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Summary

A kinetic model of formation of hyperbranched polymers by step polyiéidd of

a BA monomer including cyclization was developed. Reactions between acyclic-
acyclic and acyclic-cyclic molecules and cyclization within acyclic molecules were
considered. For cyclization within isomers of aamer, a bridging function between
linear and spherical structures was used. Fractions of cycheoers are predicted to
increase with increasing degree of polymerizatitorand overall onversion of B groups.
High fractions of cyclics werefound in poly[2,2-bis(hydroxyethyl)propanoic acid]
(poly (dmethylolpropionic acid)) by mass swtroscopy (ESI/FT MS) in a reasonable
agreement with the model.

Introduction

Functional hyperbranched polymers and dandrs are polymer netwk precursors

of compact architecture. While wdrimers are mnodisperse, hyperbranched poly-
mers exhibit a (broad) distribution of degrees of polyration. These polymers
and their special features have been reviewed in the literatdre 9., (1-5)). The
hyperbranched polymers are formed from  Bfonomers, where groups A and Ract

to give bond A-B. The hyperbranched polymers are aitarized not only by a wide
distribution of degrees of polymerization but also by distribution of shapes, ranging
from purely linear to purely spheal through abundant intermede structures.
Several ways of controlling the molecular weight and shape distribution have been
proposed or employed, such as iadd of a core (an A monomer), contited
monomer feed, or variable reactivities of 4roups. In the majority of quantitative
considerations, only theintermolecular reaction between the A and B groups was
considered. Under these conditions, every molecule, whatever its size, is treelike and
bears one unreacted Broup andx(f - 1)+1 unreacted Agroups. It has beenealized

that intramolecular reactionwithin groups of the ame molecule can occur but it was
considered to be relatively unpartant because only one ring canfixened.
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Simulations of hyperbranched polymershe ring-free step polyadibn of a BA
monomer was first treated by dfy (6) who used a combinatak metod falling within
the catgory of statistical branching theories (cf., e.g., (7,8)). Theatsstical gproach
has been substantially extended in the available structurarmation (higher MWD
moments, free-fuctionality distributions, effect of differences in reactivity, addition
of a core, etc.) by using theéheory of branching processeemploying the formalism
of cascade substitution and generatifignctions (cf., e.g., (9, 10); a moreetdiled
treatment will bepublished). These approaches show that flor 1 both the number-
(P) and weight-average P() degrees of polymerization diverge if theonwersion of
B groups, a,, goes to completion and that the polydispersiy/P, also diverges.
The statistical theories, strictly speasi describe the siation when the structure
is controlled by equilibrium.

For kinetically controlled reactions, the structure development can be described by
a set of kinetic differential equationfor time change of each distjuishable spcies
(molecule) which can be solved either analytically (¢L1)) or numercally by the
moment method. Monte-Carlo sitation of this process is another alternative
(10-10° monomer units) for solution which offers the whole distribution and is
applicable also to cases where the moment hatkt fails (12, 13). Nonmean-field
effects arising from mdecular-size-dependent factors (steric obstorgti diffusion) or
history-dependent edtts (stagig) can also be taken int@account (14, 15). Monte-
Carlo simulation of a ng-free eaction of BA was performed by HaaBnann et

al. (16) using 500-5000 monomer units.

Simulation of buidl-up of dendmers and hyperbranched mnecules in space has
also been performed. Wé simulation of single dedritic structures is relatively
straightforward (17, 18), sinhation of distributions is more difficult because of
limitations imposed on the number of units employed. Recently, Widman and
Davies (19) used the tation-isomeric-kate Metopolis Monte-Carlo simlation with
exclusion of steric effects and AertQ0) the bead-grer model used by Mansfield
and Klushin (18). In either case, cyclization reaction was considered. Cyclization
during the eaction of an BA monomer was modelled on a latti¢e0 x 60 x 60lattice
sites), wherebonds can corectt a unit to any of its 26 rghbors, is (21). For ckin
dendrimers, cyclization was studie@22, 23) both expénentally and theoretically
(molecular mechaniderce field mode(23)).

In this work, we developed a latic model in which cyclization was taken into aacnt.

The results are compared with evolution of distributions of acyclic and cyclic species in
poly[2,2-bis(hydroxymethyl)propanoic acid] which were determined by electrospray
ionization Fourier-transform mass sptrometry (ESI/FT MS).

Results and Discussion

Kinetic simulation of acyclicand cyclic molecules Formation and trafis'mation of
acyclic and cyclic molecules are described by the following scheme:

Faa (zy)[Acy
(zy)[Acy] Aty

kc(ﬂf)l lkc(mﬂl)

[Cry]
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where A¢ and C represent anx-mer which is acyclic and contains one cycle,
respectively. A cyclic molecule can react with an acyclic one, but two cyclic molecules
cannot eact becauseone of them has an wacted Byroup.

For the intermolecular reactions between twoonomers, between monomer and a
cyclic or acyclic molecules, between two acyclic molecules, or between an acyclic
and a cyclic molecule, a gmud-order eaction has been assumed. Asr catalyzed
reaction kinetics, the reaction rate of the specific molecules praportional to the
product of their 'concerdtions' (probaitity densities; for details, cf. (12-14)). The
weightings for election of the moleculedor intermdecular reactions are determined
by the numbers of unreactegiroups in eacting molecules which determine the number
of ways the two selected molecules can react. Equal reactivitgraips was assumed

in the simulatiorruns shown here.

The reaction scheme givenbca/e is described by the following diffeteal equations

d[ﬁ:z :( )ka(g, = DA[Ac ] = [Aca] D kaa(, 1) [Acy]
= (1)

Mg

— [Acy] Kac(z, 5)[C;] — ke(z)[Ac,]

1

d[;f] = ko(2)[Acy] + ( )Zkac(y, 7)AG][Cayj]

.,
Il

— [C4] Z Kac (4, 7) [Acy]

where

kaa(j,z — 3) = klz(f — 1) + 2]
kaa(,7) = k[(z +5)(f — 1) + 2]

kac(d,x — 7) = K[z — ) (f = 1)]
kac(x,7) = K3 (f = 1)]

k [conc’ time" is a rate constanfor the eaction of A and Bgroup and [Ad and
[C] are concentrations of acyclic and cyctiners, respectively.

Weightings for the oglization reacon, determined by k, are complicated due to
(1) the existence of distribution of isomers of ammer and (2) asstated functional
complexity of the probality that two groups in the ame molecule can come close to
each other toform a bond. We have algd the Significant Structure pproach used
in the thermodyamics of mixtures of liquids(24,25). In this approach, the weighting
factor for the cyglization in anx-mer is taken as a weighted average over two limiting
structures: a linear molecule and a spherical one with ongrddip in the extreme
shell in generationg (bridging furction) (examples of possible structures are shown
in Figure 1).

The derivation given here represents only the first apmpratxon and will be discussed
in more detail elsewhere. For the Ilinear isomer, a dgBoup Iaated anywhere
along the chain is considered teact with any Agroup along the chain with thimitation
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Figure 1: Extreme structures of a
hyperbranched z-mer and possible
cyclization reactions

by the smallest possible ring of size. The Stockmayer-Jacobson scaliffgr the
probatility of forming a ring of sizex, P(x) O x*, is used. Summation over all
possible locations of Bgroups and ways of ring foration gives the following equation

kein(x) = k%(fl—'—l) i(:}: — i+ 1)i73/2 (3)

1=10

3/2
oz (3 : (4)
27qu2 NA

(cf. (24)) whereq is the number of monomer units in a statistical segmeénts the
length per monomer unit, andN, is Avogadro number. The clzation proballity
for a sphecally symmetric dadritic structure is derived considering the number of A
groups at a distancg from the B group, counted in the number of gatiens. This
number is multiplied by the accessibility fact The accessibility factor is considered
to decrease sharply with the distance because of the bulkiness of the sphemidate.de
The exponent Yg) is semiempirical, satisfying this ondition. The corresponding
equation reads

kcdendr(g9(2)) = ka(f — 1) i FH(28 + 1)s] 77O 4 (fF + D929 + 1)s]7@ (5)

=1

Heres= 1; fori, > 1, this equation is coupled with equations

() =3/2+ f7/(5 + 1) (6)
r=1+(f+1)QA+f+ 2+ .+ f (7)

The cyclization constant is obtained as an average:
k;c (ZE) = (kc,lin + kc,dendr)/Q (8)

because in the ideal case papuations of the extreme structures would be equal.

The cyclization intensity relative to intermolecular reaction is given by the dimen-
sionless parameter

A =a/[BAy)o (9)
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Figure 2: Weight-average degree of polymerization of a BA; polymer in dependence
on conversion of B groups agp; 1 ring-free, 2,8 with cyclization, cyclization factor
a=1,A=01: 24 =1,81=2

where [BA], is the initial concentration of omomer units.

Simulation of distributions composed of acyclic and cyclic molecules has been per-
formed by Monte-Carlo simulation described (A2, 13). Examples of the siation
results are shown in Figures 2 and 3. The number- and weight-averatgrulao
weights do not diverge but remain finite even @t = 1. The final values depend on
the degree of cyclization and also on the distribution of cycleengmmdecules of
different sizes (Fjure 2). Figure 3 shows a part of numberction distributions of
acyclic and cyclic x-mers.

The following special features can be sedh) at a given conversion of B groups,
the fraction of structures with a cycle (cyclics) increases with increasing molecular
weight and converges to a tan value; (2) the fiaction of cyclics increases with
increasing conversion and converges to 100 &b iholecules are cyclics)(3) the extent

of cyclization depends on the size of the smallest possible ringPDMPA, it is a
dimeric ring, i, = 2, monomeric rings have not been detected).

Comparison  with  experiment Samples of  poly[2,2-bis(hydroryethyl)propanoic
acid] (poly(dmethylolpropionicacid), PDMPA)

A /CHQOH
B*< — HOOC-C <CH3
A CH,OH

were prepared by directondensation using p-toluenesulfonic acid as a catalyst. Mass
spectroscopic techniques in which only molecular ions fmened and observed (27)
are powerful tools for distinguishing cyyzed species(22, 23). Here, theElectrospray
lonization/Fourier  Transform Mass $ptrometry (ESI/FT MS) was used. An
example of the ESI/FT MS spectrum of PDMPA is shown gufé 3.
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Figure 3: Examples of distribution of number fractions of acyclic (full bars) and cyclic
(open bars) BA; z-mers for the conversion of B groups, ag, indicated; cyclisation
intensity a =1, A = 0.1, i = 2
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Figure 4: Example of ESI/FT MS record of sample of ag = 0.993, Na ionization;
Acx = acyclic z-mer (Ac; — Na salt (MW + 22 + 23), Acy — acid (MW + 23));
Cx = cyclic z-mer (MW + 23)

In this paper, we do not compare the numbaction distribution obtained by
simulation and by ESI/FT MS but we limit the discussion to molar ratios of cyclics

el
o [Acz] + [Cy]
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Table 1: Molar fractions of cyclic molecules, n.,, in dependence on the degree of
polymerization of PDMPA oligomers (calculated values for a = 1 and A = 0.1)

= ap = 0.840 ap = 0.947 ap = 0.981
experiment | theory || experiment | theory | experiment | theory
4 0.16 0.16 0.30 0.46 0.48 0.73
15} 0.30 0.21 0.47 0.52 0.60 0.77
6 0.39 0.25 0.46 0.58 0.83 0.83
7 0.28 0.28 0.47 0.63 0.75 0.86
8 0.29 0.30 0.42 0.68 0.75 0.88
9 0.34 0.34 0.66 0.72 0.77 0.90
10 0.27 0.35 0.61 0.74 0.74 0.91
11 0.24 0.39 0.48 0.76 0.68 0.92
12 0.29 0.42 0.64 0.78 0.87 0.93
13 - 0.46 0.63 0.78 0.92 0.94

A comparison of data in Table 1 shows that predicted trends are obeyed. In view
of the scatter of the experimental data, also the numerical agreement is reasonable.
However, the observed increase m with increasing x is generally flatter. This is
apparently due to the simplifications used in the model; particularly the neglect of the
fact that some of the Bgroups in comact molecules are heavily hindered and their
reactivity severely restricted. The model will berther improved by considering this
factor.

Conclusions

Cyclization is an irportant factor in formation ofhyperbranched mecules. It affects
the reaction kinetics in that the cyclized molecules have nar@p and can eact
only through their A groups. It was proved expentally that the hyperbranched
polyesters (PDMPA) are composed of a largeaction of cyclics. This fraction
increases with increasing molecular weight of individual oligomers and increasing
overall mnversion of B groups. The results are in generaleemgent with the Kkinetic
model that includes size-dependent cyclization.

Acknowledgement
K.D. and J.S wish to thank the Grant Agency of the Academy of Sciences of the
Czech Republic (grant No. A4050808) for support.

References

1. Frechet, JMJ, Hawker, CJ, Gits |, Leon, WJ (1996)J Macromol Sci, Pure
Appl Cheni33: 1399

2. Frechet, JMJ (1996) Synthesis and Propees of Dendrimersand Hyperbranched
Polymers in Comprehensive Polymer Science, @&®t Supfgement, Eds. SL
Aggarwal, S Russo, Elsevier Sciencef@d, pp 71-133



496

o0k

~

10.

11.
12.
13.
14.
15.

16.
17.
18.
19.
20.
21.

22.

23.
24,

25.

26.
27.

Newkome, GR, Mooré¢ld, CN and Vogtle, P(1996) Dendritic Molecules.Concepts,
Synthesis, PerspectivedCH, Weinheim

Voit, Bl (1995) Acta Polym 46: 87

Holter, D, Burgath, A, Frey, H (199A«cta Polym48: 30

Flory, PJ (1953) Principles of Polymer Chemistry Correll University Press,
Ithaca, pB61-370

Dusek, K, (1991Rec Trav Chim Pays-Bds.0: 507

Dugk, K, (1997)Network Formationin Materials Science and Technology, Vol
18, Processing of Polymers éifer, HEH, edibr) VCH Weinheim, ppt01-427

Dusek, K, (1997)Trends Polym S&: 268

Dusek, K, Somvarsky, J, Snirkovd, M, Huybrechts, JWilczek, L (1998) Polym
Mater Sci Engr8: 223

Radke, W, Litvin@ko, G, Mdler, AHE (1998)MacromoleculeS1: 239

Somvarsky, J, Diek, K, (1995)Polym Bull33: 369

Somvarsky, J, Diek, K, (1995)Polym Bull33: 377

Somvarsky, J, Diek, K, Smikova (1998)Comput Theor Polym S8i 201

Kurdikar, DL, Somvérsky, J, Dusk, K, Peppas, NA (1995Macromolecules 28:
5910

Hanselman, R, Hdter, D, Frey, H (1998Macromolecules81: 3790

Lescanec, RL and Muthukumar, M (1993xcromolecule®3: 2280

Mansfield, ML and Klushin, LI (1993Wlacromolecule®6: 4262

Widman, AH, Davies, GR (1998)omput Theor Polym S8i 191

Aerts, J (1998Comput Theor Polym S8i 49

Cameron, C, Faeett, AH, Hetheringin, CR, Mee, RAW, McBride, FV (1998)
Chem Phy408: 8235

Gooden, JK, Gross, ML, Miller, A, Stefanescu, AD, Wooley, KL1998) J Amer
Chem So0d20: 10180

Chu, F, Hawker, CJ, Pomery, PJIIFHDJT (1997) 35: 1627

Eyring, H, Henderson, D, Stover, BJ, Eyring, EM (1968}atistical Mebanics
and DynamicsWiley, New York, Ch 12

Koningsveld, R, Stockmayer, WH, Kennedy, JW leidtjens, LA, (1974) Macro-
molecules/: 73

Dugk, K, Gordon, M, Ross-Murphy, S-B (19Macromoleculed 1: 236

Aaserund, DJ, Simonsick, WJ Jr (1998bg Org Coatings34: 206



