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Introduction

As inspired by the information-storage capacity of DNA, [1] digital polymers are functional macromolecules that store binary information at the molecular level in form of a controlled comonomer sequence. [2][3][4][5][6][7][8][9] Indeed, a string of information can be implemented in a polymer using two or more comonomers intentionally defined as single bits or groups of bits, allowing encryption of any desired binary sequence in the chains. These polymers are typically prepared by automated solid-phase synthesis, which consists of attaching monomers one-byone on a solid-support and hence permits to insert coding motifs at precise positions in chains containing up to 100-150 repeating units. Longer chains are not attainable by stepwise synthesis and an efficient strategy to circumvent this limitation is to produce large libraries of medium-sized macromolecules, as demonstrated to store about a megabyte of data in DNA chains. [10][11][12] Writing information in the structure of non-naturals polymers is also very appealing as they offer many advantages over DNA. Because it can proceed by simpler protecting-group-free methods, [13] solid-phase synthesis of abiotic polymers is often easier than for DNA. Moreover, the macromolecular structure of non-natural species can be optimized to control their fragmentation for best sequencing by tandem mass spectrometry (MS/MS). Such structural designs always aim at reducing the number of dissociation routes, in order to avoid signal dilution when dealing with long chains, while still enabling full sequence coverage. For this purpose, different strategies have been reported: removing reactive functions, [14] controlling the oxidation degree of specific atoms, [15] or introducing linkages of low dissociation energy to make any other bonds MS/MS silent. [16] The latter approach was successfully employed to decipher large amounts of information stored in sequence-defined poly(phosphodiester)s using a routine mass spectrometer. [17] Indeed, the structure of long chains produced via automated phosphoramidite chemistry [18][19][20][21] was reengineered to enable their de novo sequencing, in spite of the numerous fragmentation routes experienced by their repeating units when subjected to collision-induced dissociation (CID).

To do so, reagents including alkoxyamine linkages were used to introduce weak bonds between short coded sub-segments (for example, between two consecutive bytes). As a result, the reading step is simply based on MS/MS sequencing of sub-segments released upon homolysis of all C-ON bonds in these alkoxyamine-modified poly(phosphodiester)s. Indeed, using a two-step protocol (Supporting Information, Figure S1), intact synthetic chains ionized as polyanions are first subjected to in-source collisional activation that cleaves each inter-byte alkoxyamine linkage, and so-released sub-segments are then individually submitted to a second activation stage for MS/MS sequencing based on polyphosphate dissociation rules. [22] Due to the lack of precursor ion selection before the first activation stage, this sequencing protocol based on two CID steps is designated as a pseudo-MS 3 experiment. The use of specific tags to label each sub-segment for its initial location in the chains permits to readily reconstruct the information originally encoded in the backbone of these digital poly(phosphodiester)s. Very recently, this simple strategy was used in conjunction with an expanded monomer alphabet (e.g. using 4 or 8 coded monomers instead of two) to afford high-capacity digital poly(phosphodiester)s. [23] Indeed, 144 bits of data were stored on and extracted from a polymer single chain, which is to our knowledge the longest non-natural decodable sequence ever reported.

Although this analytical strategy allows full sequence coverage of all coded sub-segments, and hence reliable recovery of messages stored in poly(phosphodiester)s, automation of the reading step with the MS-DECODER software [24] is currently impossible. Indeed, automated identification of fragments in pseudo-MS 3 spectra requires ions to be produced with sufficiently high abundance, which is hardly achieved with the cleavable spacer used so far. This spacer is composed of an amide-containing segment, (CH 2 ) 3 NH(CO)C(CH 3 ) 2 , connected to a 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) nitroxide: upon C-ON bond homolysis in MS 2 experiments, the former moiety becomes the  termination of all sub-segments but the last one, whereas TEMPO becomes the α termination of all sub-segments but the first one (Supporting Information, Scheme S1). While the TEMPO nitroxide is highly stable, the carbon-centered radical constituting the -termination of sub-segments fragments is too reactive during the second activation stage (pseudo MS 3 experiments). The observed radicalinduced dissociation routes efficiently competes with phosphate bond cleavages, which gives rise to an overall decrease of useful fragment abundance and hence jeopardizes their automated identification.

In this study, phosphoramidite reagents including new TEMPO-based alkoxyamines were developed and employed to prepare automatically-decodable poly(phosphodiester)s. To prevent the above-mentioned side reactions which occurred with the amide moiety (Scheme 1a), herein, we developed original alkoxyamine spacers bearing a highly delocalized rigid linker, namely the 1-ethyl-phenyl moiety. The effect of the linker position, i.e. as pendant group (Ring OutSide Chain, namely ROSC, Scheme 1b) or in the main chain (Ring InSide Chain, namely RISC, Scheme 1c), on the alkoxyamine dissociation selectivity was studied by electron paramagnetic resonance (EPR) of the monomeric spacer. The new structural designs were then scrutinized for their efficiency at limiting undesired radical-induced reactions during pseudo-MS 3 of the first sub-segment using poly(phosphodiester)s composed of two bytes, prior to studying longer polymers.

Results and discussion

Reactivity of the terminal carbon-centered radical

In order to rationalize the development of new alkoxyamines, dissociative reactions experienced by sub-segments released upon C-ON bond homolysis of TEMPO-based digital poly(phosphodiester)s were studied in details. Prior to using the expanded phosphoramidite alphabets which have been recently described, [23] the model digital polymers employed to evaluate alkoxyamine spacers were encrypted using two monomers only. Rules for coding and decoding this binary monomer alphabet are described in details in previous publications. [17,20,21] As previously mentioned, these polymers are prepared with an alkylamide-TEMPO spacer (Scheme 1a) which leaves the (CH 2 ) 3 NH(CO)C • (CH 3 ) 2 moiety as the  termination of the first sub-segment during the first activation stage. This is exemplified with the two-byte containing polymer P0 (Supporting Information, Table S1), which CID leads to two triply charged sub-segments (Supporting Information, Figure S2) when activated as its preferential 6-form (i.e., 3 deprotonated phosphate per sub-segment). Activation of the m/z 433.7 sub-segment containing the first byte conducts to two main types of dissociation pathways (Figure 1). The first one comprises cleavages of backbone phosphate bonds that produce ions useful for sequencing. These are α-containing (i.e., a i z-

, b i z-, c i z- , d i z-
) and -

containing (i.e., w i z- , x i z- , y i z- , z i z-
) product ions typically employed to reconstruct the sequence (annotated with colored square labels in Figure 1). [22] However, sequence recovery is achieved with α-containing fragments only because most product ions containing the original  termination are missing, as illustrated by many empty cells in the w/x/y/z raws of the coverage table (inset of Figure 1). S3). Due to α = HO, some fragments are not expected (n.e. in grey cells). Secondary would generate the triply charged by-product III at m/z 396.1 (in brown, Figure 1). Of note, collisional activation is also observed to promote oxidation of the triply charged m/z 433.7

precursor, as revealed by the doubly charged fragment at m/z 650.6 (designated by a purple star in Figure 1). Such charge stripping reactions were first reported in high energy (keV) collision regime [25] but were also observed at lower energy as in the case of oligonucleotides. [26] It should also be noted that the charge state of the dissociating subsegment has no influence on the type of observed fragmentation reactions. This last result suggests that long range stabilizing effects reported for some distonic anions [27,28] are not significant in the studied species. Accordingly, these reactions should no longer proceed with an alternative termination of increased steric hindrance or increased stiffness. In addition, any moiety improving radical stabilization via delocalization of the unpaired electron would help reducing its reactivity. To do so, the ROSC and RISC strategies depicted in Scheme 1 were explored.

Alkoxyamine spacer with increased electron delocalization (ROSC strategy)

Increasing the radical delocalization is correlated to an increase of the C-ON homolytic dissociation rate constant k d and therefore a diminution of its activation energy, E a,d . [29] This may lead to a poorly stable polymer and the activation energy of the possible ROSC structures was therefore estimated from the k d calculated with the multiparameter equation (1) established by Bertin et al. in 2005 for TEMPO-based alkoxyamines: [30] (1)

This equation is an empirical evaluation of k d at 120°C from the radical stabilization constant σ RS , the universal electrical Hammett constant σ I , and the steric constant ν (detailed calculations are given in Supporting Information). Earlier MS/MS experiments have shown that, while CID of poly(phosphodiester)s built with a di-methylated spacer (Table 1, a) only leads to C-ON bond homolysis, phosphate bond cleavages become competitive for polymers constructed with a mono-methylated spacer (Table 1, b). [17] The dissociation rate constant of the latter alkoxyamine was therefore estimated with equation (1) and considered as upper limit of k d . From calculations summarized in Table Among the various possibilities to prepare alkoxyamine compounds, one of the most robust and convenient consists of performing a coupling reaction between an alkyl radical and a nitroxide under atom transfer radical addition (ATRA) conditions. [31] The first alkoxyamine candidate includes a pendant phenyl group (hence named Ring OutSide Chain, ROSC) and was prepared according to the 4-step chemical pathway described in Scheme 3. Typically The ROSC phosphoramidite reagent was then employed to prepare the P1 polymer composed of two bytes, HO-00000000-ROSC-11111111-T (Supporting Information, Table S1). The negative mode ESI mass spectrum shows a monodisperse sample, with P1 distributed over charge states ranging from -3 to -9 (Supporting Information, Figure S5).

During the first activation stage, homolysis of the ROSC spacer cleaves the [P1 -6H] 6- precursor ion in two complementary triply charged sub-segments (Supporting Information, Figure S6). Activation of the m/z 407.4 ion containing the first byte leads to the pseudo-MS 3 spectrum shown in Figure 2. The major product ion in this spectrum is a doubly charged species at m/z 504.0 (in red), which formation would require a backbiting process (Supporting Information, Scheme S2) which is obviously not hindered by the bulky benzyl group. The alternative elimination of styrene from the terminal styryl radical yields the triply charged m/z 372.7 species (in pink), which quite low abundance can be explained by a consecutive fast radical-induced depolymerization process (Supporting Information, Scheme S3). Oxidation of the precursor ion is also observed, yielding the doubly charged fragment at m/z 611.1

(designated by a purple star in Figure 2). As a result of these side reactions, many w/x/y/z product ions containing the original  termination of the m/z 407.4 precursor ion are missing (see coverage table in inset of Figure 2). Yet, full sequence coverage of byte 1 can be achieved with α-containing fragments, all detected but some with very minor abundance (Supporting Information, Table S4). This is in contrast with the sub-segment containing the second byte of P1, which CID yields all expected αand -containing product ions (Supporting Information, Figure S7 and Table S5). 611.1 designates an oxydation product of the precursor ion. Inset: coverage table of the 00000000 byte with each cell reporting the charge states of fragments produced after phosphate bond cleavages (Supporting Information, Table S4). Due to α = HO, some fragments are not expected (n.e. in grey cells). Secondary product ions are in grey, including

[0 -H] -at m/z 137.0 (#).

Alkoxyamine spacer with increased delocalization and stiffness (RISC strategy)

In order to prevent CID side-reactions still observed for the ROSC-based P1, a second alkoxyamine was designed with a phenyl ring inside the main chain to also increase the stiffness of the  moiety of the first sub-segment. The so-called RISC (Ring InSide Chain) species was prepared in 5 steps (Scheme 4), starting with Wohl-Ziegler bromination of 4benzaldehyde b1 which afforded b2 in 20% yield, followed by formation of the alkoxyamine b3 in ATRA conditions (82% yield). The benzaldehyde was then reduced with NaBH 4 to afford diol b4 in 71% yield, which primary alcohol was selectively protected with DMT-Cl to produce b5 in 64% yield. Final functionalization with O-2-cyanoethyl-N,Ndiisopropylchlorophosphoramidite afforded the targeted RISC b6 in 42% yield, as confirmed by NMR (Supporting Information, Figure S8) and ESI-HRMS and MS/MS (Supporting Information, Figure S9). EPR study of RISC permitted to determine a dissociation rate constant of 8.7•10 -4 s -1 at 127°C, corresponding to an activation energy of 133.6 kJ mol -1 consistent with values estimated in Table 1 and literature data. [32] Scheme 4. Synthesis of RISC, b6. The byte-truncated polymer P2 (Supporting Information, Table S1) prepared with the RISC phosphoramidite reagent was observed with charge states ranging from -4 to -10 in negative mode ESI-MS (Supporting Information, Figure S10). Activated homolysis of RISC yields the expected complementary sub-segments (Supporting Information, Figure S11 S6). Due to α = HO, some fragments are not expected (n.e. in grey cells).

Most x i z-ions cannot be determined (hence annotated with an asterisk) because they interfere with 13 C isotope of a i z-ions. Secondary product ions are in grey, including [0 -H] -at m/z 137.0 (#).

These CID data allow full coverage of the byte sequence but, as illustrated by the inset table of Figure 3, some fragment series are incomplete. On the one hand, most x i z-ions cannot be validated due to an isotopic interference with a i z-ions. On the other hand, some product ions containing the α termination are missing (e.g., the largest c i z-ions). This is actually a sensitivity issue, due to the quite low abundance of the [P2 -6H] 6-primary precursor yielding small amounts of the m/z 412.0 secondary precursor. Indeed, in contrast to the monodisperse ROSC-based P1 polymer, ESI(-)-MS of the P2 sample shows four main impurities (named A-D) of lower mass but higher intensity than the targeted P2 polymer (Supporting Information, Based on these features and using accurate mass measurements as a support, structural assumptions could be proposed for impurities A (Supporting Information, Figure S12a) and B (Supporting Information, Figure S12b). In both cases, proposed structures suggest a nucleophilic substitution in benzylic position with ammonia (for impurity A) or methylamine (for impurity B), the two reagents used to cleave chains from their solid support at the end of the synthesis. Because such impurities were not formed during the cleavage step of the ROSC-based P1, where the last phosphate group of byte 1 was in a homobenzylic position, the RISC structure was modified accordingly and the RISC2 spacer was investigated.

RISC2 was hence synthesized in 6 steps starting from commercially available 4acetylphenylacetic acid (Scheme 5) starting with NaBH 4 reduction of 2-(4-acetylphenyl)acetic acid (c1) yielding alcohol c2 in 67% yield followed with chlorination in THF with concentrated HCl in 72% yield. The resulting 2-(4-(1-chloroethyl)phenyl)acetic acid (c3) was then selectively reduced with BMS to produce alcohol c4 in 73% yield, which was then involved in the same synthesis route than ROSC in Scheme 3, with DMT-protection (c5 in 88% yield), ATRA (c6 in 86% yield) and phosphoramidite functionalization (c7 in 48% yield). RISC2 was fully characterized by NMR (Supporting Information, Figure S13) and mass spectrometry (Supporting Information, Figure S14). This synthesis took advantage of the selectivity of the borane reduction of a benzoic acid in presence of a benzyl chloride. [33] It should be noted that the molecule is prone to dimerization before DMT protection since the primary alcohol resulting from the borane reduction is a good Lewis base. The c4 intermediate was hence stored at -18°C before step (ii) and dissolved at low temperature before slow addition to a well stirred solution of DMT-Cl with 1.5 eq of anhydrous pyridine.

The dissociation rate constant determined by EPR for RISC2 was 1.1•10 -3 s -1 at 133°C, corresponding to an activation energy of 134.7 kJ mol -1 consistent with values estimated in Table 1 and literature data. [32] The byte-truncated poly(phosphodiester) P3 prepared with RISC2 has two identical bytes composed of eight 0 units, which corresponds to a C 77 H 156 N 3 O 74 P 17 elemental composition and a monoisotopic mass of 2833.4076 Da (Supporting Information, Table S1). Negative mode ESI-MS shows a monodisperse sample, with P3 detected with charge state ranging from 3-to 7-(Supporting Information, Figure S15). This result shows that the structure of RISC2 S7). Due to α = HO, some ions are not expected (n.e. in grey cells). Peaks annotated in grey are secondary fragments including deprotonated 0 units at m/z 137.0 (#).

Sequencing of RISC2-terminated central bytes

The performance of RISC2 to prevent side reactions during MS/MS of first bytes was also tested for central bytes that experience additional undesired dissociations due to the presence of nucleotide tag (used to retrieve initial bye location, Supporting Information, Figure S1) in the vicinity of the terminal radical moiety (Supporting Information, Scheme S1c). When using the amide-containing spacer, these alternative reactions are identical regardless of the nucleotide tag, also rely on a high flexibility of the linear (CH 2 ) 3 NH(CO)C • (CH 3 ) 2 terminal moiety (Supporting Information, Scheme S4) and efficiently compete with phosphate bond cleavages useful for sequencing (Supporting Information, Figure S17). The RISC2 spacer was hence used to prepare the four-byte poly(phosphodiester) P4 (Supporting Information, Table S1) as a monodisperse sample (Figure S18). The [P4 -12H] 12-precursor ion was selected to favor production of sub-segments as triply charged ions during the first activation stage (Supporting Information, Figure S19). CID spectra of the second byte labeled with adenine (Figure 5a) and of the third byte labeled with cytosine (Figure 5b) do not exhibit any sidereaction products but only display ions resulting from phosphate bond cleavages. As illustrated by inset tables of Figure 5, full sequence coverage is readily achieved for both subsegments. Amongst all expected fragments, only one ion (c 7 2-) remains not assignable due to coincidence of its m/z 599.1 value with that of the precursor ion. Mass characteristics of the RISC2 spacer were then implemented in the MS-DECODER algorithm developed for alkoxyamine-containing poly(phosphodiester)s, allowing automated sequence and localization of each byte to be successfully performed in 50 to 100 ms (Supporting Information, Figure S20). 

Automated sequencing of high-capacity digital poly(phosphodiester)s

In order to demonstrate that a complete data file stored in a single molecule can also be read in a fully automated manner, the RISC2 alkoxyamine was used in conjunction with an expanded phosphoramidite alphabet to store a black and white image of 80 pixels in the P5 polymer (Supporting Information, Table S1). Recently developed to enable a storage density of 2 bits per monomer, [23] this alphabet is based on a library of four binary dyads 00, 01, 10 and 11 (Supporting Information, Scheme S5). The image was created in a grid of 10 columns and 8 raws, converted into a binary sequence using the convention "white = 0, black = 1", and the binary string was then converted into a coded monomer sequence according to the dyadlanguage. The so-obtained five-block P5 poly(phosphodiester) was produced as a monodisperse sample, as supported by ESI-MS data (Supporting Information, Figure S21a).

The observed charge state distribution ranges from 8-to 19-, with one of the preferential charge states corresponding to 3 negative charges per sub-segment. Activated homolysis of RISC2 in this [P5 -15H] 15-precursor yields the expected complementary sub-segments (Supporting Information, Figure S21b). The m/z value measured for each triply charged subsegment permits to retrieve their initial location thanks to the tag system but is associated to a set of possible dyad combinations (Supporting Information, Table S10), in contrast to the unique 0/1 composition obtained when using the alphabet where one unit codes for one bit. This is a consequence of the mass of dyads used here, with 138.0 Da for 00, 152.0 Da for 01, 166.0 for 10 and 180.1 for 11, leading to mass coincidences when combined within a given sub-segment. For example, the first sub-segment of P5 detected at m/z 435.4 as a triply charged ion has a mass of 1309.2 Da which includes the 1160 Da contribution of the coding string that be obtained with 6 "00" + 1 "01" + 1 "11", 6 "00" + 2 "10", 5 "00" + 2 "01" + 1 "10", or 4 "00" + 4 "01". As a result, it takes more time for the MS-DECODER to decode each sub-segment written with dyads (1 second, on average) compared to the 100 ms requested to retrieve the binary information encoded with monomers "0" and "1". Yet, all pseudo-MS 3 spectra recorded for P5 (Supporting Information, Figure S21c) were successfully processed. Based on the location tag system, the MS-DECODER software enables proper alignment of all sub-segments according to their initial sequence in the chain (Figure 6, left part) and, providing that the user defines the image definition (10 columns x 8 raws), readily reconstruct the black and white image (Figure 6, right part). 

Conclusion

In summary, it was shown herein that precise alkoxyamine-design allows preparation of automatically-decodable digital poly(phosphodiester)s. Among all alkoxyamines studied in this work, RISC2 turned out to be, by far, the most efficient. Indeed, this particular design efficiently suppresses side-peaks that usually prevent MS/MS automated decryption with the software MS-DECODER. As a result, model digital polymers could be decrypted in a fully automated manner: after loading all pseudo-MS 3 files recorded for a given polymer, the algorithm was developed to decode each sub-segment and to align all sub-segments according to their initial order in the chain thanks to the location tag system. These results constitute an important step-forward in the field of non-biological digital polymers. Poly(phosphodiester)s being currently the only family of synthetic polymers allowing high capacity storage, [23] the automatic decryption of these polymers opens up very interesting perspectives for fast and parallel sequencing. Using RISC2 in conjunction with expanded phosphoramidite alphabets was shown to allow fast (5 seconds) interpretation of a black and white image stored in a synthetic poly(phosphodiester) and, when combined with appropriate compression algorithms, this may also allow efficient processing of larger amounts of information as requested to encode texts, videos or secure data. These results further indicate that precise macromolecular-engineering is a key strategy for improving the storage properties of digital macromolecules. Consequently, the performances of non-natural informational polymers may soon equal or even surpass those of biological polymers. [34] Experimental section See Supporting Information

Scheme 1 .

 1 Scheme 1. Comparison between the radicals formed upon C-ON bond homolysis with (a) the former and new alkoxyamine spacers following the (b) ROSC or (c) RISC strategy.

Figure 1 .

 1 Figure 1. CID spectrum of the m/z 433.7 sub-segment containing the first byte of P0. Besides phosphate bond cleavages leading to fragments annotated with colored square labels, the triply deprotonated precursor (black structure) experiences three main radical-induced side reactions (depicted in Scheme 2) to generate by-products I (m/z 400.4, in red), II (m/z 532.1, in pink), and III (m/z 396.1, in brown). Further dissociation of these byproducts leads to signal annotated with pink triangles. The purple star at m/z 650.6 designates an oxidation product of the precursor ion. Inset: coverage table of the 01001000 byte with each cell reporting the charge states of fragments produced after phosphate bond cleavages (Supporting Information, TableS3). Due to α = HO, some fragments are not expected (n.e. in grey cells). Secondary

  product ions are in grey, including [0 -H] -at m/z 137.0 and [1 -H] -at m/z 165.0 (annotated by #).These missing fragments are due to the occurrence of the second type of reactions induced by the reactive carbon-centered radical termination of the dissociating precursor ion. As depicted in Scheme 2a, H • abstraction by this radical carbon would occur at the first methylene moiety of the  end-group to generate the triply charged by-product I at m/z 400.4 after elimination of a 100.1 Da radical (in red, Figure1). Alternatively, H • could be transferred from the first methylene moiety of the last coding unit (Scheme 2b) to yield the doubly charged by-product II at m/z 532.1 together with the m/z 237.1 anion (both in pink in Figure1). Finally, the radical-induced elimination of dimethylcyclobutanamide (113.1 Da) depicted in Scheme 2c

Scheme 2 .

 2 Scheme 2. Mechanisms proposed to account for radical-induced pathways experienced by sub-segments containing the first byte of poly(phosphodiester)s built with the alkylamide-TEMPO spacer.

Scheme 3 .

 3 Scheme 3. Synthesis of ROSC, a5. (i) HCl aq 37%, CHCl 3 , r.t, 1h; (ii) DMT-Cl, anhydrous pyridine, anhydrous THF, r.t, overnight; (iii) 4-hydroxyTEMPO, CuBr, Cu 0 , PMDETA, THF, r.t., overnight; (iv) O-2-cyanoethyl-N,N-diisopropylchlorophosphoramidite, DIPEA, anhydrous DCM, r.t, 1h. See details in supporting information.

Figure 2 .

 2 Figure 2. CID spectrum of the m/z 407.4 sub-segment containing the first byte of P1. The triply deprotonated precursor ion (black structure) experiences radical-induced side reactions

  Scheme 4. Synthesis of RISC, b6. (i) BMS, anhydrous THF, rt, overnight; (ii) DMT-Cl, anhydrous pyridine, anhydrous THF, r.t, overnight; (iii) 4-hydroxyTEMPO, CuBr, Cu 0 , PMDETA, degassed THF, r.t., overnight; (iv) O-2-cyanoethyl-N,Ndiisopropylchlorophosphoramidite, DIPEA, anhydrous DCM, r.t, 1 h. See details in supporting information.

  ) and further CID of the m/z 412.0 ion containing the first byte of P2 gives rise to the pseudo-MS 3 data reported in Figure 3. All product ions observed in this spectrum result from cleavages of phosphate bonds, including those holding the original  termination of the dissociating subsegment. No side-product resulting from radical-induced reactions could be detected and, interestingly, charge stripping was not observed to occur for the m/z 412.0 precursor. These results clearly indicate a very low MS/MS reactivity of the RISC segment constituting the  termination of the dissociating sub-segment.

Figure 3 .

 3 Figure 3. CID spectrum of the m/z 412.0 sub-segment containing the first byte of P2, showing that dissociation only occurs via phosphate bond cleavages. Inset: coverage table of the 00000000 byte with each cell reporting the charge states of fragments (Supporting Information, TableS6). Due to α = HO, some fragments are not expected (n.e. in grey cells).

Figure

  Figure S10). When subjected to CID, all impurities exhibit the same dissociation pattern, with C-ON bond homolysis yielding a single product ion at m/z 600.5 corresponding to the subsegment containing byte 2 at the right-hand side of the alkoxyamine linkage (Supporting Information, FigureS12). For each species, the defective part at the left-hand side of the C-ON bond has a very low mass (134.1 Da for A, 148.2 Da for B, 196.1 Da for C and 247.1 Da for D) compared to the perfect one (1225.2 Da) in P2. Moreover, this defective part is never detected as a charged fragment, which indicates that it does not contain any phosphate groups.

Scheme 5 .

 5 Scheme 5. Synthesis of RISC2, c7. (i) NaBH 4 , EtOH, rt, overnight; (ii) HCl 37%, THF, 0°C, 4h; (iii) BMS, anhydrous THF, rt, overnight; (iv) DMT-Cl, anhydrous pyridine, anhydrous THF, r.t, overnight; (v) 4-hydroxy-TEMPO, CuBr, Cu 0 , PMDETA, degassed THF, r.t., overnight; (vi) O-2-cyanoethyl-N,N-diisopropylchlorophosphoramidite, DIPEA, anhydrous DCM, r.t, 1h. See details in Supporting Information.

  has kept intact during the cleavage step, and hence confirms our assumptions regarding the origin of impurities A and B found in the P2 sample. Collisional activation of [P3 -6H] 6- conducts to homolysis of the C-ON bond in RISC2 and subsequent release of the two expected complementary products (Supporting Information, FigureS16). As shown in Figure4, the CID spectrum of the m/z 416.7 sub-segment containing the first byte of P3 only displays fragments of quite high abundance resulting from phosphate bond cleavages. The reason why all -containing fragments are detected except x i ions remains unclear. Overall, both MS and MS/MS data clearly show that RISC2 has an optimal structure to prevent (i) degradation issues while releasing chains from their solid support and (ii) undesired radicalinduced during pseudo-MS 3 sequencing experiments.

Figure 4 .

 4 Figure 4. CID spectrum of the m/z 416.7 sub-segment containing the first byte of P3, showing that dissociation only occurs via phosphate bond cleavages. Inset: coverage table of the 00000000 byte with each cell reporting the charge states of fragments (Supporting Information, TableS7). Due to α = HO, some ions are not expected (n.e. in grey cells). Peaks

Figure 5 .

 5 Figure 5. CID spectrum of a) the m/z 599.1 sub-segment labeled with adenine and containing the second byte of P4, and b) the m/z 591.1 sub-segment labeled with cytosine and containing the third byte of P4. Inset: coverage table of the 00000000 byte with each cell reporting the charge states of fragments (Supporting Information, TablesS8-S9). Peaks annotated in grey are secondary fragments including deprotonated 0 units at m/z 137.0 (#).

Figure 6 .

 6 Figure 6. Output of the MS-DECODER software for automated decoding of the 80 pixel image of a space invider stored in P5.

Table 1 .

 1 Calculated molecular descriptors and activation energy corresponding to the dissociation rate constant calculated with equation (1). An averaged frequency factor A d = 2.4.10 14 s -1 was used to estimate E a from k d,393 . The σ

	alkyl						
	radical						
	σ RS	0.20	0.18	0.41	0.39	0.36	0.34
	σ I	0.07	0.09	0.10	0.12	0.07|0.06	0.09|0.07
	ν	1.42	1.01	1.45	1.20	1.28	0.86
	K d,393 (s -1 )	0.02	1.8.10 -5	76.39	1.56	0.41|0.30	5.3.10 -4 |3.7.10 -4
	E a (kJ.mol -1 )	120.7	143.9	94.0	106.7	111.1|112.2 132.8|134.0

1, the 1-ethyl-phenyl radical structure without amide moiety (Table 1, f) appears as the structure of choice to combine a low activation energy (high k d ) and a high stability (low k d ) of the final polymer. I values of structures e) and f) are directly connected to a phosphate in the final polymer (left values) or to a DMT-protecting group in the initial monomer tested in EPR (right values).

Reliable reading of information coded in the sequence of long poly(phosphodiester)s was previously achieved by introducing an alkoxyamine spacer between information subsegments. In the present work, we show that the structure of this spacer can be designed in a rational manner to prevent side-reactions during MS/MS sequencing and hence enable automated reading of each byte of information in about 100 ms.
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