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ABSTRACT: Using Monte Carlo simulations we study the association of flexible oligomers terminated by a
donor and an acceptor group capable of orientationally specific reversible bonding. On the basis of simulation
results, we have obtained equilibrium constants for chain growth and ring closure. These constants were employed
in an analytical model, which reproduces the large-scale simulation results very well. We also propose an analytical
approach which can be used to analyze experimental data or make predictions of molecular weight, chain/ring
distributions, etc., which are hard to obtain experimentally. Our simulation and analytical results show that an
increase of orientational specificity of reversible bonding decreases the degree of association and molecular weight
and leads to the suppression of small rings. As a result the-dingin crossover concentration (i.e., the concentration

at which the number of reversible bonds in chains and rings coincide) decreases and exhibits a maximum as a
function of oligomer lengtiN. With a decrease in the energy of reversible association or increase in temperature
the ring—chain crossover shifts to lower concentrations and molecular weight either systematically decreases if
the system is in the chain-dominated regime (high concentrations) or increases and exhibit a maximum if the
system is in ring-dominated regime (low concentrations). Higher orientational specificity of association in
combination with a short spacer length ensures a larger value of the molecular weight at its maximum which is
reached at lower temperatures and higher oligomer concentrations. These results are supported by recent
experimental observations and can be explained based on the oligomer redistribution between chains and rings
near the ring-chain crossover.

1. Introduction ring size. Supramolecular polymers represent a special case in
Supramolecular polymers, a new class of self-assembling which a spacer can be flexible, but the o!rien_tational specificity
polymeric materials which employs different types of association Of @ssociating groups may enforce local rigidity on the polymer.
motifs (metat-ligand coordination bonds, (self)complementary N the present paper, using Monte Carlo simulations in combina-
hydrogen bonded arrays, biorecognition-based complexes), havdion With an analytical approach, we intend to address various
been introduced by chemists during recent decades and havétSPects of the behavior of head-to-tail associating supramo-
become a center of growing attention among polymer sciefitfsts,  lecular polymers which are influenced by the degree of
The self-healing nature and responsiveness of these polymergrientational specificity of the association.
to temperature, external fields, etc. implies a large range of  So far the experimental observations concerning self-assembly
potential applications in the general area of “smart materials” of reversibly associated polymers have been analyzed in the
or in devices that effect energy, electron or ion exchange. framework of classical condensation polymerization thédr?,
Taking into account that noncovalent associations is the equilibrium ring-opening polymerization mod&}!” or more
central element of the “nature” of supramolecular polymers, their recent models by Cat¥s and Ercolant! The model by
properties are ruled by the principles of self-assembly to a much Ercolani! can readily be applicable for supramolecular poly-
larger extent than for traditional chemically bonded polymers. mers, except it requires knowing ringhain equilibrium
For instance, depending on the association motifs the supramo-constants for a range (up to 30) of smaller size rings plus two
lecular polymers may have preference for formation of com- more constants for all larger rings and all chains. While solution
plexes of a particular size/architecture. Also the orientational of the proposed equations is rather straightforward, to obtain
specificity for end group association may vary depending on so many equilibrium constants from experimental measurements
the type of association. Physically this implies that the sections is rather cumbersome, taking into account that even the
of the self-assembled polymer chains adjacent to associateddetermination of the molecular weight represents a challenge
groups have to keep some particular orientation with respect tofor such “living” polymers>1° Another technical problem is that
each other to maintain the association and thereby becomethe ring—chain equilibrium constant for larger rings is often
effectively more rigid. To some extent the effects of rigidity theoretically estimated based on Gaussian statiste17.20.21
are not new for condensation polymerization theorglifferent although supramolecular polymers formed by self-assembly of
analytical approachés'? and simulation techniqu&s 4 were a flexible spacers in a good solvent often behave more like
employed to study effects of rigidity on polymerization of chains  chains with excluded volume than Gaussian chains. Associating
and especially rings. However in all these approaches rigidity monomers with excluded volume have been studied in consider-
is either considered to be the same for all bé#id8 or averaged  able detail in computer simulatioAd13.15:222%|though in these
over the whole polymetI This effect can also be incorporated  cases orientational specificity either was not consici@rSar
within the equilibrium constants, which can be different for each it was applied to all monomers (oligomer size oke)?®
Experimentally, there have been collected a range of interesting
* Corresponding author. E-mail: eed@case.edu. observation$;?%-24which require a more comprehensive model
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Figure 1. Schematic presentation of reversibly associated polymers

(chains and rings) self-assembled from oligomers consisting of flexible

spacers terminated by donor and acceptor groups capable of formation

of orientationally specific reversible bonds. There are two angles
and 6, for each complex, which are used to characterize the mutual
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This paper is arranged in the following way. In the next two
sections, we will briefly discuss our simulation and analytical
approaches. Then the results of simulations for the equilibrium
constants of chain growth and ring closure via a reversible bond
will be presented. This will be followed by the discussion of
the simulation results in comparison with an analytical model
for the degree of association and ring/chain population. In this
section, we will also introduce our simplified model, which can
be used to analyze/predict experimental results. We will continue
with a discussion of the influence of orientational specificity
of association on the ringchain crossover concentration as a
function of oligomer chain length and energy of association (or
temperature). We will also discuss the molecular weight
dependence on concentration, orientational specificity and
temperature, making comparison with experimental results when
appropriate. Finally we summarize our main findings in the
Conclusions section.

2. Simulation Methods

To study the effect of orientational specificity of the association
on self-assembly of head-to-tail reversibly associating polymers we
applied the bond-fluctuation model (BFM) using Monte Carlo

orientation of the segments adjacent to the donor and acceptor groupsSimulations?®2”Each simulation setup consisted of a fixed number

to gain physical insight into these phenomena. For instance,
the experimentally observed increase in viscosity with temper-

aturé2* was either explained based on analogy with ring-
opening polymerization or using a combination of equilibrium

V7 of identical oligomers. Within the framework of BFM, an

oligomer was modeled as a seried\ofnonomers joined by totally
flexible covalent bonds. Each oligomer contains at the ends one
donor and one acceptor, capable of reversible association with each
other. Formation of each reversible bond decreased the system
energy byAE,ssoc= 8KT. To model the orientation specificity of

constants as fitting parameters for an analytical model employing reversible bonding we have considered a weighting factor for

Gaussian statistics for rings, which would qualitatively agree
with experimental result® Still a detailed theoretical consid-

eration of this effect for supramolecular polymers, exhibiting
some excluded volume effects and more importantly having

formation of a reversible bond for a given angleP(6) = exp[—

B(1 — cos#)], where the rigidity parametds (defined in units of
the Boltzmann constank) is assumed to be independent of
temperaturé® As is seen from Figure 1, there are two such angles

different rigidity of spacers compared to associating groups, is 0 consider for each reversible bond. We note that all permanent

lacking.

chemical bonds within the oligomer were considered to be totally
flexible; i.e., there was no entropic penalty for bending any of them.

In this paper we propose an analytical approach to accountye used a cubic lattice of lateral sizesbdr 128, (with a being

for orientational specificity of supramolecular polymer associa-

the unit lattice spacing), with periodic boundaries in all three

tion without using the assumption of Gaussian statistics. Insteaddirections to prevent surface effects. Volume exclusion between

we will use results of Monte Carlo simulations for flexible
oligomers of different lengths terminated by a donor and
acceptor group capable of orientationally specific reversible
bonding with each other (Figure 1). We note that while some
experimental systems involve similar architectural concept,
others use self-complementary urfit*25The results presented

monomers and bond length constrains were subject of the standard
BFM rules { = 2a, V5a, +/6a, 3a, +/10a)?627 while each
monomer occupies an effective volume @8

The system was brought to an equilibrium through a Monte Carlo

algorithm consisting of a series of random updates (MC steps). Each
MC step consisted aoffN monomer displacement attempts. The

here for bulk properties of Supram0|ecu|ar p0|ymers are ap- reversible bonds were considered to be the same as covalent bonds

plicable for both cases, with the only correction for self-

complementary groups is that their equilibrium constants are

twice larger (reflecting the fact that the number of associating
groups is twice larger for self-complementary units). Varying
the orientational specificity and concentration of oligomers we
will obtain and analyze the equilibrium constants for ring and

during such moving attempts. Additional bonding updates (including
cleavage of a reversible bond (if any) and formation of a new
reversible bond (if any)) were performed following all moving
attempts of donor# If a donor was reversibly bonded prior to the
move, this reversible bond will be broken and bonding update will
be performed: if there are free acceptors in a bonding distance
from the donor, a reversible bond is formed with an available free

chain formation. On the basis of these results, we will propose acceptor with the probabilitgP(0)eAEx<lkD, or no bonds will be

a simplified analytical model which can be readily used to

formed with probabilityC = (1 + ¥, P(#)e EassokD) -1 (whereN,

analyze experimental results and make predictions regardingis the total number of available free acceptors for this donor). As

the degree of association, molecular weight and -ficigain
crossover concentration. We will also study the effect of

a result of the bonding update a new reversible bond can be formed
or old one restored or no bonds formed at all depending on the

orientational specificity, oligomer length and association energy corresponding probabilities. We note that this method of bonding

(temperature) on the ring/chain population, molecular weight
dependence and ringhain crossover concentration. These
results will be compared with available experimental data, in

update is different from the commonly used Metropolis algorithm
but it also satisfies detailed balance. As the new bonding config-
uration of the system is directly drawn from the Boltzmann

probability distribution, the system has a minimal potential barrier

particular the comparison will be made between the predicted for the bonding-unbonding event in this ca¥eresulting in fast
maximum in the molecular weight temperature dependence andequilibration for the reversible bonding. A system was allowed to

observed maximum in viscosity of hydrogen-bonded supramo-

lecular polymers:24

equilibrate for 22 MC steps and equilibrium data were measured
and averaged over subsequent MC steps. In system simulations we
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recorded the average number of species of sidestinguishing although the inverse of the equilibrium constant for the smallest
between linear chains Gand rings R From these data, we  ring, King1 Would have a somewhat analogous meaning.
calculated the equilibrium molecular weight, degree of association Following Ercolani, we are considering the equilibrium constant
and ring/chain distributions for a system. The same simulation 4 pe different for all rings including a monomolecular ring,
technique was applied to study conformations of a single oligomer whereas in ring-opening equilibrium polymerization mo#té
(for details, see the Supporting Information), which was used to . - . . .
determine the equilibrium constants for ring and chain formation, the ring groyvth .constgnt Is connected with chain constgnt viaa
as discussed below. simple relation including a power-law dependence on ring size.

The latter is the result of the assumed Gaussian statistics, which
3. Analytical Model inherently does not include any rigidity effects. In our approach,
we do not make these assumptions. Additionally the bonds
between monomers of a spacer are different from the reversible
bonds in both their reversibility and rigidity. We will discuss
below in what limit our model follows the approximations of

AF e, e equilibrium living polymerization theor$£:
p = ex T a- p)z‘v D Equilibrium Constant for Chain Growth. In order to form

a reversible bond between oligomers in a linear chain the donor
with AFassocbeing the free energy change for formation of a and acceptor groups should be vv_|th_|n a bonding distance, i.e.,
reversible bondp is the overall degree of association between &N acceptor should be located within the volumeocof the
a donor and an acceptor groupsjs the reference volume donor. If v is a reference volume, then the entropic loss for
(discussed below) ardis the total volume of the system. This ~Naving donor and acceptor groups in vicinity of each other is
equation works reasonably well at high polymer concentration, 2Sends= ~IN vassokv, Wherevassods an association volume (i.e.,
but fails to describe correctly the low concentration regime the donor and acceptor groups should be inside this volume for
where ring formation becomes important. In this paper, we will the association to ocgu?ﬁ.We note thatASenas (and all other
consider more general approach which accounts for ring entropies mentioned in the paper) is actually the entropic loss
formation. Considering the individual equilibria between chain N units of the Boltzmann constarit. In the case of no

growth and cyclization, one can write the mass balance equationsotientational specificity 8 = 0), any mutual location of donor
as followsil and acceptor inside the reference volume should allow reversible

bond formation, i.e.ASnds= 0 andvassoc= v. In the BFM, v
o o is approximately constant and independent of oligomer length
[O] = Zi[Ci] + M i[R] 2) and monomer concentration. We approximated this value by
= = fitting the simulation results for the chain degree of association
il i for different concentrations and oligomer lengths) in the case
[C] = [Ry] Kehain Kiing. 3 [Ri] = [CiIKing; ®) E)f flexible complexes B = 0). The %est fit ofgthe)data (not
Kenain Kringi shown here) corresponds to~ 54as.
[Cd+I[Cl==I[C], [C]=IR] (4) In the case of directionally specific reversible bon&s>
0), there will be an additional entropic loss as the donor and
where [G] and [R] are the equilibrium number density of rings  acceptor groups should be not only within a bonding distance
and chains respectively and [6]. 1/V = nis the initial number  from each other, but also within the range of allowable angles
density of oligomers. The equilibrium constants for chain 0 < 6 < . imposed by the conformational limitations. The
growth, Kenain and cyclization of ring size, Kiingj, can be corresponding entropic loss associated with the angle specificity
calculated from the simulation results, as discussed below. Thejs
mass balance equations can then be numerically solved to obtain

As we discussed in our previous pagethe overall degree
of association in head-to-tail reversibly associated system can
be described by the following simple equation:

the eql_JiIibrium distribution of rings and chains and other femw P(6) sin 6 do

properties of supramolecular polymers. We note that eqs 3 and expAS,en) = — 0 (5)
4 essentially represent “chemical equilibrium” between rings 1 — oSO,

and chains of different sizes, where any concentration or chain ) . .

length dependence of association is hidden in the equilibrium Upon integration, we arrive at

constants as well as any other factors which may influence the

association process such as stacking interactions between AS,.q= —I exp—B(1 — cosOna)] — 1 ©6)
associated complexes, volume interactions between the associat- end —B(1 — cos6,,,,,)

ing groups and spacers, etc. Some of these effects, such as the

chain-length dependence of ring equilibrium constant, were The value of co¥max = —0.5 was determined as a best fit to

accounted for in our simulations and described in the analytic the simulation results for entropic loss plotted vs the rigidity

model, discussed below. Some others, such as concentratiorconstantB, shown in Figure 2.

dependence of the equilibrium constants, were found to be rather The simulation data points fohS,eng Were obtained from

small in our simulations (at least in the concentration range comparison of the equilibrium constattg.ainfor chain growth

considered). The importance of other effects still remains a for orientationally specific bonding (see Supporting Information)

subject of our future studies, but we expect them to be less with that for the flexible complexatiorB(= 0).

important at relatively low concentrations. As is seen from Figure 2AS,eng Noticeably increases with
We note that a somewhat different mass balance equationan increase of orientational specificity of association as the

was considered by Petschek etl@land by Corrales and  penalty for deviation from linearity of a reversible bond grows

Wheelet” where three equilibrium constants for activation, chain with B (as described in the weighting fact®(0)). AS.engdoes

and ring growth were considered. Since for supramolecular not change appreciably with oligomer length or concentration

polymers there is no activation step for the associating groupsas the data for two oligomer lengthd & 4 andN = 16) and

to interact, there is no real activation constant in our case, two different concentrationsi(= 27 °%a 3 ~ 1.953 x 10 3a3
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Figure 2. Entropic loss of chain growtihS,enq as a function of the
rigidity constant B characterizing the orientational specificity of
reversible bonding. Simulation results obtained for oligomer lehgth
= 4 are shown as squares ahNd= 16 as circles. The results for
oligomer number density ~ 0.001%2 are depicted as solid symbols
and forn ~ 6.1 x 10-°a~2 as open symbols. The curve is the solution
of eq 6.

andn = 274273 ~ 6.1 x 10-5%a3) follow each other closely.
We note that with an increase of concentration the probability
of finding an acceptor located at a bonding distance and within
the binding angle of a donor may change, so #th&teng and
the equilibrium constant for chain growtkchain may vary
slightly with concentration. However, since this dependence is
rather wealk, it will be neglected in further calculations.
Summing up different terms determining the chain growth
equilibrium constanKcnhain We arrive at the following equation:

AE«’:ISSO)
kT
Equilibrium Constant for Ring Formation. As with chain
growth, to form a ring by a reversible bond, a donor and an
acceptor have to be within a bonding distance. The main
difference is that the donor and acceptor have to be a part o
the same chain, so that the entropic loss for ring closure will
be a function of chain length. To determine the probability of
finding ends of a chain within a bonding distan€gsure We
performed simulations of a single oligomer. This probability is
shown in Figure 3 as a function of oligomer length. As is seen
Peosurefollows a power-law dependen&gipsud N) = DN~ with
D ~ 1.25 and exponent ~ 2, which is somewhat larger than
3/2 for a 3-d Gaussian chalrThis difference is not surprising
as our simulations account for excluded volume effects, which
would increase the value of to about 1.92-1.97 expected for
the good solvent casé,which is very close to what we see.

chain

K
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Figure 3. Ring closure probability determined from simulations of a
single flexible 8 = 0) oligomer as a function of oligomer lenghh

The best power law fit of the dafosure= N720141.25+ 0.7N"* +
6.86N?) is shown as a solid curve. The slope of the curve for larger
N values is—2.014.
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fFigure 4. Entropic loss of the reversible bond formation in a

monomolecular ring\Sing1 as a function of the rigidity paramet&r
(see text). The main figure showsSing,1 for monomolecular rings of
different oligomer lengthNl = 3—64 from top to bottom). The solid
curve corresponds to the entropic loss for chain growend (the
same as in Figure 2). The inset shows the dependendesaf,. on
oligomer lengthN for different rigidity constants.

entropic 10ssASing1 Will be the largest for short chains/
oligomers. This entropic loss for small rings was determined
from the simulation of a single ring. In this simulation the
donor—acceptor association was irreversible and there was no
orientational specificity B = 0); i.e., it was indistinguishable
from the internal covalent bonds of an oligomer. We collected

Using the obtained power law dependence, we can determinethe distribution of angle pairs associated with the denor

the entropic loss of ring closurdS;osure @S
ASclosure,ﬂ\l) =—In Pclosure(N) ~alnN (8)

In the case of directionally specific reversible bonBs>( 0),
there will be an additional entropic loss for ring formation as

acceptor bond for a range of oligomer lenghsThe entropic
loss for the formation of orientationally specific reversible bond
ASing1(N) could then be calculated by integration over the angle
distribution weighted by the fact®(0). Figure 4 showa\Sing 1
calculated using this approach as a function of the reversible
bond rigidity constanB for constant oligomer lengtN (main

the range of possible angles between the segments adjacent tplot) and as a function dfl for constantB (inset). As is seen,

the donor and acceptor groups will be limited by the conforma-

for all oligomer lengthsASing,1 increases with an increase of

tion of the rest of the chain having its ends at a bonding distance. orientational specificity and decreases with an increase of

Naturally the angle limitation and therefore the corresponding

oligomer length, as expected. For very small rings (formed from
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short oligomers) we observe a nearly linear dependence of thewe expect this dependence to be even weaker than thidtfar

entropic loss omB. This is the result of the strong ring geometry

as rings are not the most common species at large concentration,

constraints favoring a particular angle of bonding. We note that so this dependence will be neglected.
the absolute value of the preferable bonding angle is dependent Equation for Chain Degree of Associationx. Knowing the

on our simulation setup (lattice type, allowed bond lengths, etc.).

equilibrium constants for ring formation and chain growth, and

For real experimental systems there also will be some preferableusing the JacobserStockmayer relations for the concentration

angle for small ring closure, which is dictated by the individual

of chains of sizeé (i.e., containing oligomers)! one can rewrite

chemical architecture of the spacer and associating groups.the mass balance equation in the following form (similar to that
Therefore, the results presented below are expected to reproduceerived by Ercolanit)

the general trend correctly, without attempting a quantitative
fit of the association behavior of any particular system. For
larger oligomer lengths the dependencé&fing1 on B becomes

more complex as the range of available angles for bonding

expands. In the limit of long oligomers the entropic loss for
the formation of orientationally specific reversible bonds closing
the ring tend to the same limit as that for chain growth, i.e.

ASingalnsn,,, = ASend=
exp[—B(1 — cosf,,,,)] — 1
—B(1 — cos0,,,)

9)

12 12
le'Kringi +— le' = [0]
= " Khain=

where the chain degree of associatiois connected with the
concentration of monomolecular rings and the equilibrium
constants for ring formation and chain growth via the equation

_ [Rl] Kchain
K

(13)

Kchain chain

X (14)

ring,1

Performing the summation of the terms describing the chain

As is seen from Figure 4 (and Table S1 presented in Supportingcontribution and subdividing the ring contribution into the part

Information) the limit of long oligomers is reached ap-
proximately atNmax &~ 15 according to the main plot in Figure
4 or even smalleNmax ~ 10 for smaller rigiditiesB (inset of

Figure 4). For all oligomers of larger length eq 9 can be used 1

for the entropy of orientationally specific ring closure by a
reversible bond.

Besides monomolecular rings there will also be rings of larger

size containing = 2, 3, ..., oligomers. In general a similar

approach as described above (i.e., using single chain or ring

simulations) can be applied to finAS;osure; and ASing,.
Analysis of our results (such as ring distribution presented in

the Supporting Information, degree of association or molecular
weight discussed in the next section) shows that this may not

be necessary as the entropic loss for a ring of siZee.,
containingi oligomers of lengtiN) can be well estimated using
the corresponding entropic loss for monomolecular ring of
appropriate sizeN, i.e.

AScIosurei,(N) = AS(:Iosure,l(iN)
ASring,i(N) = ASring,l (IN)

Combining different factors influencing formation of rings, we
arrive at the following equation for the cyclization equilibrium
constant of ring sizé

(10)
(11)

1 AEasso
Kring,i (N) = I_ eX[{_ASclosurei (N) - ASring,i (N) + KT 1
1 . . AEss0
= T exr{_ASclosure,l(lN) - ASring,l (iN) + KT 1
(12)

The factori~! preceding the exponent reflects the fact that there
arei reversible complexes in the ring where the ring can be
broken3?33In contrast to the chain growth equilibrium constant
Kenain the cyclization equilibrium constaring;(N) is a strong
function of oligomer length (at least for small rings). We note
that distribution of cyclization equilibrium constant§ing;

responsible for smallN < Nmay and large ringsN > Nmay),
eq 13 can be rewritten in the following form:

i=NmadN

Z iXKiingi
4

1 H iK* +
; IX ring,i
Kchain i>Nma/N

whereKiing; is defined by eq 12, witthSing,2(iN) being obtained
from single ring simulations (as shown in Figure 4 and Table
S1 presented in Supporting Information), and

A Eassoﬂ
kT

K .
%D(iN)*“—ja'” (16)

chain

g O
chain(L — X

>rking,i (N) = %D(iN)ia eXF(_ASoend+

whereD ~ 1.25 (see Figure 3). We note that the equilibrium
constant for larger ringK :'king,i (N) (eq 16) recovers the
approximation used in equilibrium ring-opening polymeriza-
tion, 1617 except that the exponent of the power law dependence
on ring size is somewhat different due to the excluded volume
effects considered here and the numerical prefactor is also much
larger reflecting larger size of our associating units: oligomers
vs monomers, as were considered in equilibrium ring-opening
polymerizationt®17 With these exceptions, our model will be
analogous to the equilibrium ring-opening polymerization theory
in the limit of long oligomers.

The modified (eq 15) or original (eq 13) mass balance
equation can be solved for the chain degree of association
(which was done numerically using a binary search algorithm
under the assumption of a single real root in the rangex0<
1). We note that in practically all cases considered the
contribution of rings is limited to a relatively small range of
ring sizesj < 15, so often the higher order terms in summation

obtained from our simulations shows rather similar trend as was over the rings (eq 15) can be omitted without compromising

experimentally observed for polycyclooleffiisncluding the

the quality of predictions (see results presented below). More-

decrease of the association constants for small rings with aover, in the next section, we will discuss the simplified version

~

decrease ofN and Kiingj = 32 dependence for larger rings
and for corresponding ring concentratidAd?2334n general,
Kiringj may also slightly depend on polymer concentration, but

of the equation which while being somewhat less accurate in
some cases, can be more useful in practical applications.
Knowing x, the complete chain and ring distribution can be
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Figure 5. The total degree of associatigmand the fraction of reversible bonds in rinfsand chaind,, as a function of number density for
oligomers forN = 8,B = 1 and 8 (a and b, respectively) aNd= 4, B = 5 (b, inset). Simulation results are shown as symbols, while the curves

are the solutions of the complete (eq 15, solid lines) and approximate (eq 23, dashed lines) mass balance equation. The solution of the approximate
equation is practically indistinguishable from the solution of the complete equatidh<o8, B = 8 (b, main plot). Vertical dotted lines with stars

indicate the critical number density. corresponding to the rirgchain crossover.

recovered and other macroscopic properties such as the overaltoncentration, when rings of size two (i.e., composed from two
degree of association, molecular weight, etc. can be obtained.oligomers) dominate, i.e., Wheling2 > Kiing,1 (@S shown in

We will discuss these results in the following section. the Appendix). An example of such a situation is shown in the
) ) inset of Figure 5b for oligomer length = 4 andB = 5.
4. Results and Discussion As the concentration is increased, chains of increasing

Concentration Dependence of the Overall Degree of  molecular weight will form in competition with rings of larger
Associationp. Solving the eq 13 (or eq 15) ferwe can obtain sizes. The fraction of reversible bonds in chains is described
the ring [R] and chain [ distributions and calculate the degree by the second term in the eq 1% = Y2,(i — 1)[C]/[O].

of association as follows Similar to the ring fractionf. calculated using the analytical
model agrees rather well with the direct simulation results
® (shown as circles in Figure 5). An increase of concentration
p=f+f.=— Zi[Ri] + (i — 1I[C] a7 favors the formation of intermolecular complexes and as a result
[O] & the chain degree of association considerably increases whereas

i . ) . the fraction of reversible bonds in rings decreases. For suf-
The first term in the equation accounts for the fraction of ficiently large rings the entropic loss for ring closure via an
reversible bonds in ringsf; = FLi[RiJ/[O]. This value  grientationally specific reversible bontiSi,g; becomes com-
together with the direct simulation results are shown in Figure parable to that for chaindS,eng However the probability of
5 (as solid curve and squares, respectively) as a function of finding two ends of a long chain separated by a bonding distance
oligomer number density) = .17V, for oligomer lengtiN = 8 is quite small and decreases with ring sizas {N)~ (i.e.,
and rigidity parameteB = 1 (Figure 5a) and = 8 (Figure entropy 10sSASyosurei, increases aa. In (iN)). As a result the
5b). As is seen the analytical prediction obtained using eq 15 fraction of large rings and the overall valuefofemains rather
agrees very well with the simulation results in both cases (as |ow, so that the overall degree of association is determined
well as for all otherB values considered). In the zero predominantly by chains at higher oligomer concentrations. As
concentration limit the system properties are defined by the \ye discussed in our previous publicatiffor this reason eq 1
behavior of a single oligomer, and as a result the overall degreecan pbe used to describe the overall degree of association at
of association coincides with that for monomolecular rings in higher oligomer concentrations. Taking into account that for

this limit. The larger the orientational specificity of reversible |arger polymer concentrationSFassolkT = —AShend+ AEassol
bonding, the higher the penalty for formation of a monomo- 7 eq 1 becomes

lecular ring via an orientationally unfavorable reversible bond
(i.e., largerASing.1) and as a result the degree of association is 2.V N
noticeably Iowegr forB = 8 compared td = 1 for the same P = Kehairll = P) IVZ for large v
oligomer length. In both cases the maximum degree of associa-

tion for rings is reached at the lowest concentration. This is a and the overall degree of association should depend only on
typical behavior for head-to-tail associating polymers of a Kchain!’V = nKehain (S€€E, €.9., ref 35).

sufficient spacer length.?3 If a spacer length is rather small The overall degree of association, i.p.+= f. + fc is shown

and orientational specificity of association is high then formation in Figure 6 as a function afiKcnhain for oligomer lengthN = 8

of monomolecular rings can be considerably suppressed due toand differentB values. As is seen, the degree of associgtion
the strain inflicted on the oligomer by the angle limitations for obtained for differentB values coincides at larger polymer
ring closure (see the ring distribution in Supporting Information). concentrations (as long as the prodm{a, is the same)

As a result the maximum degree of association for rings is forming a unified curve, as expected by eq 18. At lower polymer
achieved not at the lowest concentration, but at some higherconcentrations, where rings dominate, the degree of association

(18)
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=0 Kring,l - 2Kring,2 z1 (19)

Plotting Kiing,1 — 2Kiing,2 @s a function oB for oligomer length

N = 8 (Figure 6, inset) one can see that the concentration
dependence of the overall degree of association is expected to
have a minimum foB < 2.85 in agreement with our simulation
results presented in Figure 6.

Approximate Mass Balance Equation for Practical Ap-
plications. As we discussed above, the analytical solution for
eq 15 provides a good match with simulation results (Figures 5
and 6). At the same time practical use of this equation can be

: somewhat complicated as it requires knowledge of several
or] association constank§ing;, Kenain The fact that we are dealing
5 — z ! with supramolec_ul_ar p(_)lym_ers, e, with flt_a?qble ollgomers

Rigidity Constant, B (kT) capable of association via onentauomlly ;peqflc reversible bqnd
between end groups allows some simplifications to the equation.

1E-3 0.1 10 1000 Normally experimental techniques (such as infrared spec-

troscopy, NMR, etc.) permit measuring the overall degree of

association in the system. (1) If one can measure the degree of

) L ) association at very low concentration, then one can determine
Figure 6. Total degree of associatignas a function onKchain for N y

= 8 and various rigidity constan& Simulation results are shown as the (monomolecular) ring fraction as the two coincide under

symbols, while the curves are the solutions of the complete (eq 15, these conditions:
solid lines) and approximate (eq 23, dashed lines) mass balance

o
D
1

o
'
1

Degree of Association, p

chain

equation. The solution of the approximate equation is practically [R]

indistinguishable from the solution of the complete equation, except Pl f=—7% (20)

for low rigidity constant B = 0,1). The inset Showkring 1 — 2Kiing.2 S [O]

a function of the rigidity constarB. WhenKiing1 — 2Kiing2 > 1, a . . .

minimum in the total degree of association is expected. Knowing  concentration  of ~ monomolecular  rings
([R11 = [Olplc-s) and nonassociated oligomers

p noticeably decreases with an increas@irAs we discussed  ([C1 = (1 — p)|c—o[O]), one can obtain the monomolecular
above, formation of chains and rings (especially monomolecular ring association constant:
rings), is strongly affected by orientational limitations. As a

result the overall degree of association for the supramolecular _ @ _ b 1)
polymers employing complexes of higher orientational specific- ring,1 [C]] 11— p|°“°

ity will be smaller than that for more flexible associations in

both the high and low concentration range (for simitarWe Taking into account thd{;ing,1 does not change appreciably with

note that the analytical predictions obtained by solving eq 15 concentration, this gives us the association constant for mono-

work very well for the whole range of concentrations add molecular ring formation at any concentration.

values considered. (2) If one repeats measurements for the degree of association
Another interesting feature of the concentration dependenceat sufficiently high oligomer concentration, one would be able

shown in Figure 6 is the nonmonotonic behavior observed for to estimate the chain growth equilibrium constégt.» Indeed

the overall degree of association at low orientational specificity at high concentrations the overall degree of association is defined

of reversible bonding. As is seen BBr= 0, 1, and 2, the degree  predominantly by chain formation, and we can use eq 18 as we

of association first decreases, passes through a minimum, andliscussed above:

then increases with an increase in oligomer density. For higher

B, the degree of association monotonically increases without L| ane ~ KOl (22)

any extremum. We found that the main factor determining (1—p32mene e

whether the overall degree of association will follow one or

the other pattern is the ring degree of association at low We note that this equation can provide a slightly overestimated

concentration. If it is sufficiently largef,(z 0.6 for Gaussian  value forKehainas this equation is designed to account for total

chains, as discussed in the Appendix), then most of the degree of associatign However if the oligomer concentration

oligomers will be present in the form of monomolecular rings is high or ring fraction is low (e.g., due to high orientational

at low concentrations which will slow down the formation of ~specificity of reversible bonding) then the chain fraction will

larger chains and rings. As a result the overall degree of provide the dominant contribution pand this overestimation

association will first decrease followed by an increase when Will not be too significant.

the formation of chains starts to dominate at larger concentration.  (3) Now if we use the experimental values #ng,1 (eq 21)

An increase in the orientational specificity of reversible bonding andKcnain (€0 22) and assume that for all larger size rings we

diminishes the monomolecular ring population. As a result, can use eq 16 (which is expected to work well for oligomer

having a large number of nonassociated oligomers chain growth!engthsN > 8), then we can simplify the mass balance eq 15

(or formation of rings of larger size) occurs earlier and the as follows

overall degree of association increases with concentration.

Simple calculations (see the Appendix) based on the consider- x i }DKChai" - oy X K o
ation of formation of monomolecular rings in comparison with Kiing.1 i N ; 132 = Kenairl O]
chains and rings containing two oligomers show that a minimum v N ( X) (23)

in the concentration dependence of the overall degree of
association is expected when Solving thissimplified mass balance equatiorfor the chain
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degree of associatiorx, one can predict the ring and chain s~ ]
distributions, degree of association, molecular weight, etc. at ‘@ 0.013
any concentration. The only additional information that is . ]
S ; o . e
required is the ring closure probability for the flexible spacer &
(i.e., the exponent. and prefactoD). These values can be = 1E-33
estimated either using the predictions for Gaussian cHains: "5
= —3/2 andD = [3/(2)]~¥2v/(213) (wherel is the bond length) c T
or using the values we obtained from our simulations of chains 8 1E'4'§
with excluded volume:o. & —2 andD ~ 1.25. One can also — ]
useD as a fitting parameter to match the experimental data, as 8 1E-5—_
this parameter is sensitive to spacer chemical structure and may &
be hard to guess a priori. We use the simplified form of the 2 ]
mass balance equation eq 23 to predict the overall degree ot Z g5
association and fraction of reversible bonds in rings and chains 8 E

shown in Figures 5 and 6 (dashed curves). As seen from Figures = S Y i SRl S
5 and 6, these values are predicted so well with the simplified (3 4 8 16 32 64
equation (including the minimum at intermediate concentrations) Oligomer Length, N

that it is barely distinguishable from the exact solution_ anql only Figure 7. Critical number densityv. corresponding to the ringchain

for s_mgIIB. The hardt_er test for_the approxmate solut_lon is the crossover as a function of oligor?ner lengthfor different rigidity
prediction of the maximum of ring fraction for short oligomers.  constant®. Simulation results are shown as symbols, while the curves
As is seen from Figure 5b inset, it works rather well: even are the solutions of the complete mass balance equation (eq 15).
though the ring fraction is slightly overestimated the maximum
in ring fraction is clearly seen and occurs at the same " :
concentration as the simulation results. As we discuss below, a°igomers compared to long oligomers.

very good agreement was also obtained between the analytical ~°r & higher orientational specificity of reversible bonding
solution of the simplified mass balance equation, eq 23 and the situation is different (Figure 7). The probability to find two

simulation results for the weight-average molecular weight. ends of oligomer within a bonding distance is still the largest
for the short oligomers, but the orientational limitations for

These trial results give us reason to believe that this approximate . : .
equation can work reasonably well in practical applications to reversible bondl_ng are also _the largest (espeC|aI_Iy for th_e
real experimental systems. monomolecular rings that domlnat.e at low cor)cer!tratlons). This
. ] i causes a decrease in the small ring populatioB asreases.
Ring—Chain Crossover. As we discussed above, at low |y particular the monomolecular ring population (see the ring
concentration rings and in particular monomolecular rings are distribution, Figure S3, in Supporting Information) is consider-
the most common architectur_e of associating oligomers. As the ably suppressed, as the entropic loss for ring closure via an
concentration increases chal_ns start to assembl_e and bec_omgrientationally specific reversible borkSing ; increases nearly
dominant at high concentration. The concentration at which linearly with B (Figure 4). As a result of the suppression of the
crossover from mostly rings to mostly chains occurs can be (monomolecular) ring population for higheB values, the
considered as the rirgchain crossover concentration. As We  crossover from rings to chains occurs at a lower oligomer
discussed in our previous pagérthis is not a true phase density, n. (Figure 7). The decrease in. is especially
transition unless we are dealing with infinitely high energy of noticeable for shorter oligomer lengths where it can change by
associatiort® Nonetheless, the physical properties of the system several orders of magnitude with an increas@oFor longer
(such as molecular weight or viscosity) is evidently different gligomers, this effect is less pronounced as in the limit of very
in the chain-dominated and ring-dominated regimes, so that the|argeN the entropic loss for ring closure via an orientationally
determination of this concentration can be rather useful. One specific reversible bondSi,y; becomes comparable to that for
can consider several different criteria for determining thefing  chainsAS.engand it increases logarithmically wit (eq 9). As
chain crossover concentration: e.g., as the concentration wherey result, for very long oligomers) is only slightly smaller
the amount of polymer in chains (including or excluding than that for the flexible case. Thus, for orientationally specific
unassociated oligomers) and rings is the s&nw as the  reversible associations the ringhain crossover occurs at lower
concentration where the fraction of reversible bonds in rings concentrations for very short oligomers compared to the longer
and chains is the same (see Figuré*s$ince the latter is the  ones andn, exhibits a maximum at intermediate oligomer
most straightforward from the mathematical point of view, we |engths. The position of the maximum shifts to a longer oligomer
will use the latter definition for the ringchain crossover  |ength asB increases. For most of the cases considered the
concentration. Figure 7 shows the oligomer number demgity ~ maximum inn, is achieved folN = 8, so that forN < 8 the
corresponding to the ringchain crossover as a function of  orientational specificity of association has a strong effect on
oligomer length for a range @& values. For flexible complexes  ny, while for N > 8, n,¢ is only somewhat smaller than that for
(B = 0) n, steadily decreases with an increase of oligomer flexible complexes. We note that the analytical solution of the
length (~N~22) forming practically a straight line in the  mass balance equation (eq 15) matches the simulation data very
logarithmic scale of the plot. As we discussed in our previous well (Figure 7). Only small deviations can be noticed for longer
paper?® this dependence is somewhat similar to that for the oligomer lengths possibly due to somewhat worse statistics for
oligomer overlap number density, ~ Ry™3 ~ N™% ~ N~18 single ring simulations leading to an overestimation of the
(for chains with excluded volume), but occurs at lower oligomer entropic loss for ring closure.
density. The shorter the oligomer, the larger the probability of  Molecular Weight. As we discussed above, with an increase
finding its end groups within a bonding distance and therefore of the polymer concentration the overall degree of association
the larger is the fraction of rings formed (when there is no increases. The molecular weight follows the same tendency, as
orientational limitations, i.eB = 0). As a result the crossover is seen from Figure 8.

from rings to chains occurs at a higher number density for short
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» N=3.9E-3 reason for this increase M, is the shift in the ring-chain
equilibrium toward chain formation with an increaseBnAs
is seen from Figure 7, the ringchain crossover shifts to lower
number densities as the orientational specificity increases. As
a result chain association increasesBasncreases and the
molecular weight follows the same trend. We note that except
for the cases when the change Bncauses the ringchain
crossover to occur, the molecular weight will always decrease
with an increase in orientational specificity of bonding. As is
seen from Figure 8, the numerical solutions of the complete
(eq 15, solid lines) and approximate mass balance equation (eq
23, dashed lines) agree with simulation data very well, including
the prediction of the maximum of the molecular weight. In the
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1E6  1ES B4 B3 001 next section we will use our analytical model to predict the
. 3 ring—chain crossover and molecular weight behavior for dif-
Number Density, n (a~) ferent energies of association.
Figure 8. Weight-average molecular weight, (in units of oligomer Influence of the Energy of Association (Temperature)So

weight) as a function of oligomer number density Bx= 1 and various ; i ; ; ifini
oligomer lengthd\. Vertical dotted lines with stars indicate the critical far we have considered the influence of orientational specificity

number density\ corresponding to the ringchain crossover for each  Of reversible bonding on oligomer self-assembly at a fixed
oligomer length. The inset shows the molecular weight dependence onenergy of associatioAEassoe FOr a different energy of associa-
the rigidity constanB at \_/arious oligomer number densities (in _units tion (or for the same&\Eassocbut at a different temperature), the
ggl?;);ga Nda:sr?é dsé’fj‘f\)g;";%et‘ﬁg'tssofggoigog‘]{qhaésczyr;npﬁ’g{z’ (‘{e"g"fsghaen contributions of enthalpic gain and entropic losses for chain
approximate (eq 23) mass balance equation. and ring fqrmatlon will be d|fferent.(eqs 7 and 12). As a result
the behavior of all the above-mentioned properties, such as the
degree of association, rirghain crossover, molecular weight,

etc. will be altered. We note that in our current approach an

one can see that a considerable increaskljnoccurs at the increase in temper@tur‘é is equivalent to a decrease.in the
concentration when chain association starts to increase (cf. with€N€rgy of associatiolEassoc since the volume exclusion is
Figure 5a). This occurs at somewhat lower oligomer density €nforced only by the space limitations on positions of monomers
compared to the ringchain crossoven,. Since the latter in the BFM and does not involve consideration of any interaction

decreases with oligomer length (as is seen from Figure 7) the Potentials. In reality, a change of temperature may influence
increase i, for longer oligomers also starts at lower polymer Volume interactions between spacers or end groups in a different
density. manner, so some additional effects of demixing may be present.
With an increase of orientational specificity of reversible  The critical ring-chain crossover temperature calculated by

bonding the average degree of association decreases (as is segmumerically solving of the mass balance eq 15 is depicted in
in Figure 6) following universal dependence oichain (€q 18). Figure 9, wherekT/AEassocis plotted vsn for two oligomer

As a result the weight-average molecular weight changes lengthsN = 4 andN = 8 for a range of different orientational
correspondingly, followingr{Kcqi)'2 scaling dependence in the  specificities of complexation. As is se& AEgssochas dramatic
chain-dominated reginf&:33353%owever in the ring-dominated  effect on the ring-chain crossover especially for larBevalues
regime the behavior dfl,, is less universal when in some cases and shorter oligomers. In this case the increasg.inan reach

an increase in orientational specificity can lead to a somewhat several orders of magnitude (Figure 9a). With a decrease of
unexpected increase in the molecular weight, as is seen for thetemperature the contribution of enthalpic gain increases relative
two lower concentrations shown in the inset of Figure 8. The to the temperature-independent entropic losses. As a result

Comparing the weight-average molecular weigkt(in units
of oligomer weight) for different oligomer lengths Bt= 1

0 ]
) A
B=8 1] 0
c:e 1 5 1 C:E 1
§ OO 3 i ]
L ]
=< 0251 g 025 2
= O =
< ~ Beg
0125 \ 0125
a) N=4 | b)N=8
"1E7 1E-6 1E-5 1E4 1E3  0.01 1E-4 ' ' 4E4  1E-3
Number Density, n (a°) Number Density, n (a°)

Figure 9. Numerical solutions of eq 15 for the critickl/AEassocat which ring-chain crossover occurs vs oligomer number densiy different
B values and oligomer length = 4 (a) andN = 8 (b). The area below/above each curve corresponds to the ring/chain-dominated regime.
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Figure 10. Numerical solutions of eq 15 for the weight-average 0.20 -
molecular weight (in units of oligomer weight) as a functionkd?
AEassocfor N =4, n = 4.8 x 10~a~3 for various rigidity constants.
The inset shows the total degree of associafiaand the fraction of
reversible bonds in ringd;,, and chainsf, for B = 5.
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formation of reversible bonds with entropically more costly =
orientations will become possible enhancing formation of rings ® ]
(in particular monomolecular rings). This will lead to a shift of
the ring—chain crossover to higher concentrations. This effect W"0-10 -
is especially strong for shorter oligomers for whidlging,1 is
the largest (see Figure 4 and Table S1 in the Supporting
Information). For longer oligomer lengths or smal@wvalues
this shift is not as significant and occurs at higher concentrations ~ 0-05
(see Figure 9b foN = 8 and Supporting Information for other
chain lengths). As is seen from Figure 9 at conskai\Eassoc Number Density, n
the ring—chain crossover occurs at lower concentrations for _. i i
larger B values. Since lower oligomer density always favors Figure 11. Numerical solutions of eq 15 for the absolute value of
9 _ 2r olig Yy Yy OFS  (weight-average) molecular weigM,, (in units of oligomer weight)
monomolecular ring formation, below a certain concentration, (a) andkT/AEassoc(b) at which the maximum i, is achieved vs
(which decreases with an increaséjrrings always dominaté®. oligomer number density at differentB values and oligomer length
The smaller degree of association with decreasing associationN = 4:
energyAEassoc0r increasing temperature results in the systematic the temperature corresponding to the maximum value of the
decrease in molecular weight (calculated in units of oligomer molecular weight abruptly increases and stabilizes at some
weight) in the chain-dominated regime, i.e., at high concentra- plateau level as the oligomer concentration decreases. The
tions or highB (Figure 10). corresponding molecular weight sharply decreases with a
At lower oligomer densities in the ring-dominated regime the decrease of and levels off at about 1. The implications of
molecular weight dependence becomes more intriguing. Indeed,such behavior is that the smaller the oligomer concentration
as is seen from Figure 10 with an increasekMAE;ssoe the the more favorable rings are, so the redistribution of oligomers
molecular weight actually increases for a rang&afalues B from rings to chains occur at increasingly higher temperature
=1, 2, 3, 5, in Figure 10) until it reaches maximum at some and lower average molecular weight until the limitM§, ~ 1
intermediate temperature. This initial increase in the molecular is reached. In this case the maximum of molecular weight
weight is attributed to formation of chains. As the enthalpy of corresponds to opening of a monomolecular ring. For supramo-
association becomes insufficient to compensate for entropic lecular polymers with larger orientational specificity the behavior
penalty for ring formation the equilibrium shifts toward chain of the molecular weight is more complex (Figure 11). With the
association leading to the rirghain crossover at somewhat decrease of concentration, the temperature at which the molec-
higher temperature (Figure 10, inset) A further increase in ular weight reaches a maximum increases similar to that for
temperaturekT/AEassoc results in the decrease tfy, as the smallerB values. However instead of reaching a plateau, the
enthalpic gain becomes insufficient to compensate for the temperature starts to decline quickly at lower oligomer con-
entropic loss, so any association becomes less favorable. Theentrations. Below some concentration no maximum in molec-
larger the orientational specificity of association the lower is ular weight can be observed at all. This peculiar behavior at
the ring—chain crossover temperature (Figure 9) and the lower lower n is caused by the strong restrictions on formation of
the temperature corresponding to the maximum of the molecularmonomolecular rings for short oligomers with high orientational
weight (Figure 10). specificity of association. As a result below the concentration
The temperaturek{l/AEassog corresponding to the maximum  where bimolecular complexes becomes entropically unfavorable
of the average molecular weight, together with the absolute  only a small fraction of monomolecular rings can form.
value of the molecular weight (in units of oligomer weight) at Consequently no noticeable redistribution between monomo-
its maximum are plotted in Figure 11 f&f = 4 and different lecular rings and unreacted oligomers could occur and no
values ofB. For rather flexible complexe8(< 2 for N = 4) maximum in molecular weight could be observed. For longer

assoc

kT,
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system is in the chain-dominated regime for the whal\Eassoc
range considered, so that the molecular weight steadily decreases
as the temperature increases. At somewhat lower concentration
the system is in the ring-dominated regime at low temperature,
so with temperature increase chain formation becomes more
favorable (Figure 10, inset) and the molecular weight increases.
At some higher temperature the entropic loss for association
overcomes the enthalpic gain resulting in the decreadé,in
The larger is the oligomer concentration the higher is the
absolute value of the molecular weight at its maximum. As the
oligomer density decreases the position of the maximuM,in
shifts to highekT/AEassos reaches a maximum and then slightly
decreases until it reaches a concentration below which the
molecular weight has no maximum because large rings are
unfavorable and small rings are unlikely due to their high strain
. , , . for ring closure. As we discussed above, the temperature
0.06 0.12 0.18 dependence of the specific viscosity for one of the hydrogen-
KTIAE bonqled supramolecular complexes stu_dieo! in re_f 24 exh_ibits a
assoc maximum followed by a decrease in viscosity at higher
Figure 12. Numerical solutions of eq 15 for the weight-average temperature. The same supramolecular _p_oly_mer _at Iower
molecular weight (in units of oligomer lengti) as a function okT/ concentration shows an increase in the SDECIfIC VIScosity, which
AEassocfor N =4 andB = 5 at different number densitigs(in units appears to reach a maximum at a considerably higher temper-
of &). ature (which corresponded to the upper range of experimental
) ) ) ) ) measurements so the anticipated decreabk,iat even higher
oligomers formation of monomolecular rings is less restricted temperatures was impossible to follow). That is exactly what
than for the shorter oligomers, so that the overall }emperaturewe expect to happen in a certain concentration range based on
dependence of the molecular weight (at leastNar 8) is rather  oyr model (Figures 11 and 12): the lower the concentration is
similar to that observed at smdifor N = 4, i.e. an increase  tne stronger is the tendency to form rings, and it will take a
and leveling off of the temperature corresponding to the higher temperature to make chain formation favorable, i.e., to
maximum inMy, and corresponding decrease in the absolute 4chieve the maximum in the molecular weight (Figure 12). This
value ofM,, tending toward unity. In general, for any oligomer e is qualitatively similar to what was observed for decreasing
length the larger i the larger is the penalty for forming rings, g iy the main plot of Figure 10. Both a decrease in oligomer
which triggers redistribution of oligomers from rings to chains  ¢oncentration and a decrease in orientational specificity favor
at lower temperatures and therefore at larger absolute values ofy ) ring formation (if orientational specificity and oligomer

the molecular weight. length allows), leading to the increase of temperatures corre-

This feature of supramolecular polymers could not be gnsnding to ring-chain crossover and the maximum of the
anticipated by the preceding analytical/simulation approaches, molecular weight.

but it was observed experimentally for metéibanc?® and
reversible bonded supramolecular polymetsin both cases
the orientational specificity of the complexes is appreciable: in

the metat-ligand case, coordination bonds require a specific o ) ) . .
orientation of two oligomers in the vicinity of the metal, whereas systems W',th ring-chain crossover occurring at rela.t|vely high
concentrations and low temperatures. The requirements for

in the hydrogen-bonded case the spacer was too short to formd o h lecul he following:
a monomolecular rings, so the bimolecular complexes dominated9€S'9Ning such supramolecular system are the following: use
among rings. A similar situation is seen in our calculations 2 flexible spacer of a rather short length and supramolecular
(Figures 10 and 11) for short spaceXs= 4) and larger rigidities associating units of intermediate-to-high orientational-specificity.
(B = 2). ForB = 5 shown in Figure 1Kng 1 is more than 1 In such case bimolecular or (even higher order) rings will be
order of magnitude smaller thdGing . In this case the increase prgferable at |9W temperature, and a temperature increase will
in temperature results in a 2-fold increase in molecular weight, Shift the equilibrium to chains of even higher degree of
which is consistent with the a 1.35 times increase in reduced association, so that molecular weight will noticeably increase.
viscosity observed in metaligand supramolecular polymers Alternatively the chemical ;tructure of assoc[atlng oligomers
of stoichiometric compositidd and 4 times increase in specific €@ be tuned to preferentially form large rings at low-to-
viscosity of hydrogen-bonded supramolecular polyniéf&e intermediate concentrations and temperatures followed by chains
note that observed increase in viscosity can also be attributed@t larger concentrations or temperatures. For rigid spacers ring
to the change in the chain architecture from rings to chains. On formation will be greatly diminished (unless they are designed
the basis of!H NMR data, the increase in viscosity is to form rings) and no noticeable increase in molecular weight
accompanied by a-45 times increase in chain populatf§R? can be expected_wnh increasing t_emperature_._S|m|IarIy, _for
which agrees with our results (f@ = 5) of abou a 5 times flexible spacers with weakly orientationally specific associating
increase in chain fraction upon temperature increase (Figure 10,970UPS, & high molecular weight at its maximum is also hard to
inset). This confirms that an increaseMy, is due to shift of achieve since single rings _W|II persist until very high temper-
the equilibrium from rings to chains. atures where any associations are not favorable.

As we can see from Figure 11 oligomer concentration also  The degree of association in supramolecular polymer system
plays important role in the temperature dependence of molecularcan be measured by infrared spectroscopy or NMR which permit
weight. A decrease in the concentration for consB(B = 5) detection of the relative fraction of associated and nonassociated
is considered in Figure 12. At the highest concentration the groups. These measurements could be performed for flexible
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In general to observe experimentally an increasdlnor
viscosity with a temperature increase the change in molecular
weight should be significant. This can be achieved for the
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spacers (such as PEO) of different length as a function of this equation for the chain degree of association allows one to
concentration. On the basis of these measurements, the validityobtain the chain and ring distribution, degree of association,
of eq 18 in a relatively high concentration range can be tested. and molecular weight and to estimate the ring-to chain crossover
Additionally NMR measurements may allow simultaneous concentration.

detection of the concentration of smallest size rings and the rest \ye found that the orientational specificity of reversible
of the associating speciésince small rings are the dominant  ponding significantly affects the overall degree of association
species at low concentrations, comparison of the concentratlonp as well as the fraction of reversible bonds in rifigand chains

of rings and the rest of the associating species at differentf At jow concentration, the overall degree of association is
concentrations would allow one to estimate the fhebain defined by monomolecular ring formation. For snalalues,
crossover concentration (which would be rather closerdp ring formation is favorable and the overall degree of association
Repeating such measurements for different spacer length ands rejatively high even at low concentrations (Figure 5). At the
possibly different associating groups would allow a comparison same time for largeB, the entropic penalty associated with the
of the experimental results with our predictions shown in Figure apge limitations for ring closure (especially for short oligomers)
7 (including theN~2 scaling dependence expected for longer s very high, so monomolecular rings are not so likely and the
spacers), while measurements performed at different temperayegree of association is rather small at low concentrations
tures can be compared with the temperature dependence of thegigyre 5). At higher concentrations formation of bimolecular
crossover concentration plotted in Figure 9. Determination of rings becomes possible and the ring degree of association may
the average molecular weight experimentally is more challeng- jncrease ifing.2 > Kiing.. However, in most of the cases (for
ing, as many tradit_ional techniques (e.g.,_static light ecattering longer oligomers or srﬁaIIeB) an increase in oligomer density
with an extrapolation to zero concentration) would induce a |gads normally to enhancement in chain degree of association,
change in the equilibrium. This problem can be avoided for \hich dominates at high concentrations. As a result, the overall
association complexes with a high energy of associatiBgsoc degree of association increases in a uniform manner as a function
if the system is allowed to equilibrate at some high temperature of NKenain (€q 18) at large oligomer concentratérand it

and then quickly quenched to low temperature when dissociation jecreases witts (Figure 6). The weight-average molecular
will be highly unfavorable. Another less direct way of measure- weight follows the same pattern as the degree of association:

ments of molecular weight is by using zero-angle light scattering i, the chain-dominated regime it increases followinkdai) /2
or via viscosity measuremerft8! The experimental values for  geajing behavior (at least for longer chaf$p25%and it

molecular weight measured at different concentrations and gecreases with an increase of orientational specificity of
temperatures can be compareel with our predictions shown in g ¢5ciation. The abrupt increase Ny, occurs somewhat in
Figures 6 and 1812. As we discussed above, some of the 4qyance to the ringchain crossover when formation of chains
reported viscosity measuremeft$, show good potential for  pecomes favorable. As the ringhain crossover shifts to lower
such comparisons. We also plan to expand our approach to theyjigomer density with an increase in oligomer length or in
prediction of dynamic properties of supramolecular polymers jncrease irB, the molecular weight starts to increase at smaller
including viscosity. oligomer densities as well. Our analytical predictions based on
numerical solution of the complete or approximate mass balance
equation are shown to be very successful in predicting the degree
of association as well as the molecular weight and-icigain
Crossover.

5. Conclusions

We have applied Monte Carlo simulations using the bond
fluctuation model to study the influence of orientational
specificity of reversible association on the self-assembly and ) . .
properties of supramolecular polymers. We have studied linear W€ have also considered the influence of oligomer length
flexible oligomers consisting dfl — 2 flexible spacer monomers end orlentatlonal speCIflelty of rever5|ble association on the
and two terminal groups, one a donor and the other an acceptorfing—chain crossover, which we define as the oligomer density
for reversible association, which can lead to formation of rings " at which the number of reversible bonds in rings and chains
and chains. The orientational specificity of reversible association @€ €qual to each other. We found that for flexible reversible
was implemented in our simulations by applying a weighting associations the oligomer nember density eorreepondlng to the
factor for formation of a reversible bond at a given angie rlng—.chaln Crossove steadily decr.eases with ollgomer Iength
P(6) = exp[-B(1 — cos6)] with B being defined as a rigidity N._W|th_an increase !rB, the entropic pena_lty assomat_ed with
constant. On the basis of simulation results we calculated the orientational specificity of reversible bonding comes into play
equilibrium constants for chain growti i) and ring closure ~ Which results in a further decrease in the rirahain crossover
(Kiingj) Via a reversible bond. We found that the latter strongly oligomer density (Figure 7). This effect is especially strong for

varies with oligomer lengtiN, especially for short oligomers.  Short oligomers, for whichn.. decreases by several orders of
For longer oligomersN = Nmax ~ 15 the entropic loss ~ Magnitude, while for longer oligomers the decrease is rather

originating from orientational limitations becomes comparable Marginal. As a result first increases with increasing oligomer
to that for chains (Figure 4). In this case the equilibrium constant '€ngthN, then exhibits a maximum at intermediatend finally

for ring closure King)) can be related toKenan!®17 This decreaees at Iarg\k The larger the orlentatlonal specificity of
observation allowed us to suggest an approximate mass balancéeVersible bonding the larger the amplitude of the effect.
equation (eq 23) which can be used to predict the properties of Using our analytical approach, which reproduces all simula-
supramolecular polymers and analyze experimental data. To thistion data very well, we have also analyzed the influence of
end all that is necessary to know is the experimental degree oftemperature on the ringchain crossover and molecular weight
association at high and low concentrations, and to have somebehavior. In our approach, an increase in the energy of
idea about the end-to-end distribution for the oligomer (e.g., association is equivalent to the decrease of temperature as long
Gaussian-like or excluded volume-like behavior). This will as it leads to the sam@Eassod(KT) ratio. A decrease in
provide an estimate of the equilibrium constants for chain growth temperature implies enhancement of the enthalpic gain of
Kchainand smallest ring closui&ing, 1 Which then can be plugged  reversible bond formation, which allows formation of smaller
into the approximate mass balance equation (eq 23). Solvingsize rings with less entropically favorable bonding orientations.
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As a result the ring-chain crossover shifts to larger concentra- ~ With an increase in the concentration it becomes possible to
tions with a temperature decrease. This effect is especially strongform chains and rings of size two in the system. The degree of
for largeB values and shorter oligomers for which the increase association becomes

in the number density corresponding to rnghain crossover

can reach several orders of magnitude. In general the higher (Gl FRI+ 2[Ry

the orientational specificity of bonding the lower is the P= [C]+2[C,] +[Ry] + 2[R,]
temperature (higher th&E,ssod at which the crossover occurs

(Figure_ 9). o o _ _ Kiing.1 T Kenail1  2Kiing JIC4l

f The implications of these changes in ringhain crossover 1+ King1 + 2Kepairl + Kiing JIC1]

or the molecular weight behavior as a function of energy/ (A5)

temperature are found to be the following: In the chain-
dominated regime (i.e., at sufficiently high concentrations) an The degree of associatigndecreases with [ if 9p/d[C4] <
increase of temperature simply results in the decrease inO, resulting in
molecular weight (and by extension in the viscosity, as is often

seen experimentaly®). However in the ring-dominated regime 1+ 2Kiing,2 < Kring 1 (A6)
(i.e., at lower concentrations) a temperature increase may lead 2+ 2Kijnge 1+ Kiga

to an increase in the molecular weight due to shift of the

equilibrium from rings to chains. This prediction agrees well ©Or

with recent experimental observations for metallo-supramo-

lecular and hydrogen-bonded polymé?24The position of the 1+ 2Kiing2 = Kiinga (A7)
maximum of theM,, shifts to higher temperatures and its The ring fractionw becomes

absolute value decreases with a decrease of concentration.

(Figures 11 and 12) The latter was experimentally observed for [R,] + 2[R,]

hydrogen-bonded supramolecular polyn#rét higher tem- w=

perature the enthalpic gain becomes insufficient to compensate [Cad +2[C)] + [Ri] + 2[R,]

for entropic loss and\,, starts to decrease. An increase in K. +2K. K. JIC
orientational specificityB inhibits ring formation (especially = ring.1 chairkring AC4]
monomolecular rings from short oligomers) and decreases the 1+ Kiinga T 2Kenaill + Kiing J[Cal (A8)

ring—chain crossover temperature leading also to the decrease
of the te_mperatur_e at which the maximum of_M@ is reached The ring fraction increases with [Tif aw/3[C1] > 0 leading
and an increase in the absolute valueMgf (Figures 10, 11). to

Therefore, to observe experimentally an increaseviip or

viscosity with a temperature increase it is preferable to use K K

ing,2 ing,1
associating units of intermediate-to-high orientational-specificity 1 _}_n&g_ 1 +n;;g_ (A9)
(and select a spacer which prefers formation of rings of larger ring.2 ring.1

sizes). or

Appendix Kring,z = Kring,l (AlO)

A. Analytical Calculations in Zero Density Limit. In the
zero concentration limit, the properties of the system are Since the degree of association will eventually becqme 1
determined by the behavior of a single oligomer. The degree in the high concentration limit, a minimum mmust exist when
of association at zero concentration is defined by the probability the condition A7 is satisfied. On the other hand, the ring fraction
of forming a monomolecular ring,, which is connected to the ~ Will decrease tow = 0 in the high concentration limit and a

concentration of chains and rings as,[G (1 — po)[O] and maximum inw must exist when the condition A10 is satisfied.
[R] = po[O] where [O] is the original concentration of A.1. Gaussian Chain Approximation.For a Gaussian chain
oligomers. The degree of association is of N monomer units, the probability for the two ends to meet is
given byAN-32 whereA is a normalization constant. Consider-
[Clx0+[R]x1 ing the energy decreasAE,ssoc for forming of a flexible
= =p, (A1) reversible bond B = 0), the equilibrium constant for the
[C] monomolecular ring closure is given by
while the ring fraction is Kﬁliﬁg’l: AN 32 EassolkT (Al1)
_@_ We can apply similar consideration to association of two

W= [O] Po (A2) oligomers. However, there are two ways to form a linear chain
of size two and only one way to form a ring of size two out of
Po is related to the equilibrium constant for monomolecular ring two oligomers. Therefore, the equilibrium constant for formation

formation of flexible bimolecular ring B = 0) is given by
— 3/2_AE/KT
[Ri] p fex _ ACN) €T s tiex
Kring,l = ﬁ = 1 _opo (A3) Kring,2 2 2 Kring,l (A12)
K. The condition A7 becomes
=p:p — ring,1 (A4)
® 1+ Kinga Kl > (1—27%) "~ 1.547 (A13)
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