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A conceptual study of iterative coupling (IC) is performed, providing a unified description and new
research directions. IC chain growth rates and functional group choice are analyzed, guiding
construction of efficient schemes. The concept of cycle efficiency is defined asa more complete
metric of experimental implementations of IC, and then applied to the mainlinearand exponential
IC processes. The mathematical relations between individual reactions, cycles, and the iterative
processas a whole are studied. Finally, macromolecule|Cis proposed as a strikingly complementary
processto standard IC, with potential to reduce the dispersity of non-uniform samples. Due toits
connection with the central limittheorem of statistics, it provides an unusually robust, powerful and

general method forscalable production of polymer samples with narrow distribution. In all, this
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contribution assists development of improved IC processes targeting low dispersity linear oligomers

and polymers.

1. Introduction

The controlled synthesis of polymersis asubject of everincreasingimportance, focusingon the
discovery of general and reliable techniques for obtaining polymers with target sequences and
molecularweightranges with low dispersity. One of the techniques availablefor achieving these
uniform (or monodisperse) materials is the stringent purification of low dispersity polymersamples
from controlled polymerization processes, such as described by Lawrence etal.™ This “top-down”
approach is complemented by iterative coupling (IC), a “bottom-up” process where aplanned
sequence of reactions and purifications canresultin asingle product with precisely known

structure.”!

Though there are many published implementations of IC, these can largely be represented by the
two schemes shown in Figure 1. With the adequate use of protected functional groups, itis possible
to establishiterative cycles, whereby the chemical functionality of achainisrecovered aftera
sequence of reactions and allows a set of transformations to be repeated. Figure larepresentsthe
main linearICcycle, while Figure 1b represents the main exponential IC cycle. Here, the descriptors

linearand exponential refer to the growth rate of the chains as they undergo multiple cycles.

LinearICis by far the most popularIC method. The simplicity of the chemistry used and the absolute
control oversequence composition and length is well-suited to the synthesis of biomolecules,
including oligopeptides'” and oligonucleotides,® and has promise in the emerging field of sequence-

controlled and sequence-defined polymers.'**® Advances in cross-coupling reactions, especially C-C
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bond-formingreactions, mayleadtolinearICbecomingafundamental part of syntheticchemistryin

general.™

n contrast, exponential IC (also known as repeated molecular doubling, ** divergent/convergent
approach,™ iterative binomial synthesis,"* and iterative exponential growth™!) is most suited to
the fast synthesis of homopolymer chains, or otherchains with simpl e periodicity (e.g. alternating or
diblock copolymers).®*® Though exponential IC can, in principle, also furnish sequence-defined
polymers of arbitrary complexity, very complex chains can require many additional syntheticsteps to
be accommodated, eventually making the process hardly distinguishablefromalinearIC process. It
isnoteworthy, however, thatlinearICis a subset of the possibilities allowed by the chemistry

developedforanexponential IC process.

The work publishedinIChas so far been largely empirical. An excellent recent review by Solleder et

|, (31

al. covers a wide range of syntheticimplementations of ICin general,”™ while additional reviews exist

[17,18] [19,20]

focusingonlinear|Cchemistry oronexponential IC chemistry.

the growing importance of ICin polymer synthesis has recently lead to the

In alandmark review,
classification of “multistep-growth synthesis” as a third major approach for producing polymers, on
par with chain-growth and step-growth polymerizations, and with distinctand complementary
properties. However, the basictheoretical properties of IChave not been fully described in the
literature. Inthis work, we attempt to mitigate this deficiency. We believe the framework provided
will be beneficialto guide and interpret experimental results, provide a clearer comparison of the

efficiency of different chemical processes, and allow the discovery of new implementations and

applications of IC.

Author Manuscri

The fundamental question of ICis the following: how can a collection of monomers be coupled into

the targetoligomer/polymerin as few steps as possible? We shall start with a very general analysis
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centered onlinear polymers, and then introduce chemical considerations to infer the most
promising processes. Throughout this paper, forsimplicity we generally assume the use of pure
reagentsineachiterative cycle, and thereforeassume the cycle products are purified stringently
duringiteration. The adequate purification of intermediatesin aniterative process aimingfora
uniform polymeris achallengingaspectin the field,"* but we do not address the matter of impurities

guantitatively here.

2. Iterative Growth Rates

To simplify matters as much as possible, any functional groups present are initially neglected, and

linearhomopolymerchains are considered solely as a concatenation of monomer repeating units. A

concise diagram can then be drawn for proposed syntheses of a polymer chain (Figure 2).

As a concrete example, consider the multiple methods of reaching an octamerfroma sample of
monomers (Figure 3). The chain may be built by couplingone unit at a time, as shownin Figure 3a.
The total number of coupling reactions performedin diagramis directly visualized as the number of
points where lines meet. Therefore, the simplest approach would require atotal of seven distinct

couplingreactionsto be performedinsequence (oringeneral, one less than the desired i-mer).

Many alternative syntheses may be proposed by changing the order of reactions. At a first glance the
total number of coupling reactions to reach the target octamer in any reaction sequence remains the

same (Figure 3b). However, itisimportant to note that not all couplingreactions need be distinct. In

Author Manuscri

this case, instead of performing asame coupling reaction multipletimes, it may be performed only
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once and the product used whereverelseitisrequired. Each time a particular materialisreusedin

anotherbranch, a couplingreaction may be omitted (Figure 3c).

herefore, itis clearthatdesigningareaction scheme containingas few distinct couplingreactionsis
highly advantageous. Inthe extreme where this is exploited at every possible opportunity, the
strikingly simple diagramin Figure 3d is obtained. The effect builds uponitself, andis the
fundamental origin of the fast growth rate seenin exponential IC. The best-case scenariois achieved
wheneverthe targetchainisa 2V-mer, the longest chain forwhich only N distinct coupling reactions

are required.

More generally, itis not necessary thatonly two chain segmentsjoin duringa coupling step; three,
fouror even more chains can theoretically be coupled togetherin asingle reaction. These can
described within the diagrams by having additional lines meet simultaneously (Figure 3e and 3f).
Unsurprisingly, when more units are allowed to couple in asingle step, even fasterchain growth
rates can be achieved. If k segmentsare allowedtojoininasingle step, thenthe longest chain

achievable from a sample of monomerafter N reactions contains k¥ segments.

However, isshould be noted that this theoretical faster growth rate comes at a very steepincrease
inthe difficulty of practical implementation. Any scheme with kN growth rate can be emulated by a
2N growth process with log, k-times as many coupling reactions, while being substantially more
accessible. Furthermore, increasing the base of an exponential curve (e.g. from 2V to 3") isa
comparatively small effect with respect to the change in paradigm when going from linear growth to
any exponential growth. Combining these facts, there are diminishing returns when aiming fora

process with greaterthana 2N growth rate.

In more complex schemes, the base of the exponential growth may not be an integer. Forexample,

Kock, Smith and Heeney construct a “Fibonacci” IC process with a sequence of interleaving coupling
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reactions between two segments,?? which possesses an asymptotic growth rate of @V, where

@ =~ 1.618 is the goldenratio.

astly, itshould be noted that fundamentally faster growth rates are achievable underdifferent

assumptions. Forexample, if the target polymer need not be linear, then adouble -exponential (22N)
growth scheme has been previously exemplified forthe synthesis of dendrimers, and adiscrete 255-

merwas obtained afteronly three iterative cycles starting from a monomer. !

Duringimplementation of IC, the fastest path achievable towards a particulartarget chain with i
monomericunits depends sensitively on its composition and sequence. Fully linear ICand fully
exponential ICrepresent the respective upper (i — 1) and lowerbounds (practically, log,i) onthe
number of unique coupling steps required. For low-complexity target sequences, such as
homopolymers oralternating co-polymers, the overall fastest process is dominated by exponential
IC, and therefore can match or come close to the lowerbound. Meanwhile, at the limit of
completely random sequences with many distinct monomer units (e.g. proteinsin general), itis
difficultif notimpossible to make use of exponential IC effectively, and even the fastest convergent

synthesis will contain close to the maximum number of unique coupling reactions.

In summary, regardless of the exact characteristics of an IC scheme, the fastest chain growth rates
are achieved when allthe reactantsina particular coupling step are synthesizedinthe step
immediately prior. Thisis the source of exponential chain growth in exponential IC. With thisgeneral

result, we now turn towards a more detailed analysis, including the role of functional groups.

Author Manuscript
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3. Functional Group Considerations
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A partial theoretical survey of functional group choices suitable for linearIChas been performed

previously by Trinh, Laure and Lutz.!"® Here we provide a more global overview and study different

possible outcomes.

To begin analyzing the impact of functional groups towards the feasibility of an IC scheme, we
considertwo chains (two components) with explicit functional groups joining together (Figure 4).
Importantly, in every individual coupling event, one of the functionalities of each chainis retained,
whereasthe otherreactinggroupislost. While there is no restriction on the identity of the retained

functionality, by definition the reacting functionality cannot be in a protected form ( A” or B°).

In the case of two-componentreactions, a plus symbol willbe used to representa coupling reaction
between reagents with functionality specified on each side of the plus symbol. Forexample, Figure 4
displays areaction mixture containing A’Band AB chains, and can be written as an A’B+ABreaction.
This concise notation also suggests the intended type of reaction; A’B+ABimplies the use of BA
cross-coupling reaction conditions (equivalent to AB cross-coupling). Note also that side-reactions
are possible;itwould be hard to stop the AB chains from undergoing self-condensation under BA
cross-coupling conditions, irrespective of the presence of A’Bchains. Therefore an A’B+AB reaction

would likely undergo uncontrolled polymerization and create a mixture of products.

With the distinction between areacting and a retained functionality, all combinations of functional
groups for a linearchain can be listed. For completeness, chains where only one end partakesin
chemical reactions shall also be considered. This can be understood as a lack of functionality on the
otherterminus. More generally, we consider a spectating functional group Swhich does notinteract

with the functional groups A or B, and therefore is necessarily retained. Therefore, there are five
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total options forthe retained functionality (A, B, A?, B’ and S). To simplify matters, itisinitially
assumed the reacting functionalities can only be either A or B. Thisyields atotal of 5x2 = 10
combinations of functional groups fora chain (namely SA, AA, AB, AA”, AB’, SB, BB, BA, BA” and BB").
Consequently, thereare atotal of 10x10 =100 possible two-component reaction mixtures with
these chains, which canreact in AA- or BB-homocoupling, or AB cross-coupling conditions. The
general outcome of all these reactions can be determined and the results are displayed in Figure 5.
Here it isassumed thatthat both reagents have the same chainlength. Clearly if reagents with
different chainsizes are used, there is greater potential for multiple products to be obtained. Some

examples of interpreting the table are shown.

The symmetry of Figure 5 arises from swapping the identity of Aand B, and of reagent 1 and 2,
which are arbitrarily defined. This symmetry allows the same information to be condensed into 30
entries atthe expense of aslightly more cumbersome lookup procedure. The table is clearly divided
into four quadrants of 5x5 = 25 cells. The top-left and bottom-right quadrants represent
homocoupling reaction mixtures, whiletop-right and bottom-left quadrants represent cross-

coupling reaction mixtures.

Certainly, uncontrolled polymerization and formation of multiple products represent the most
undesirableoutcomes. These are showninthe black, red, orange and yellow cellsin Figure 5. Yellow
cellsrepresentsituations which have multiple products with the same functionalities, butina
different state of protection; forexample, the productsinthe reaction mixtureare acombination of
AA, A’ A and A’AP-functionalized chains, which could be converted to a single product by full
protection ordeprotection of the functionalities. In cells marked with an asterisk, multiple
regioisomericproducts can be formed, depending on the molecularstructure of the chains linked.

Altogether, these generally undesirable outcomes are most preponderantin the regions of the table
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describinghomocoupling reactions,and therefore it can be concluded that homocoupling reactions

are ingeneral poorly suited forICschemes.

eanwhile, cross-coupling reactions permit more interesting behaviour. Evenin these regions, itis
notable that most of the possible outcomes are still undesirable, but finally there appear situations

with a high likelihood of forming asingle productin a controlled fashion.

Orange cells can also potentially resultin multiple products, unless alarge molar excess of one of the
reagentsis used. Inthis case, eithera significantamount of reagentis expended to favourthe
formation of a single product and the excess should be recovered to avoid a wasteful process, or the
excess reagentisincorporated twice to formafunctionally symmetric product. Interestingly, inthe
latterscenario, the orange cells have aunique property; they are the only ones where a two-
componentreaction can resultin three chains combining deterministically to form a single product.
This has been exploited in “bidirectional” linear IC,”' an adaptation of the scheme in Figure 1a
where the growing chain contains two symmetricfunctionalities. This variant of linear ICis largely

similarinits propertiesto the main process, and will not be discussed in detail here.

In grey are shown reactions where a pair of functionally desymmetrized (AB, A’B, BA or B°A) or
differentially protected reagents (AA?, A°A, BB’ or B’B) resultin a functionally symmetric product
(AA, BB, A’A” or B°B”). This causes a considerable decrease in the scope of chemical diversification
possible unless anew functional desymmetrizationis performed, whichisin general difficult. In
green are highlighted reactions which are natively compatible with linearIC. Indeed, the reaction
pair SA+BA? (orequivalently SB+AB) describes the standard linear ICscheme shown in Figure 1a. The
SA+AB’ and SB+BA” combination could be used in aform of “alternating” linear IC, where the active

functionalityalternates between Aand B in eachiterative cycle.
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Out of all the previously discussed combinations of functional groups and coupling reactions, only
the blue cellsformed by the combinations A’B+AB” or A°’A+BB’ are generally suitable forexponential
IC without additional considerations. In fact, attemptingiteration of the latter pairreduces to the
formerafterone cycle, after which iteration can be performed with no overall change in the
functionalities used. In this sense, use of the A’B+AB’ combination furnishes the simplest generally
applicable implementation of exponential IC. We reiterate thatlinearICisalso easily performed in

the regions which allow exponential IC.

Thistheoretical analysis can be extended by also considering the cases where additional unique
functional groups Cand D are involved. These functional groups may be relatedto Aand Bin
multiple ways. Forexample, functional group C may be distinct from A while also reacting with B, or
functional group D could be a reactive functional group while also being convertible to A”. Given the
number of possible relations between A, B, Cand D, the complexity of the analysis quickly increases,
with many additional casesto consider. No particular correlation between all the functional groups

will be determined, and we seek only to provide ageneral overview.

Once again, the number of possible combinations of functional groupsin achain can be counted.
Without loss of generality, there exist five total options forthe retained functionality, as before, but
now there are fourreacting functionalities available (A, B, Cand D). It is unnecessary to consider C,
C’, D and D” amongthe retained functionalities, as there would be a suitable swap with the identity
of A or B suchthat they wouldfall inthe above cases. Fora similarreason, the combinations SCand
SD are superfluous. The addition of a fifth functional group Eis notrequired when analyzingasingle
two-component reaction of terminally-functionalized linear chains, as a maximum of four unique

groups may be simultaneously present.
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Therefore, anew total of 18 combinations of functional groups can be written, and these could be
paired upin 18x18 = 324 two-component reaction mixtures. Evaluation of all the reaction outcomes
resultsin Figure 6, of which Figure 5isa subset, visible on the top-left. Notably, even with the use of
more functional groups, homocoupling reactions (shown in the diagonal blocks) still resultin largely
unfavourable outcomes. Meanwhile, afar greatervariety of combinations using cross-coupling can
potentially be used forexponential IC. However, the true suitability of these combinations depends
on furtherdetails of how the functional groups Cand D relate to A and B. A new type of outcome,
where differentially-protected products are generated, can also become suitableif conversion
between Aand Bis possible. As examples of priorworkin the expanded region of Figure 6, the

241 and Lutz and co-

submonomer method forsynthesis of oligopeptoids by Zuckermannetal.,
workers’ synthesis of oligo(triazoleamide)s”’ rely on linear IC using an alternation of SA+CBand

SB+DA reactions to achieve sequence-defined materials. Lutz and co-workers have also explored

linear ICbased on iterated AC+DBreactions, including the use of asupport.?**”

Itisworth briefly contemplating reaction mixtures wherethree or more components all combinein
asingle step. The calculation process here described can be generalized to these situations.
However, attemptingto define athree-component analogue of Figure 6leadstoa three-
dimensional table containing 26x36x26 = 24336 cells. This could be reduced dramatically by
exploiting all available symmetries, butthe unique cases remaining would still numberinthe
thousands. Furthermore, effective exploitation of this space requires use of multiple unique
functional groups, making chemical implementation difficult; when only afew are used, most
reaction mixturesresultin uncontrolled polymerization or multiple products. Nevertheless, three-

componentand evenfour-componentreactions have been investigated in IC processes resultingin

Author Manuscri

highly functionalized uniform oligomers. 28"
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It isimportantto stressthat the information provided in Figure 5and 6 is only meant as a guide for
finding effective IC processes towards the controlled synthesis of linear polymers. Inreality,
additional considerations or real-world behaviour (e.g. reaction kinetics) may resultin different

.BY represents aremarkable method for

outcomes. As an extreme example, the work of [zumi eta
approximately constructing an exponential ICscheme and obtaining discrete polythiophenes by
iteratingan AA+AA reaction, which formally should resultin uncontrolled polymerization. Another
example is given by Hartmann etal.,?” who use a sequence of alternating SA+BBand SB+AA

reactionsona solid support with excess functionally symmetricreagents to synthesize

poly(amidoamine)sviaalinearIC protocol without protecting group chemistry.

Lastly, due to the importance of solid and soluble supportsin IC, we explicitly consider their
integrationinto the functional group analysis. Take, forexample, alinearIC process characterised by
iteration of the SA+BA’ coupling reaction. The genericnature of the spectating functionality S and its
non-participationin the overall process allows it to be directly replaced by any compatible support,
inprinciple. Since the functional group S remains unchanged throughout the IC process, the
substrate stays attached to the support. Thisis, of course, abundantly exemplified by solid-phase
peptide synthesis. Additionally, if afunctional group of achainis inactive when attached toa
support, butis activated (directlyor subsequently) upon cleavage of the support from the substrate,
thenitisentirely possible to use the support-bound functionality as a protected functional group A”
or B, which can be activated to an unbound functionality Aor B. It is even possibleto consider
processes where the bindingto the support causes activation of a protected functionality, butitless
clearwhetherthis mode of action can be effectively used for development of IC processes. Inthis

way, the entirety of Figure 6 is also applicable to support-based IC.

Having performed atheoretical survey of the functional group landscape, furtherfocusis givento

the mainlinearand exponential ICschemes of interest, as shownin Figure 1.
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4. Stoichiometric Analysis of the Main Iterative Coupling Schemes
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As with any chemical procedure, itis essential to compare different IC scheme implementations with
regards to theirsyntheticefficiency. Often this can be adequately determined by looking at the
numerical product of reaction yields based on the limiting reagent, whichis generally the main
substrate of the reaction sequence. However, it shall be made evident that thisis not sufficientto

accurately describe an IC process, which makes comparison of published works less straightforward.

We perform a more in-depth study of stoichiometry initerative processes. The main goal is to
establish the concept of a cycle efficiency (CE), which accurately keeps track of how many repeating
units presentinreagents during the course of aniterative cycle can be foundin the product of the
cycle. Thus, the cycle efficiency forany N cycle (CEy) is given by the ratio of the overall cumulative

yield atthe end of the N cycle (Y;*™*!) and the end of the prior cycle (Y5*™)), as per Equation

(1).

Y[\c]umul

cumul
ot

CEy = ; CEy =y (1)

Thisdefinitionisvery general, andisapplicable forany IC process. The challenge then becomes to
establish the cumulative yields at any point based on the stoichiometric details of the individual
reactions. We propose that calculation of CEy for each cycle furnishes more direct and complete

measures of efficiencyinan IC process, and should be the standard by which published works are

compared.
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We begin by evaluating the main linear ICscheme, which makes use of the two-component SA+BA”
reaction. Forsimplicity, we neglect the spectating functional group S. The important quantities and
terminology used forthis cycle are detailed in Figure 7. It is always assumed that the substrate is the

limiting reagent (R >1).

In allyield calculationsin thisarticle, itisassumed no excess reagent can be recovered. Forexample,
if ten molar equivalents of linker are mixed with substrate during the coupling reaction and no
recovery of this material is performed, then R = 10. If ten molarequivalents are mixed, but four
equivalents are recovered after purification, then for the purposes of the equations here defined, it
isequal to only having used six equivalents (R = 6). Ifadeprotection reaction resultsin the
activation of 80% of moleculesinasample, and 15% of the starting material is recovered unchanged,
thenthe deprotectionyield applicable to the formulasis 0.8/(1-0.15)=94%. It is worth noting that if
recovery of reagentsis veryfacile, especially excess reagent from the coupling reactions, powerful IC

procedures with high cumulative yields can be constructed.

Stipulatinganinitial molaramount ng,; of k-mer substrate allows calculation of the molaramount
of repeating units at the start, kng,;. By keepingtrack of the number of repeating units using the
deprotection and couplingyieldsin each cycle, the amount of substrate can be easily calculated at
any pointthrough the process. The amount of linker consumed is then determined based on the
amount of limiting reagent (substrate) of a coupling reaction. Altogether, thisresultsin the

information displayed in Table S1.

One may be tempted tofocus solely on the substrate. It can easily be determined that the yield with

respectto the substrate Yg,,;, y forany single N™cycle is simply the product of the deprotection yield
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Yp, and couplingyield Y, forthatcycle, as per Equation (2). The cumulative substrate-based yield
Ycumul

subn Up totheendof the N" cycleis simply given by the product of all the deprotection yields

nd couplingyields, given by Equation (3).

YSub N — YDN YCN (2)

YEumt = T8, Y, Y, =TT Ysun, (3)

This definitionissimple, but entirely inadequate onits own, and cannot be used as a reliable metric
of the overall efficiency of alinearICprocess. As an extreme example of how its use is misleading,
consideralineariterative cycle wherethe deprotection stepis performedin 100% yield. The
activated substrate isthen coupled with the linker. However, to ensure every chain grows by one
unitduringthe coupling step, ten times the stoichiometric quantity of linkeris added and the excess
isnot recovered (R = 10). Following standard practice, the chemical yield forthe couplingstepis

reported based on the limitingreagent, and is therefore equalto 100%.

Based on the yield metrics above, this process would be considered perfectly efficient, whenin
truth itis obviousthat the processisinfact extremely wasteful. This discrepancy between the
calculated values and the actual outcome indicate the poor suitability of this metricin describing the

efficiency of the cycle. Evenifa large amount of the excessis recovered, any losses will accumulate.

Author I\/Ianuscri t

Itistherefore imperativetoinclude information about the usage of linker, whichintroduces the

couplingratio R to the equations. Analyzing the consumption of the linker alone, it quickly becomes
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apparentthat calculations based onthe linkerare very different from those of the substrate. Thisis
because from the perspective of the substrate, it undergoes a straight sequence of reactions.
However, fromthe perspective of the linker, it undergoes a multitude of reactionsin parallel, and

thusthe individual yields cannot be multiplied throughout. The linkeryield in each cycle Y, y and

the cumulative yield based on the linker Yfl‘,‘l’ﬁ%l are given by Equation (4) and (5), where we make

<p

use of the definition of an “empty product” ]_[]1-=2 YD]. ch_l = l_[;-l=p f(j) = 1;aproduct of no termsis

equal to 1, the multiplicativeidentity.

(4)

Yiinkn = 5—

N
Ycumul _ NYC1 Hi:ZYDiYCi
LinkN — N T
2i=1(Rz HJ-=2YDJ.YCJ._1)

# [1)L1 Yiinki (5)

Finally, both the substrate and linker are taken into account simultaneously to obtain combined
yields Yy forany N* cycle and cumulative combined yields Y$¥™ from the first to the N cycle,
shownin Equation (6) and (7), respectively. The form of the equations are largely similarto those
consideringonly the linker, and as such, once again the individual yields cannot be multiplied to
generate the cumulativeyield. However, at last, Equation (7) truly characterizes the entirety of the

iterative coupling process accurately.

(k+NDYp, Y,

Yy = 1Ypy Ry +(N=1)l+k (6)
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(k+NDTTEL Yp Y,
N (g 1T
lYD]_[Zi:]_(Rl Hj=2YDjYCj—1)]+k

cumul __
Yy =

# [l Vi (7)

P

Using Equation (7), we can now explicitly writeaformulafor CEy in linear IC processes, given by

Equation (8).

k+Nl 0
CEy = k+(N-11 oy Yon o+1rp RV, Yp Ye, (8)
0 = lYDl[ gL;l(Ring.zzyDjYCj_l)] +k (9)

Unfortunately, mathematical simplification of Equation (8) is limited, and itappears daunting upon
expansion. However, its evaluation is unproblematicwhen performed stepwise from the first cycle,

as is necessaryinany case to fully characterize the iterative process.

Interestingly, while Equation (6) accurately describes the overall yield of anindividual cycle in linear

IC,itis notequal to the cycle efficiency as defined in Equation (1). Thisis ultimately becauselinear|C
consists of “open” cycles, where new material isintroduced in each cycle (the linker). Inevery cycle,

the fraction of linker consumed, relative to the initially available pool, is therefore dependent not

only on the cycle itself, butall those beforeit. This leads to the com plexity of Equation (8).

Itisinterestingto considerwhat happensto the cycle efficiency atvery large cycle numbers. By
takingthe limitand assumingthatthe coupling ratios do not grow without bound, Equation (10) is

obtained.
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limN_,_Hx, CEN = YDN YCN = YSub.N (10)

Remarkably, thisis the exact formulaforyield based onthe substrate shownin Equation (3), which
indicates that the amount of linker consumed becomes lessimportant at high cycle numbers. One
way to understand thisisto realize thatin this limit, the extended substrate will have a molecular
weightfarlargerthan the linker, and therefore even alarge molarexcess of linkerin the coupling
reactionrepresentsasmall amount of matter. In this view, most of the consumption of the linker
throughout the whole process happensinthe initial stages of the iteration. Anotherinterpretationis
that at very high cycle numbers, the substrate carries afar greater number of repeating units than
the linker. Therefore, the loss of some substrate represents a much greater waste of repeating units
than the loss of the same molaramount of linker. Itis thusimportant to maximize the couplingyield,

evenifat the expense of usingalarge ratio of linkerto substrate.

4.2. Exponential Iterative Coupling

Having fulfilled the important goal of determining the cycle efficiencyinlinearIC, we now move on
to the study of exponential IC. Similarly to before, the exponential iterative cycle isredrawn and the
parametersinvolved are pointed out (Figure 8). Now it becomesimportant to differentiatethe two
kinds of deprotectionreaction. Also, in this exponential IC cycle, the distinction between substrate
and linker disappears. Therefore, the terminology is not carried over, and instead the reagentsin the

couplingreaction are differentiated by their active functionality.

This article is protected by copyright. All rights reserved.

18



pt

Author Manuscr

Once again, the stoichiometricanalysis begins by keeping track of the number of repeating units
presentineachspeciesinthe cycle, and the amount consumed in reagents. Immediately, a profound
difference between the mainlinearand exponential IC cycles becomes apparent. In exponential IC,
all of the outputs of a cycle are used as inputsinthe nextcycle, and there is no external source of
repeating unit. Inthis sense, exponential IC cycles can be viewed as “closed “cycles. This has the
effect of dramatically simplifying calculations, as exponential ICcycles can be analyzed completely

independently from each other.

The exponential ICcycle is studied starting from a k-merandresultingina 2k-mer. Here, itis easiest
to start from the molaramount of the product of the cycle np,,4, and work backwards to calculate
the amount of reagents consumed. There are in fact two cases to consider, one validfor Ry/p = 1
and anotherfor R, /p < 1, as thischangesthe limitingreagentin the coupling reaction. The molar
amount of eachreagentused and the portionincorporatedintothe product of a cycle are shownin

Table S2.

With the molar quantities calculated, itis possible to determine the combined yields Yy via Equation
(11) and (12), which take into account all sources of repeating units and are valid forany N cycle. If
Ry4/p = 1, bothequationsare equivalent. Here, we assume without loss of generality that

Ypa = Ypp- Wheneverthis statementis nottrue, thenall thatis requiredisforthe identities of Aand

Bto be swapped, alongwiththe factthat Ry /5 = (RB/A)‘l.

ZYCN

f‘<

Rajby, 1 Rapz 1) (11)

Ypay YDBy
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2Y¢c
=1 " N1 (RA/BS]-) (12)

Ypay Ra/BNYDBY

We then consider performing multiple exponential IC cyclesin sequence. For simplicity Yy, =
Yppand Ry/p = 1is assumedtohold forall cycles, allowing Equation (13) to be obtained. Pleasingly,
this product can be described as a product of the individual Y. Thisresultis general and holds even

if the limiting reagent changesin a particularexponential ICsequence of reactions.

cumul __
YN -

2N _ N
v <RA/BL' +;>_ i=1¥i (13)

=1¥c\Ypa; YD

The N cycle efficiency CEy, is once again defined according to Equation (1). Substitution of Equation
(13) resultsin the cancellation of all terms but the last, such that the cycle efficiency forthe N" cycle
may be defined by the very simple expressions shown in Equation (14) and (15). It isimportant to
note that, as with the equationsforlinearIC, the calculations implicitly assumethat any spent

material which was notincorporatedinto the cycle productis unrecoverable.

CEN=rzmy 1 (Rasp21) (14)

ZYCN

CEy=—F7—""5— (Rap = 1) (15)

Ypay Ra/BNYDBY
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ComparedtolinearlC, the simplicity of the equations of exponential ICisinviting to analysis. Firstof
II,itcan be seenthatthe cycle efficiency is more sensitive to changesin couplingyield than to
changesinindividual deprotectionyields. Thisis easily understood, as each individual deprotection
reaction encompasses only afraction of the material undergoing exponential IC, whileth e coupling
reaction encompasses the entirety. Choosing effective cross-coupling chemistry forexponential ICis
therefore particularly important to achieve high cycle efficiencies, and should be the priority when

proposinganew process.

Graphs varying the parametersinvolved in Equation (14) and (15) are shownin Figure 9. It is
imperative to note that even with quantitative reaction yields, a coupling ratio different from unity
inherently limits the maximum achievable cycle efficiency, even with otherwise ideal reactions.
Contraryto linear|C, variations of the coupling ratio produce effects of equal magnitude regardless

of the cycle number.

Strayingfromthe ideal ratio will likely cause anet loss of product in a cycle evenif the coupling
reactionitself hasanimprovedyield, though some otheradvantages may exist, such as facilitated
purification. Furthermore, as noted previously, if one of the coupling reagentsis easily recoverable
afterthe reaction, it can be highly beneficial if used in excess, asit would increase the couplingyield

while keeping the effective coupling ratio used close to unity.

Lastly, there isa more subtle effect when varying the coupling ratio. When the deprotection
reactions have equal yield, the cycle efficiency will ideally be the same whethera particularratio or
itsinverse is used. Plotting this behaviour generates the graphsin Figure 9c, which are notably

symmetricwithrespecttothe vertical line R4/ = 1.However, when the deprotectionreactions

have differentyields, itis slightly more advantageous to perform a coupling reaction with excess
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reagentgenerated by the higheryielding deprotection reaction. Thisleads tothe graphsin Figure 9d,

where the previous symmetryis now gone.

verall, the calculations and graphs show how the importance of the coupling ratiois on par with
the deprotection and couplingyields, and must be reported with similar visibility. Thisis rarely the

case incurrently published literatureinvestigating exponential ICschemes.

4.3. Cycle Iteration

For any process with a cycle efficiency determined as per Equation (1), including the main linearand
exponential IC processes, the effect of cycle iterationis shownin Figure 10. The ratio between two
curves of different cycle efficiency grows exponentially with the number of cycles. This clearly
illustrates one of the most fundamental requirements of any successful iterative process: the
stringent optimization of acycle to maximize its yield and allow high cycle numbers to be achievedin
acceptable cumulativeyield. The benefit of optimizationitself grows exponentially furtherinto the
iterative process, and due to the repeated nature of the deprotection and couplingreactions,

optimizingany cycle can contribute to the optimization of all cycles.

5. Macromolecule Iterative Coupling

IC providesacomparatively simpleand general route towards the synthesis of discretelinear

oligomers and polymers. However, multiple cycles are required to reach relatively large chains, even
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with exponential IC. Thus, the synthesis of large amounts of narrow, high molecular weight materials

for applications otherthan fundamental studies appears problematic.

n principle, one method to reach high molecular weights faster with an IC processisto start with an
already large molecule. Forexample, if amonomercould be convertedinasingle steptoa 16-mer,
thenthissingle step would be equivalent to four exponential IC cycles, and as many as 15 linear|C
cycles. However, ageneral procedure capable of synthesizing large discrete oligomers and polymers
ina single step does not currently exist. There are methods to generate polymers with somewhat
controlled chain lengths and narrow weight distributions, such as living chain-growth polymerization
reactions,”* but control typically becomes more difficult when targeting higher molecular weights.
Therefore, IC could use relativelynarrow macromolecule dispersions with lower molecular weights
as inputand increment the weight by performingiterative cycles while maintaining arelatively low

dispersity.

Thisraisesa new question: what is the effect of sample dispersity in an iterative coupling process?
We mustfocus on the couplingreactions, where significant changes to dispersity may occur. Here,
the situation is much more complicated thaninthe uniform case for eitherlinear or exponential IC.
Instead of a single kind of coupling reaction, thereare potentially thousands, between i-mers of all

sizes.

Viewed statistically, across-coupling reaction between two samplesinlinear orexponential ICcan
be thought of as a sum of two distributions, one for each sample containing the active functional
group A or B. We therefore trackthe number-average degree of polymerization pand number-
average chain length variance o2 of the distributions prior to and after the coupling reaction. These

quantities are related to the dispersity D of a distribution as shown by Equation (16).%
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a2

b=1+— 16
+2 (16

The sum of distributionsisawell-understood conceptin statistics. Itisimportant to note that in
general the sum of two distributions varies depending on their correlation, which modifies the shape
of the resulting distribution. However, according to Flory’s principle of equal reactivity,®*' to a good
approximation the coupling kinetics of chainsin a reaction mixture isindependent of the size of the
i-mersinvolved. In other words, a coupling reaction can be visualized as randomly selecting a
member of each distribution and addingthemtogether. This simplifies the description of the

resulting distribution, whose parameters can be calculated as shownin Equation (17) and (18).

Hsum = Hat Up (17)

USumz = GAZ + O'Bz (18)

We begin by consideringthe mainlinearIC process using asample of macromolecules, shownin
Figure 1a. The macromolecules can be used as the substrate, the linker, orboth. The latter case is of
mostinterest, and shall be described here. For simplicity, we assumethe linkerand substrate
macromolecule samples are both described by the same initial distribution parameters (i, 5,2 and
Dy. Anideal couplingreactionisthen performed, where the only substances presentare the linker

and activated substrate in equimolarratio, and the reaction is quantitative. In this case, the resulting
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distribution has the parameters u; = 2uand 0,2 = 20,2, accordingto Equation (17) and (18).

Substituting thisinformation into Equation (16), we find the following remarkable result.

p, = (19)

Afteran ideal linearICcycle usingasample of macromolecule as both the substrate and linker, the
dispersity of the productis greatly reduced. Infact, the higherthe initial value of the dispersity is,
the strongerthe reduction. Moreover, this resultis completely independent of the shape of the

distribution.

We then consider performing consecutiveideal linear IC cycles with the sample. Inevery N" cycle,
the substrate isinitially determined by anew set of distribution parameters uy_; = (N — 1),
on-12 = (N —1)0,? and Dy_;, while the linker remains described by 14, 5 and D,. The following

formulas forthe dispersity of the product at the end of the N™ cycle are obtained.

_ 1+NDy_; _ N+D

b
N N+1 N+1

(20)

Whileinitially there is astrongreductionin dispersity, atlater cycles it decreases much more slowly.
Thisis because the extended substrate, which now has amuch narrowerdistribution, is continuously
reacted with the same comparatively broad linker. Evenso at the limit of infinite cycles, the

dispersity slowly approaches unity, no matter the characteristics of the initial distribution.
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We now considerthe main exponential IC process, shown in Figure 1b. The initial macromolecule
sample is once again described by the parameters u, 052 and D, and itis not necessary to consider
the distinction between substrate and linker. As previously, the cycles are performedideally. The
reaction mixture in the coupling step contains only singly-activated chains, in equimolarratio.
Interestingly, afterthe first exponential ICcycle, the dispersity of the sampleis also described by
Equation (19). The difference appearsinthe second cycle, asnow all the reagents come from
distributions characterized by 4, 0,2 and D;. After N cycles, the dispersity obeys the following

relations.

_ 14Dy—g _ 2N-14Dy
2 2N

by (21)

While the firstcycle inthe linearand exponential IC processes considered is similar, overalonger
processthe latter has the potential foran outstanding decrease in dispersity, exponentially

convergingto unity. Once again, thisresultisindependent of the nature of the initial distribution.

A comparison between the mainalinearand exponential IC processesis shownin Figure 11, starting
froma sample with very high dispersity. We stress thatthe reductionin dispersity originates solely

from joining chains atrandom, with no size fractionation employed at any point.

To furtherunderstand how the dispersity decreasesin an IC process, Figure 12 displays multiple
simulated exponential ICcycles onvariousinitial distributions containing 1 million elements each,
alongwith theirdispersities. There is acleartendency forclusteringaround the mean of the
distributions. Thisis because, when randomly summed with a copy of itself, the low and high

extremes of any distribution are most likely to add to elements larger or smaller than themselves,
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P

respectively. The behaviourdisplayedin Figure 11 and 12 isin fact a manifestation of the central

limittheorem of statistics.

hough enlightening due to theirsimplicity, the ideal cases described above, with quantitative
couplingreactions, are clearly notrepresentative of areal process. Itis entirely possible that the
reductionindispersity depends very sensitively on achieving a quantitative reaction, and that even

small reductionsin couplingyield would presentamuch less appealing result.

Therefore, we consider the important generalization wherethe couplingyield Y is allowed tovary

III

between 0% and 100%. This can be viewed as a “partial” sum of two distributions. The resultisa

weighted combination of the initial distributions and the product distribution from anideal reaction.

The statistics of mixture distributions is used to describe this process. ™

We analyze only the firstiterative cycle of a process with a non-ideal coupling reaction, though the
ideal equimolarratio of coupling reagentsis maintained. Underthese conditions, the previously
described linearand exponential IC processes using macromolecule inputs are equivalent. Forthe

sum of two distributions with normalized mixing coefficients py + p; = 1, the statistical parameters

of the mixture distribution are given by Equation (22) and (23).

Hmix = PoMo + P11 (22)

Omix® = Po0o* + P101% + pop1 (o — 11)? (23)
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The relationship between the mixing coefficients and the couplingyield Y. must be found. These are
determined by Equation (24) and (25). The factor of two in the numerator of pg arises because two
reacting chains are consumed to create one product chain. This also has the effect of altering the
overall number of chains present, meaning the normalization factor of the mixing coefficients

dependson Y, generatingthe denominatorsin both equations.

_ 2(1-Yc)

Po =" (24)
_ _Yc

P1= (25)

The mean and variance of the mixed distribution can then be obtained as a function of Y.

Performingthe appropriate substitutions, Equation (26) and (27) are obtained.

Hmix = 5~ Ho (26)

2
2 — 2
OMmix™ = i

2Yc (1-Y¢) 2 (27)
2-Yc

(2-vc)2 70

Equation 15 is now applied to the mixed distribution, to obtain the expression for By, shownin

Equation (28).
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Yc

Pz = (1—5) (Do + Yo) (28)

Again, we are presented with aremarkably simpleformula. As expected, if Y =1, Equation (19) is
recovered. Itis possible to directly plot Equation (28) and analyse the dependencies between the
variables. However, itis more illuminating to study the relative change in dispersity afterthe
couplingreaction compared to the starting materials. For this, both sides of Equation (28) are

divided by the initial dispersity to obtain Equation (29), and then plotted to generate Figure 13.

e (1-)(1 +1) @

We obtain a number of surprising results. First of all, if the initial dispersity is sufficiently high

(Pg = 2), thenno matterhow inefficient the coupling reactionis, the product willhave alower
dispersity. Interestingly, if Dy < 2 the dispersity of the product mayincrease if the couplingyieldis
sufficiently low. The closerthe starting distributionis to a uniform sample, the higherthe coupling
yield must be to avoid the increase in dispersity. If the starting materials are indeed uniform, only an

ideal couplingreaction canavoid anincrease in dispersity, as intuitively expected.

The critical line Dy + Y. = 2 separatesthe regionsin the plotwhere the dispersityremains constant
afterthe couplingreaction (as well as the trivial solution Y. = 0). Abovethislinelies the vastregion
where the dispersity decreases after coupling, and as expected the reductionis greatest when the

couplingyieldisashighas possible and when the starting distributionis very broad.
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However, below the lineisatriangularregion where the dispersity increases. Remarkably, not only is
thisregion comparatively small, butthe ratio of final to initial dispersities never rises much above 1.
The global maximum of Equation (29) within the space of allowed parameters (P; = 1and

0 < Y. < 100%) returnsthe value 1.125 for Dy = 1 and Y, = 50%. In relative terms, thisis the
worst-case scenario fora sample undergoing the first ICcycle. These findings suggest that the
mechanism by whichan IC cycle reduces dispersityisinfact unexpectedly robust with respectto

variationsinthe couplingyield.

Itisalso importantto mention how the coupling reaction affects the number-average degree of
polymerization of the sample, whichis described by Equation (26). Here againitis useful to study

the relative change, dividing both sides by the initial value to obtain Equation (30). The plotis shown

in Figure 14.
Mo 2=Yc

For the description of further cycles, would be necessary to distinguish between linearand
exponential IC. However, more crucially, the nature of the functionalities present must be analyzed.
The deduction of Equation (20) and (21) is simplified becauseiteration of ideal cycles means the
couplingreactioninlater cycles contains only chains with asingle active functional group, asis the

case inthe firstcycle.

In contrast, the product of a non-ideal coupling reaction will contain residual chains with an active
functionality. If these residual active chains are selectively removed by purification, thenthe product

distribution becomes exactly the same asinan ideal ICcycle, with the loss of material beingthe only
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side-effect. In practice, this may be difficult to implement efficiently. Another possibility is to
perform deactivation reactions afterthe couplingreaction, to ensure that all functional groupsina

sample are intheir protected form priorto the start of the next cycle.

If the residual active functionalities are notremoved afteranon-ideal coupling reaction, then during
the deprotection steps of the subsequent cycle, there is necessarily the formation of doubly-
activated chains. These can trigger partial uncontrolled polymerization, most likely reducing the
benefits of macromolecule IC. Mathematical treatment of this scenario willnot be sought here, but

we note that thisform of contamination may be tolerable atlow levels.

One may also ask about the effect of straying from the ideal equimolarratio of reagentsin the
couplingreaction. Unless the difference is only slight, this will almost certainlylead to a poorer
result, asthe benefit of increased couplingyield is outstripped by the contamination with unreacted

chains.

In a practical implementation of macromolecule IC, we believe it may be most beneficial to avoid
purifying the polymersample asitundergoes multiple cycles using an equimolar coupling ratio at all
times (though ICon a solid support may be an exception). Itremains to be testedif the inherent
properties of the IC process, particularly exponential IC, are able to maintain a low sample dispersity
while increasing average molecular weightin spite of real-world factors. However, we are hopeful
that a process using optimized chemistry would be capable of producing low dispersity polymer
samplesin multi-gram scale with minimal purification. This would be a strikinglycomplementary

outcome to the use of IC in generating truly uniform polymer samples.

Author Manuscri
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Iterative coupling (IC) is a powerful process which has seen abundant experimental work in the
synthesis of linear oligomers and polymers, but whose theoretical descri ption has seemingly been
neglected. With this work, we have attempted to address this deficiency. Starting with a broad view,
upperbounds were established on the maximum possible growth rate of any IC process. The fastest
(exponential) growth rates were shown to be the result of asimple and synthetically economical
idea; producingall coupling reagentsin a particular step by recombining the product of the
immediately prior coupling reaction. The simplest practical implementation of exponential ICleads
to a 2V-merafter N coupling reactions. Faster growth rates can be achieved, but at perhaps too

great an increase in complexity.

The general effect of the functional groups and coupling reactions chosen was then described,
allowing focus on more promising combinations. Studying two-component reactions, it was
determined thathomocoupling reactions are overallless suitable as the basis of gainful ICschemes.
Cross-coupling reactionsinvolving at least one differentially protected or functionally
desymmetrized species are more versatile, and can provide the control required for efficient IC
schemes. These are important applications of these classes of materials, which are often overlooked

due to theirreduced syntheticaccessibility.

In sequence, the main schemes used forlinearand exponential ICwere investigated in depth, and
the concept of cycle efficiencies was established as a more effective method of describing the overall
efficiency of an IC process. The relevant formulas foreach process were explici tly provided, based on

the individual reaction yields and coupling ratios, and some properties of the equations were
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investigated. Thisinformationis usefulto better characterize work with ICchemistryin general, and

assistsinguidingthe proposal of new and efficient methodologies.

astly, inwhat appears to be a novel proposal, the effect of using ICwithinitially non-uniform
samples was explored. We have shown thatinherent properties of ICresultin a surprisingly strong
tendency forthe dispersity of asample to greatly decrease after completion of the first ICcycle.
Importantly, this result was extended for arbitrary couplingyields, showing the effectis very robust.
Furthercycles are most beneficial using exponential ICschemes. Experimental verification of these

resultsisan alluring target, andis currently underway.
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Figure 1. Representation of the deprotection and coupling reactions used in the mainiterative

coupling cyclestowards linear polymers. (a) LinearIC. (b) Exponential IC. Capital lettersinitalic and
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coloured shapes indicate genericfunctional groups. The superscript” and the red outline indicate

the functional groupisina protected or deactivated form.
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Figure 2. Example of a diagram showing the coupling of adimerand trimerto a pentamer.
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Figure 3. Multiple possible syntheses of an octamervia IC. a) The longest possible diagram, coupling

each monomersequentially. b) Amore branched diagram, but with the same overall number of

This article is protected by copyright. All rights reserved.

37



reactions. c) A simplification of the prior diagram, without redundant reactions. d) The most concise
(exponential) ICdiagram possible, assuming only two chains couple perreaction. e) and f) Even more

concise diagrams, possibleonly if more than two chains couple in a single reaction.
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Figure 4. Example of one of the possible coupling events between A’Band AB chains under BA cross-
coupling conditions, represented succinctly as A°’B+AB. The functional groups present can be
classified as eitherreacting orretained functionalities. Note that though the rightmost B
functionalityis retained inthis particular coupling event, it may reactina further couplingeventin

the same reaction mixture (i.e. with additional ABchains).
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Reagent 2 (reacting functionality on left) APA+AB: .
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>< Only spectating functionalities remain . Uncontrolled polymerization
. Multiple products . Functionally symmetric product
Potential for statistical reaction . Favorable for linear iterative coupling
Products in multiple states of protection . Favorable for exponential iterative coupling

* May form multiple regioisomeric products depending on structure of reagents.

Figure 5. Description of the general outcomes of two-component reactions, with variations of the

functionalities A and B. Examples of reactions given to the right.
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Reagent 2 (reacting functionality on left)
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>< Only spectating functionalities remain . Uncontrolled polymerization
. Multiple products . Functionally symmetric product
! Potential for statistical reaction . Favorable for linear iterative coupling
Products in multiple states of protection - Favorable for exponential iterative coupling
. Differentially protected product
* May form multiple regioisomeric products depending on structure of reagents.
! Figure 6. General outcome of all possibletwo-component reactions.
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K+ = K

Figure 7. The mainlinearICcycle, along with the necessary definitions for calculating cycle
efficiencies. Yp is the deprotectionyield forfunctional group A, Y is the couplingyield based on

limiting reagent (substrate), and R is the molarratio of linkerto substrate inthe coupling reaction.
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Figure 8. The main exponential ICcycle and the relevant parameters for calculation of cycle
efficiencies. Yp 4 and Ypp are the deprotectionyields for respective functional groups Aand B, Y is

the couplingyield based on limiting reagent, and R p is the molarratio of chains containing Aand B

inthe coupling reaction.
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Figure 9. Comparison of cycle efficiencies in exponential ICvarying the stoichiometric parameters of

the individual steps. a) Variation of coupling yield in equimolar coupling reactions and equal

deprotectionyields. b) Variation of coupling yield non-equimolar coupling reactions and different

deprotectionyields. c) Variation of the coupling ratios with equal deprotection yields. d) Variation of

the coupling ratios with different deprotection yields.
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Figure 10. Plots of overall cumulative yieldin an IC process with a constant cycle efficiency. Lines

added forvisual guidance.
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Figure 11. Effect of ideal linearand exponential IC cycles on the dispersity of any distribution with

initial dispersity Dy = 10. The lines represent the graphs of Equation (20) and (21).
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Figure 12. Simulated distributions undergoing consecutiveideal exponential IC cycles, from black to
red to blue. The bottom-right distributions have alogarithmicy-axis, and long tails which are not
fully shown. After every cycle, the x-axis is contracted by afactor of 2. The numbersindicate

distribution dispersities. Values after a cycle match predictions to betterthan 0.2%.
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Figure 13. Contour plot of Equation (29), representing the outcome of the first IC cycle with non-
uniform macromolecule samples. The solid critical linerepresents unchanged dispersity. Below the

line the dispersity increases, and above the line it decreases.
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Figure 14. Increase inthe number-average degree of polymerization of anon-uniform sample, after
the couplingreactioninthe first cycle of macromolecule ICwith an equimolarratio of active

functional groups.
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The fundamental properties of iterative coupling are analyzed to guide further experimental work.
Polymer chain growth rates and functional group choices are assessed. Cycle efficiencies are defined
to allow detailed stoichiometric characterization. Lastly, the effect of sample dispersityis studied,
leadingto the proposal of macromolecule iterative coupling as ageneral method for controlled
olymersynthesis.

{

P

sequence-controlled polymers
Nicolau Saker Neto,* Dr. DavidJ. Jones, Dr. Wallace W. H. Wong

Theoretical Aspects of Iterative Coupling for Linear Oligomers and Polymers

Linear iterative coupling o] Exponential iterative coupling
‘ ‘ 1260 [ P
ol g 7 Lo
o k —
1130 o @ ]—' B @
P — ([ =] 7 K B e *
. L3+ |
Zk=k

k k (3

T . ‘. 1065

k=K Cycle-normalized chain length (a.u.)

k=

Author Manuscr

This article is protected by copyright. All rights reserved.

46



