampling cone 

voltage, +20 V; extraction cone voltage, +6 V). In both polarity modes, the desolvation gas (N2) 
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flow was 100 L/h at 35°C. In IMS-MS(/MS) experiments, ions were ejected from the ion trap 

into a cooling cell (helium flow: 180 mL/min) into the TWIM cell filled with N2 (3.0 mbar) and 

operated in various wave height (WH, in V) and wave velocity (WV, in m/s) conditions. Ions 

were measured in the 150–1500 m/z range for PPDE blocks and 100-600 m/z range for 

nitroxides. A syringe pump was used to introduce sample solutions in the ESI source at a 10 

μL/min flow rate. Instrument control, data acquisition and data processing of all experiments 

were achieved with the MassLynx 4.1 programs provided by Waters.  

CCS calibration. Throughout the text, CCS values are designated according to the 

nomenclature proposed by Barran et al.31 Experimental arrival time distributions (ATDs) of 

ions were extracted manually from MassLynx software and arrival times (tA) measured at peak 

apex were converted into experimental CCS (TWCCSN2→He) using the IMSCal software.32 For 

nitroxides ionized in the positive ion mode, calibration standards were singly protonated poly-

D,L-alanine oligomers33 generated from a 0.1 mg/mL solution in H2O/MeOH (10/90, v/v). For 

doubly deprotonated PPDE blocks in the negative mode, reference compounds were phosphoric 

acid clusters (1– and 2–)34 formed upon ESI of a 2 mM solution in H2O/ACN (50/50, v/v). As 

demonstrated in a recent study,35 good quality CCS estimations can be obtained using the 

IMSCal model with no need for calibrants to match the chemical class of the analytes. 

Molecular modeling and CCS calculation. For PPDE blocks, a multi-step protocol based 

on quantum methods (QM) and classical molecular dynamics (MD) was implemented. These 

molecules were constructed and protons manually removed from the phosphate groups, 

assuming an even distribution of the two charges (i.e. deprotonated sites located on phosphate 

groups 3 and 6).36 Geometry optimization was performed at the semi-empirical level with 

AMPAC (Version 11 from SemichemInc., Shawnee, KS, USA) using the PM6 method.37 Then, 

the RESP charges were calculated based on the Hartree-Fock method at the HF/6-31G(d) level 

with Gaussian16.38 MD simulations of the doubly charged anions in vacuum were performed 

with GROMACS4.39 These non-periodic simulations were run over 100 ns (time step 0.25 fs, 

300 K, Berendsen thermostat) with no radial cut-offs for the non-bonded forces. Conformations 

were sampled every 1 ns from this trajectory. Protonated nitroxides were simulated using QM 

only. Geometry optimization was performed based on the Density Functional Theory (DFT) 

method at the B3LYP/6-31G(d) level, followed by RESP charges calculation based on the 

Hartree-Fock method at the uHF/6-31G(d) level, both with Gaussian16. In both cases, CCS 

values were calculated using the He-based trajectory method (TM) available in IMoS software40 

(default settings, 300 Pa). For PPDE blocks, calcCCSHe corresponds to the average value over 

the 100 sampled conformations. 
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RESULTS AND DISCUSSION 

Conformation of inner blocks. Using a variety of block-truncated PPDEs prepared in a 

recent work,30 experiments were first performed to assess the influence of available tags 

(Scheme 1) on the IMS behavior of inner blocks (further shortened to “blocks” for the sake of 

simplicity). On the one hand, when performing IMS-MS experiments for blocks containing 

different coded segments but the same tag, CCS is observed to slightly increase with the number 

of 1 units in their sequence: a systematic +5 Å2 is measured upon substitution of monomer 0 

(propyl phosphodiester) by monomer 1 (2,2-dimethylpropyl phosphodiester), regardless of their 

rank in the sequence (Figure S2). On the other hand, keeping the same coded segment but 

changing the tag also induces block CCS shift, the amplitude of which depends on the tag 

structure (Figure S2). However, regardless of the tag, the CCS of deprotonated blocks always 

spans a 40 Å2 range as a function of the co-monomeric composition of their coded segment, 

from 0810 to 0018 (Figure S2). Overall, these findings strongly suggest that the tag and the 

composition of the coded segment both influence the whole block CCS but in an independent 

manner. 

 

 
Scheme 1. Structure and designation of nitroxides T2-T11 used as reagents to introduce tags in 

block-truncated PPDEs.   

 

In order to check whether this result can be explained by the geometry adopted by doubly 

deprotonated blocks in the gas phase, molecular dynamics simulation was performed. Only a 
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few cases were investigated due to the high time consumption (4 days) of each simulation. As 

illustrated in Figure 2 for the biphenyl (T5)- and naphthyl (T6)-tagged blocks, these doubly 

charged species adopt the same type of conformation, with the tag pointing out of the coil 

formed by the coded segment. These geometries are supported by the fairly good agreement 

between CCS values calculated from 3D models and those experimentally determined by 

TWIMS analysis:  calcCCSHe = 330 Å2 (±8 Å2) vs TWCCSN2→He = 317 Å2 for the block labeled 

with T5, calcCCSHe = 336 Å2 (±8 Å2) vs TWCCSN2→He = 311 Å2 for the block labeled with T6. 

Selection of sites 3 and 6 for deprotonation of two of the nine phosphate groups in these species 

might not correspond to the anionic forms actually measured by TWIMS, which could explain 

the slight overestimation obtained for calculated CCS values (+4% and +8%, respectively). It 

was hence very appealing to reduce the complexity of the system by considering the sole 

nitroxide termination of these PDE oligomers as a representative model to investigate the CCS 

impact of different tags.  

 

Figure 2. Geometry obtained by molecular dynamics simulation for blocks containing the same 

01010101 coded segment and labeled with a) biphenyl (T5) and b) naphthyl (T6).  

 

Validity of nitroxides to model nitroxide-ended oligomers. The validity of this assumption 

could be readily assessed since tagged nitroxides are available as reagents used in the 

preparation of PPDEs.30 The ten nitroxides considered here (Scheme 1) were all prepared by 

reacting the secondary amine of the same 4-((3-hydroxypropyl)amino)-TEMPO (T1) with 

different bromo-derivatives to afford the tagged nitroxides named T2-T11. These nitroxides, 

readily ionized as protonated species in positive mode ESI, were then analyzed by IMS-MS to 

first check whether they exhibit the same “elution” order compared to their block homologues. 
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As illustrated in Figure 3, arrival times of protonated nitroxides range from 3.25 ms for the 

smallest benzyl-tagged T2 to 4.90 ms for the bulkiest di-tertbutyl-benzyl-tagged T10. Full width 

at half maximum (FWHM) of IMS peaks slightly increases with arrival time but remains 

consistent with the sole diffusion effects expected in the TWIMS cell (Figure S3). The same 

rough elution order was observed during IMS of the seven blocks available with the same 0414 

coded segment (Figure S4), which is quite noteworthy owing to the fact that nitroxides and 

blocks were analyzed in different WH/WV TWIMS conditions (40/650 vs 40/450, respectively) 

and in different polarities, with Ti nitroxides as protonated species and Ti-tagged blocks as 

doubly deprotonated species.  

 

 
Figure 3. Arrival time (tA) distribution of protonated nitroxides T2-T11, using WH = 40 V and 

WV = 650 m/s in the TWIM cell. 

 

Even more interestingly in the context of this study, after arrival times have been converted into 

CCS values using appropriate calibration procedures (see experimental section), similar CCS 



  

11 
 

shifts are measured for nitroxides and blocks when switching from one tag to another. In other 

word, the ΔCCS difference between a given Ti-tagged block and its Ti nitroxide homologue 

remains roughly the same (Table 1). These experimental results validate the use of nitroxides 

as simplified models to perform simulation at lower calculation cost though providing relevant 

predictive information regarding the IMS behavior of nitroxide-ended oligomers.  

 

 TWCCSN2→He (Å²)  

 [Ti-block–2H]2– [Ti+H]+ ΔCCS (Å²) 

T2 305 113 192 

T3 305 117 188 

T4 n.a. 127 - 

T5 317 138 179 

T6 311 127 184 

T7 320 142 178 

T8 311 134 177 

T9 314 133 181 

T10 n.a. 148 - 

T11 n.a. 123 - 

Table 1. TWCCSN2→He (Å²) of Ti-tagged blocks (comprising the same 01010101 coded segment) 

and of Ti nitroxide homologues. n.a.: not available. 

 

Molecular modeling was then performed for the 10 protonated Ti nitroxides, considering 

two possible protomers in each case, with the proton located either on the nitroxide nitrogen 

(N(H+)–O) or on the nitrogen atom connected to the tag (N(H+)–tag). As documented in Table 

S1, energy calculation clearly shows that the N(H+)-tag protomer is always the most favored 

one (so the only one to be considered hereafter). Nevertheless, data in Table S1 also show that 
calcCCSHe values are very similar for the two protomers. These calculated CCS are found to 

correlate quite nicely with experimental TWCCSN2→He values measured for protonated Ti 

nitroxides (Table 1), as best emphasized in Figure 4, which supports the validity of the 

employed calculation methodology.  
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Figure 4. Correlation between calculated (calcCCSHe) and experimental (TWCCSN2→He) CCS of 

protonated Ti nitroxides. Error bars associated to TWCCSN2→He values reflects the ±1 Å2 

uncertainty provided by IMSCal. 

 

Prediction of new tags. The calculation methodology being validated, it could then be used to 

safely predict CCS of nitroxides decorated with new tags, keeping in mind that candidates must 

fulfill the same “+40 Å2 CCS shift” requirement experimentally established for IMS separation 

of blocks in our instrument (vide supra). In order to rationalize the design of new tags, 

structure/property relationships were tentatively established for the 10 studied Ti nitroxides 

(Figure 5). 

 

 
Figure 5. Ranking of TWCCSN2→He (Å²) measured for protonated Ti nitroxides as a function of 

their tag moiety. 

 

Focusing on the effects of substituents on the aromatic ring as compared to the phenyl group in 

T2 used hereafter as a reference:  
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- the modest effect of one fluorine atom in T3 (+4 Å²) rapidly levels off, as shown with 

phenyl-F5 in T11 only exhibiting an overall +10 Å² CCS increase; 

- the bulky tert-butyl group is more efficient at increasing CCS than CF3 with +20 Å² for 

T9 (vs +14 Å² for T4) in singly substituted moieties and +35 Å² for T10 (vs +21 Å² for 

T8) in disubstituted moieties, respectively, but the CCS shift remains below the targeted 

+40 Å²; 

- with CCS increase of +14 Å² for naphthyl in T6 and +29 Å² for pyrenyl in T7, 

condensation of aromatic rings seems to be a poorly efficient approach; 

- in contrast, a string of aromatic rings appears as the most promising option, with a CCS 

increase of +25 Å² when switching from phenyl in T2 to biphenyl in T5. 

Accordingly, strings with an increasing number of aromatic rings were considered for CCS 

calculation of nitroxides. As shown in Figure 6, the same +25 Å² increase is obtained upon 

each addition of one aromatic ring: as a result, the ter-, quater- and quique-phenyl tags all fulfill 

the +40 Å² requirement for safe IMS-resolution from the phenyl tagged-nitroxide (T2).  
 

 
Figure 6. calcCCSHe (Å2) predicted for protonated nitroxide holding p-terphenyl, p-quaterphenyl 

and p-quinquephenyl tag, that is, an increasing number of phenyl rings compared to T2 and T5.    

 

Extrapolating CCS differences calculated between these three candidates and Ti nitroxides 

(Table S2) to nitroxide-terminated PDE oligomers permits to envisage the MS-(CID)-IMS-

(CID)-MS coupling to sequence tetrablock PPDEs, with the two inner blocks labelled with 

either p-quinquephenyl or p-quaterphenyl and any of the Ti tags. The p-terphenyl candidate can 

only be used in conjunction with T2, T3 or T11, but adding the quinquephenyl tag would allow 
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IMS resolution of three inner blocks and hence serial sequencing of PPDEs comprised of five 

blocks. 

 

CONCLUSIONS 

This study is an additional demonstration that the structure of digital polymers can be adapted 

to best fit requirements of analytical methodologies conceived to improve their de novo 

sequencing. The design of tags enabling the IMS separation of inner blocks requested to 

perform serial sequencing in MS-(CID)-IMS-(CID)-MS was less straightforward than 

conception of mass-tag aimed at preventing their mass coincidence. Yet, capitalizing on the 

peculiar conformation of these blocks at the 2– charge state, with the tag pointing out of the 

coil formed by the coded segment, tagged nitroxides were shown to be relevant models for CCS 

predictions while minimizing calculation costs. It is worth mentioning that the 40 Å2 CCS shift 

established here for safe separation of blocks is to be related to the quite low resolution of the 

instrument used in this study, and alternative IMS technologies offering higher resolving power 

should make this requirement less stringent. Of course, these predictions still remain to be 

validated experimentally but synthesis efforts can now be focused on preparation of PPDEs 

involving the sole tags predicted to induce IMS resolution of inner blocks. This is the reason 

why only para isomers have been considered when simulating CCS of nitroxides with an 

increasing number of aromatic rings: their bromo-derivatives are commercially available, 

which will facilitate the synthesis of the corresponding nitroxides to be involved in the 

preparation of block-truncated PPDEs. If successful, this will show that mass-tags can also be 

used as shape-tags to highly accelerate the readout protocol of these digital polymers. 
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