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ABSTRACT: The kinetie-probability approach taking into account first shell substitution effects (FSSE) is applied

to hyperbranched condensation polymerizations. Simple explicit relationships giving the mass-average molar
mass M) and mass-average degree of polymerizatigp) @s a function of conversion, of initial monomer
mixture composition and of polymer architecture at a given reaction time are derived using-tbetinecursive
probability approach. Three experimentally available parameters, the A-, B-, and AB-branching féctoss (
andoag) are introduced to describe polymer branchifiggeneralizes Frey’s degree of branching to polymerizations
involving any type of monomer mixture and can directly be used to calculate polyipe¥ag characterizes the
substitution effects induced on A-group reactivity by the reaction of B-groups (and vice versa). This effect, generally
neglected in hyperbranched polymerization studies, may exert a dramatic influence on hyperbranched polymer
dispersity W,/M,). Two systems, ABpolymerizations and AB+ By polymerizations, are taken as examples

and discussed to illustrate the method. The polymerizations of 2,2-bis(hydroxymethyl)propanoic acid (BMPA)
(AB; polymerization) and of BMPA with Pentaerythritol (AB- B4 polymerization) are more specifically studied.

The results are compared to experimental data, showing that negative FSSE involving both OH and COOH
groups take place, leading to much lower dispersities and branching factors than expected for ideal (random)
polymerizations. The method can be extended to any type of condensation polymerizations.

Introduction growth direction$710 In the case of AB ideal (random)

Hyperbranched polymers form a class of polymers character- hyperbranched polymers D8 ¥/>. Negative substitution effects,
ized by a highly branched macromolecular architecture and al-€-: decrease of second B-group reactivity after reaction of the
large number of end groups. They exhibit properties notably first one, lead to DB< */2, with DB = 0 in the limiting case of
different from those of linear polymers in terms of, e.g., viscosity linear polymers. To obtain highly branched polymers (BB
profile, solubility, and end group reactivity. These properties “2), positive substitution effects are obviously desirable. It is
can easily be tailored by copolymerization or by end group clear that DB and,, are strongly interdependent: For AB
modification for applications in many fields, e.g., viscosity Polymers, when DB= 0 (linear polymers) molar-mass dispersity
modifiers, cross-linking agents, compatibilizers, polymers for is close to 2, while it approaches infinity at high conversion
waterborne compositions, or sophisticated drug delivery when DB = 1/, (random polymers). Therefore, it appears
systemsg:3 A number of hyperbranched polymers have been important to understand the relationships between polymeriza-
described in the past 15 years, some of which are now tion conditions and the molar mass, molecular distribution and
commercially availablé> These polymers are most often degree of branching of hyberbranched polymers. The aims of
obtained by polycondensation reactions involving:aBd AB this paper are as follows.

+ By monomer systems, where A and B denote mutually (i) The first aim is to derive a simple general expression of
reactive functional groups. Unlike linear condensation polymers, the M_ and Dy of hyperbranched polymer as functions of
which always exhibit molar-mass dispersitig = M, /M, conversion, of initial medium composition and of polymer
close to 2, the molecular distribution of hyperbranched polymers pranching “quality”. For this purpose, Frey’s degree of branch-
may become very broad at high conversion: As shown by jng is not adequate, and three parameterspthaching factors
Flory,® the dispersity of ABpolymers approaches infinity as  myst be introduced to characterize the substitution effects
conversion approaches 1. We have recently applied the “in - inquced by the reaction of A- or B-groups on the reactivity of
out” recursive probability approach to derive simple analytic the remaining unreacted A- or B-groups of the same monomer
expressions giving the dispersities of AB- By and more it Deriving M, from the branching factors can be done
complex hyperbranched polymers as a function of conversion nqer the simplifying assumptions of the first shell substitution
and initial medium compositiof However, these expressions etects (FSSE), where the reactivity of a given reactive group
were established under Flory’s simplifying assumption of equal genends only on the status (reacted or unreacted) of the other
reactivity of functional groups (ideal polycondensations) and groups present on the same monomer unit. At a given reaction
cannot be applied when substitution effects take place. In time, if polymer composition is known in terms of monomer
hyperbranched polymers, the deviation from ideality is generally units (e.g., mole fractions of dendritic, terminal, linear, focal,

characterized by the degree of branching (DB), a parameter units), it is possible to calculate the branching factors, then
introduced by Frey et al. and defined as the ratio of the numberm and M-
W

of actual growth directions to the maximum number of possible N o o )
(i) The second aim is to study the variations of branching

*To whom correspondance should be addressed. E-mail: factors (and average molar masses) with time using the FSSE
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parameters on rate constants in some simple cases taken agolymerizations with 3 rates constaft$?and AB polymer-
examples. ization assuming non-equal reactivity of all B-groupgdte
The hyperbranched polymerization modeling presented in this constantsj**The 2?35711“3 reported are in agreement with Monte
paper consists, therefore, of two conceptual steps: (i) a kinetic Carlo simulations>™*” and show increasing DB and broader
step in which the A- and B-groups transform into reacted A- molar_ mass distribution for ABsystems exhibiting positive
and B-groups with rate constants depending only on the natureSubstitution effects. The addition of a core molecule narrows
of the monomer unit to which they belong and (ii) a probabilistic the dlsltglzbutlon but also limits the maximum achievable molar
step where the resulting monomer units are randomly combinedMass*-*?In all these studies, the number of rate constants is
by their reacted A- and B-groups to build the hyperbranched 9uite limited. Possible substitution effects exerted on unreacted
architecture. These two steps are obviously simultaneous inA-9roups by the reaction of B-groups have never been studied.
reality. This “kinetic-probability”, or “kinetic-statistical”, ap- N this case, the number of rate constants to be taken into account
proach has frequently been used for polymerization reaction dramatically increases, e.g., to 12 in the simplest &gstem.

modeling. However, to our best knowledge, it has never been Although it would be possible to apply the exact approach to
applied to hyperbranched polymerizations. such systems, the approximate FSSE kinetic-probability minimal

. . . model appears simpler and quite suited to deal with systems
As pointed out by several authdrs;,'® this approach is only involving complex mixtures of polyfunctional monomers.

appro>_<imate, because there is no infor_mation stored on sequence In the first part of this article, we apply the “irout” recursive
otrder w;fthr:e.strulctures gegerated dbquntg thefsecoPddconceptu robability approach of Macosko and MilB&T43 to derive a
Step, which Involves a random combination otreacte monomergeneral expression of, andM,, for FSSE polycondensations

s : o )
;Jhmts. Thet 0?_Iy exfact ?pproa(_:tl)] IS a lklneltlc_ n:jo?elmg wdh]?re of monomers containing A and/or B groups. In order to do this,
€ concentration of €ach possibie molecule IS determined from,, . introducébranching factorswhich characterize substitution

the r@tes_o;_a!llndlv;dual ;z@f(f:tlonstllr: Wh'd:. Itis mvotl\()ed. Tlhe d effects and polymer architecture and extend the concept of
resulting infinite system of differential equations must be solve degree of branchingo any type of polymers.

by truncation or generating_ function _methdésl.s This kinetic In the second part, we analyze the variations of branching
6.‘ppf°ac_h has been extensn(ely studlegl by KI.JChan.OV etal., Whofactors, molar masses and dispersities in various kinetic situa-
first derived general equations for distributions in branched tions for two industrially important systems: (i) ABolymer-
]E)oly(t;ond?nsatlor; c_)lfhmor)otr11e(jrs W(;ththkm?t'c?”y d dgpglndent izations, comparing more specifically the results obtained on
unc !on? groups. ey introduce € -extended FOy  yho A, system with kinetic situations reported in the literature
pnn_C|pI<_a aIIo_vvmg oneto ert(_e these general equations in terms by the kinetic approach and (i) AB+ By polymerizations,

of kinetically independent units (monad8)On the other hand, taking AB, -+ B, polymerizations as example, a system which,

Sarm?rlahet“a’r..l .ref|r|1,¢,ad th; Iapt[))roxmate klnetlc-prolbablllty to our best knowledge, has not yet been modeled in literature.
mode .(f[ € “minimalt mo el 0y using a repeatedy maqle In order to illustrate the simplicity and the usefulness of the
prot_)abl_llstlc analys!s at small time _m_tervals (conv_ersmn dis- method, we also apply it on experimental data obtained on the
cretization). They discussed the validity of the minimal model polymerization of 2,2-bis(hydroxymethyl)propanoic acid (AB

;Oerl A;O?nc;mé)epg?nrgeZf;;:ggzn?ngn@ufng tz;;t?risem;gnrgg polymerization) and of 2,2-bis(hydroxymethyl)propanoic acid
. - ith P hritol (AB + B4 pol ization).
constants differ widely (2 decades and more). Kuchanov et al. with Pentaerythritol (AR + polymerization)

analyzed the errors committed by the minimal model on the Results and Discussion
gel points of A and As polymerizations in more general kinetic
situations where the rate constats of chemical reactions
between units ofth andjth kind cannot be written as product
kik;.?122 Regions within the rate constant space were specified
where the minimal model gives sufficiently accurate approxima-
tions. The errors on the gel point were found to become

ignificant when r nstan iffer from 2 r mor o . .
significant when rate constants differ fro decades or more unreacted) of the remaining functional groups of that unit, but

or when their variation exhibit non-monotonicity, e.g., strongly . .
increasing rate constants after the first substitutions and decreas'—t does not depend on the status of the other functional groups

ing rate constants after the other ones, a situation rare in practice'togssrsa';h?: ;??hffrt]cifeéﬁen\:ﬂﬁcxﬁcing rltegcc:)tis not depend on
As pointed out by other authof$;the minimal model appears The elementary growth step involves a reéction between
to give good approximations for all systems of practical interest. reactive A- and B>-I ?ou S withp( olycondensation) or without
It is also worth mentioning that Kuchanov et al. introduced an " >-groups, poly ;

exact kinetic-statistical methdd2*that was recently extended (polyaddition) elimination of a condensation byproduct E
to take into account monomer configurational aspétis.this (Scheme 1).

method, reacted functional groups are distinguished by two Scheme 1

parameters, “colori and “label” z, A(r) denoting a reacted
A-group formed at moment from a A-group attached to a
monomer unit with I reacted groups. Given these parameters, A4 represents the newly formed linking group between two
it is possible to calculate the statistical characteristics of monomer units. The initial medium containg n, ..., n, Mol

branched polymers via the theory of general branching pro- of monomer no. 1, no. 2, ..., na. Each monomer molecule of

Recursive Probability Analysis. 1. General Relationships.
All calculations carried out in this article suppose that (i) no
intramolecular reactions take place (i.e., cyclization is neglected)
and (i) no side-reactions take place. Under the first shell
substitution effect hypotheses, the reactivity of a given functional
group on a monomer unit depends on the status (reacted or

see— A+ B—eee ——> cee—AeB—eee (+ EA)

cessed??s i-type ¢ = 1, 2, ...,u), of molar massVi;, has a total offa;
Until now, hyperbranched polymerizations have been mod- reactive A-groups ands; reactive B-groups. After a certain
eled exclusively by the exact kinetic approach: Alymer- reaction time, a polymer is formed, in which a fractipg of

izations, in which the reactivity of B-groups on terminal units A-groups and a fractiopg of B-groups have mutually reacted.
(rate constankr) is different from the reactivity of B-groups  If (i ja,js) denotes a-type monomer unit in which exactiy
on linear units (rate constark, = kr),2673%0 AB, + B3 A-groups s = 0,1, ...,faj) andjg B-groups g = 0, 1, ...,
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fg,) have reacted and , j, the number of moles of such units z jaa— 1P )
in the polymer sample, the mole fraction ©f4,js) units in the i als AP s
polymer samplep;, s, can be written: Op = = jal -1
. i .
no Z 1aP: i, g nle Z 1aBij, g
Liarle LA lB LA lB
Piivie =" 1) (6)
(. iolie.— 1D . i
i,]a B vl i;JB(JB )pI’lA’JB ) ]Bpi,iAva
Og = =3 jy———| -1
whereyi;, ;s represents the triple summation over all types of zijpi,jA,jB P e Z 18Py, 5,
monomer unitsi(=1, 2, ...,u; ja =0, 1, ...,fa; andjg = 0,1, o i Ia e
o fa). ()
At any reaction time, polymer composition can be described z iaigP: i .
by the composition matriy: s vAE AP
opp=———= 3 jg|———| ®
p=[pij, ;] (2) . z 1aPL i hinle ' Z IS TR
A I8 LA lB
p can in principle be determined experimentally, e.g., by NMR Z Mj.p - .
in the case of simple polymerizations, or by a kinetic analysis i HAFLIa Je AP s
under the FSSE hypotheses if the relevant rate constants are My=———= M|——————| ()
known (kinetic-probability model). Z AP i, iarls z i
Miller and Macoské® derived an expression o, for As + Ay A Jale i e APale
B, and A + A, + B, condensation polymers with FSSE by
the “in—out” recursive probability approach. Using the same z Miiji'jA’jB .
method, we derived general expressionsMyf and X, for i Jads 18P 00
condensation polymers obtained from mixtures of monomers Mpy=——""= Mj[—————| (10)
bearing A and/or B groups (egs 3 and 4). The details are given iji,iA,J’B hide Z iji,jA,jB

in Appendix A. It should be mentioned that an equivalent
expression could also be derived by the stochastic graph theory

LA/ lB A lB

using propagation expectatioffs50 All these summations can easily be calculated if polymer
composition matripp is experimentally known or can be derived
_ MOMe— pAFAMEZ IDAE by a kinetic treatment. _
M, = ———= — M, and My are the expected molar mass of a monomer unit
M= PafnaMe  Mp— Paf o aMe chosen by picking a reacted A-group and a reacted B-group at
2(1— 0a5) (M, — Mg)(My, — Mg) + 8,(M, — Mp)® + 65(M, — Mp)? random, respectively (without taking byproduct elimination into
(1= 0p0) — O20g accom_Jnt). The's are average guantities that _characterize the
( “quality” of polymer branching at any reaction time. They

depend on the extent of reaction, on starting monomers
functionalities and on substitution effects taking place during
the polymerization. Their physical meaning is discussed below.
Since the number-average degree of polymerization and molar
mass condensation or addition polymers are always given by

The mass-average degree of polymerization is obtained from
eq 3 by setting all masses to 1 akf# to O:

5 2(1—=0pp) + 04+ 0p

X = 11 and 12
Xu=1+Pafna @ e
(1- 5AB)2 — 0p0g o 1
Xn = —T (11)
In these equationS\Tﬁ andM_a, are the number-average and 1= Pafia
the mass-average molar masses of the initial monomer mixture, M, = Yn(m — My + M, (12)

Mg is the molar mass of condensation byprodit & O for

polyadditions) and EA is the initial number-average A-group i is easy to obtain the degree-of-polymerization disperity

functionality, i.e., the ratio of the number of A-groups to the _— X_/X_and the molar-mass dispersiy = M, /M, from eqs
number of molecules in initial monomer mixturer the ratio 3 and 2 "

an
of the total number of A-groups (reacted and unreacted) to the  The conversion at the gel point can also be deduced from eq
total number of monomer units in the polymer: 4, by solving eq 13.

u u 2 —
fun fon (1 —0,5) — 0,05 =0 (13)
o _"% __= (5) 2. Branching Factorsé. A- and B-Branching Factors, da
nA and dg. Examining the last part of eq 6 shows thigt is the
Z n; z LA expected number oédditional reacted A-groups on a unit
= A ls chosen by picking a reacted A-group at random. In other words,

Ja is the average number of A-type “children” (i.e., the number
O, OB, OaB, My and My, are the following summations: of A-groups connected to other branches of the macromolecule)
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pB— BeA™ The fraction involving summations in the last part of eq 15
_»/‘ \ A is the expectation of the number of A-groups attached to a

“‘_B‘Ag\%“ "'_A°B_:/ N B monomer randomly picked by a A-group in the initial medium,

AB .. B i.e., the initial A-average A-group functionalifyf g,A (the

A—.. “effective functionality” of Stockmayé#):
(@) (b) o ot
Figure 1. (a) Reacted A-group with two A-type children on a A fT . A 16
monomer unit, and (b) reacted B-group with two B-type children and aA ™ Z Al (16)
=

one A-type child on a AB; monomer unit. fn
Al

issued from a reacted A-group of the same monomer unit (Figure
la). By analogy with the terminology used for tree data
structures, it can be termed as the “A-average A-branching
factor” or simply the “A-branching factor”. Using this terminol- e
ogy, focal and terminal units would, respectively, be root and 0a=Palfan—1) 17)

leaf nodes and dendritic and linear units, inner nodes. A

symmetrical definition obviously applies for the B-branching ~ Equation 17 is quite logical: In the absence of substitution
factor 0g. The definition ofdg is close to that of thewerage effects, theadditional number of A-groups (reacte@nd
number of branchegANB) introduced by Frey et al. for ~ nonreacted) on a monomer unit chosen by randomly picking a
describing AB hyperbranched polymef¢° ANBis the expecta- ~ random A-group (reactedr nonreacted) in the polymer is
tion of the number of branches issued from a rangeomomer obviouslyfg,A — 1 and the additional number akacted

unit containing a reacted B-group. It is slightly different from  A_groups (i.e.04) is pa(f 2, — 1). Since there is no substitu-
dg, Which is the expectation of the number of branches issued tion effect pa(f g’A — 1) is also the additional number of

from a randonreacted B The statistical weight of monomer . -
units having a high number of reacted B-groups is largéisin ;eacted A-tgroup(;s of a mgnorsnerllunllt f:hosen by pickingeted
We show below thadg reduces to Frey’s degree of branching -group at random, 1.€oa. simrarty:
DB for AB, polymerizations. The branching factors not only =
characterize polymer branching for any type of monomer 0g =pa(fpe— 1) (18)
mixtures at any conversion, but can also directly be used to in -
egs 3 and 4 to calculate the mass-average molar Masand Whereng is given by
degree of polymerizatiorX, of branched or hyperbranched '
polymers. Note that theeight-average real functionalitie®f — i=u fg.n;
Durand and Bruned®®® are in factoa + 1 andodg + 1, fog=Y fo,—— (19)
respectively. i= u
AB-Branching Factor dag. Similarly, dag is the expected fain;
number of reacted B-groups on a unit chosen by picking a =
reacted A-group at random (Figure 1b). It must be underlined = —
that dga, the expected number of reacted A-groups on a unit _ FOr ABz polymerizationsf; , = 1 andf, 5 = 2. Therefore,
chosen by picking a reacted B-group at random is equégto oa=0 and(S.B =pe = pa/2. Itis clear thaf[ a positive sub;tltutlon
due to reaction stoichiometry (see egs 56 and 59 in Appendix effect on B, i.e., anincrease of B reactivity after reaction of the
A). dag reflects the “crossed” influence of the reaction of a first one, will lead to an increase in the average number of
group of one type on the reactivity of groups of the other type "€acted B “seen” by a random reacted B on the same monomer
on the same monomer unit. unit and, therefore, tdg > pa/2. Similarly, negative substitution
Branching Factors in ldeal Polycondensations (Equal effects obviously lead tdg < pa/2. . . o
Reactivity of Functional Groups). The physical meaning of Substituting eq 14 into eq 8 and introducing the initial
the branching factors is better understood when examining idealB-average A-group functionalityfp,, and the initial A-
polymerizations (equal reactivity). In the absence of substitution average B-group functionalit)i,gys,7 leads to
effects, all functional groups react independently ang;; is

Therefore

given by the binomial probability: Ops = Paf g’A = pef 2,3 (20)
_ o [T garq — o yria(Tei ) e — o yeide with
Pij,is = % in PA(L — pa) s PE(1 — Pg)
(14) -~ i=u fB,ini
. , L . foa= ) fai— (21)
whereq; is the mol fraction of monomer noin initial mixture & i=u

(or the mol fraction ofi-type monomer units in the polymer). fain,
From eqgs 6 and 14: =

i=u i=u and
2 B £ 2
.Z oifaiPa (i — 1) IZ oifa — fon
Op = — = Pa - —1| (15) favB= fB’i — (22)

=
i'A,i i'A U
; afAlpA ;alfAl ;fA n
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For AB; polymerizations in the ideal Cas’eﬁ\ =1 anddas Table 1. Matrix k of Reaction Rate Constant
= pa. Positive substitution effects result ibwg > pa and B-type species
negative ones tédas < pa. Oas reaches the limiting value 1 #1 #2 - #n
whenpa = 1, whatever the substitution effects. Examining eq # Tk, ky, o K

4 shows that small deviations 6fg from ideality would lead
to strong increase/decrease Xj, (and Dx) when positive/ : :
negative substitution effects take place. #m |k,

a-type species #2 ko kn ok,

It results from the preceding analysis th§f and M,,, Dx o "
andDy and the various degrees of branching can be calculated
if polymer composition matrip is known, in other words if 2 a-type ands-type species are the monomer units containing unreacted
the mole fraction of the various types of monomer units are A-9r0uPs and B-groups, respectively.
known. p was experimentally determined for some hyper- Table 2. Monomer Units Present in AB Polymerization®
branched polymers by NMR analy$&3 In these cases, the
recursive probability approach, under the FSSE minimal model Monomer units Formulas  Notations
discussed above, should provide interesting information on the Monomer molecule A _<B M
average molar masses and dispersities of hyperbranched poly- 5
mers.p can also be calculated from a kinetic analysis if the B
various reaction rate constants are known. If not all the constants Linear focal A~ F
are known, but positive or negative substitution effects are B
supposed, a kinetic analysis with arbitrary chosen values Dendritic focal A _<B' F,
followed by the application of eq 4 could also provide useful Be
trends. The next section discusses FSSE in ABd AB + By B
hyperbranched polymerizations using the kinetic-probability Terminal A~ T
minimal model. B

Kinetic Treatment. 1. Kinetic Model. Before going into the Linear _A%B' L
discussion of substitution effects, it is necessary to comment B
the kinetic model used to calculate the mole fractions of the Be
various types of monomer units (polymer composition matrix Dendritic A~ D

p). The reactions between A and B-groups present in reaction
medium are assumed to be second-order (Scheme 2):
a2 Ae and B denote reacted A- and B-groups. In the formulsts,F,
Scheme 2 Fp, T, L, andD, represent the corresponding mole fractions with respect to

e p, Bg_... all monomer units present in the polymer.

Kap

cee—AeB—eee (+EA)

2. First Shell Substitution Effects in Hyperbranched AB
polymers. A- and B-Branching Factorsda and dg. In ABg
hyperbranched polymers, only one type of monomer is reacted
(i = 1) and this monomer contains only one A-grojp = 0,

r:1l')' Thereforep, = 0 anddg is given by eq 23:

In Scheme 2¢-type andj-type species are monomer units
with unreacted A-groups and unreacted B-groups, respectively
andk,s the corresponding rate constant. According to the FSSE
model, the reactivity of given A- or B-groups only depends on
the status (reacted or unreacted) of the other groups present o

the monomer unit to which they belong. Therefore, the kinetic js=f

analysis has to take into account a limited number of species jsls— 1o + Pry:)

and rate constants only, e.g.f 2 1) monomer units andf@ & e e

+ 1) rate constants for ABolymerizations. Since the absolute O0g = - (23)
values of rate constants and concentrations have no interest for Js=f

comparing the influence of FSSE on polymer composition and ZOjB(pl,O,jB + plylij)

average molar masses, the reaction between A-groups and js=

B-groups of AB monomer molecules was chosen as a reference

and its rate constant was arbitrarily setko= 1. With this Whenf = 2 (AB2 polymers)

convention, positive and negative substitution effects lead to

rate constants respectivelyl and <1. Concentrations were _ (Pro1t P11y + 4Pio2t Prid 1

normalized with respect to the sum of initial reactant concentra- B (Pro1+ Pr1d) T 201021 P11

tions, so that computations directly yield the mole fractipfs, 2(P1 021 P11

of the various monomer units to be used in eg88&nd eq 4. — = (24)
The derivation of the differential equation system, straightfor- 2(py 02 P11 T (Proat Prid)

ward but tedious for mixtures of polyfunctional monomers, was ) ) N
carried out using the matrix notation of Schmaljohann et4al., Pi11andpii2are the mole fractions of lineakand dendritic
which also simplifies the discussion of kinetic effects. According (D) units, respectively angh,o1andps o 2are the mole fractions
to this notation, the matrik of rate constants is written as given  Of linear focal £.) and dendritic focalfp) units, respectively
in Table 1 whereky is the rate constant of the reaction between (Table 2):
one A-group and one B-group of monomer molecules €

1). The resulting set of simultaneous equations was numerically — 20 +Fp)
integrated, yielding the variations of the mole fractions of all B 20+ Fo) +L+F,
types of monomer units vs time, from which the variations of

the average degrees of polymerization, dispersities and branching Consequently, in the case of ARolymerizationgg is equal
factors were calculated vs time or conversion. to Frey's degree of branching DBwhere the mole fractions

(25)
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of dendritic and linear units also include the corresponding focal
units. In the general case of ABolymerizations f(= 2), dg

(eq 23) is different from DB, which is given by eq 26 using
our notations:

jg=f

Z (g = VP10, T P11y)

f =1

f—1

DB (26)

jg=f
je(Pro, T Pryj,)
1

1B=

When the polymer contains linear and terminal units only
(P1jajs = O for jg = 0 or 1), it is easy to show from eq 23 that
0s = 0. When the polymer contains fully reacted dendritic units,

Substitution Effects in Hyperbranched Polymera383

Table 3. Matrix k of Reaction Rate Constants for AB
Polymerization®

B-type species
M F T L

. M [k ky ks ky

-t
o ype SpeCIeS 1:L kZl kZZ k23 k24
Fo Lk ks ks ks

aSee Table 2 for monomer unit notations. M andiRits, which present
both unreacted A- and B-groups, appear in both rows and columns.

Mass-Average Degree of PolymerizationAccording to eq
4, the mass-average degree of polymerization of pdymers

dendritic focal units, terminal units and unreacted monomer 'S

molecules only fi;.js = O for jg = 0 or f), og reaches a
maximum:dg = f — 1. In the absence of substitution effects,
eq 18 yields: g = (f — 1)ps. Therefore dg varies between 0
(linear polymers) andf(— 1) (fully dendritic polymers) and
takes the valuég = (f — 1)/f at total conversiongy = 1) for

Padg
(1 - 5AB)2

The degree-of-polymerization dispersity is simply given by

2p,

- 6AB

X,=1+7 (32)

random hyperbranched polymers. It should also be underlignedDx = (1 — pa)X,, Equation 32 reduces to the well-known

that DB is indeterminate for AB polymerizations= 1) while

Flory’s equatiofi for AB¢ hyperbranched polymers in the ideal

og = 0, as expected for a linear polymerization. In the case of case (equal reactivity of functional groups), &g = pa and

AB3 polymerizations, semi-dendritic units (1 reacted A, 2
reacted B, mole fractionSy) and semi-dendritic focal units (1
unreacted A, 2 reacted B, mole fractioisp) are present.
According to eq 23 the B-branching factor is simply defined
by eq 27:

6D +Fp) +2(S, + Fep)
6B_S(D+FD)+2(SJ+FSD)+L+FL

(27)

Whenpa is close to 1, the contribution of focal units becomes
negligible and the following relationship may be used:

6D + 25,
BN (28)
3D + 25, + L
AB-Branching Factor dag. das simplifies to
jg=f jg=f
_ JP11j, _ j8P1j,
s _ 1B= _ 1B= (29)
AB et =1 je=
. pl,l,jB ZD _ ijl,jA,jB
1B= 1aA=0 =
For AB; polymers:
5o — P11t 2P0 _
AB (Proat Pr12d) T 2(P1o2T P112d
2D+ L 2D+ L
= 30
20D+Fy)+L+F Pa (30)
For ABz polymers:
Opg =
P11t 2P11o1 3Pr03 _
(Proat Pr1d T 21021 P12 T 3Pr0st P12
3D+25,+L
— (3))
Pa

os = pa(f — D/
Xe=—""7 (33)
X (1- pA)2

Since positive substitution effects increase both B- and AB-
branching factors, it is clear from eq 32 that the resulting
polymers would exhibit larger dispersities than those obtained
in the ideal case. It is also clear that small deviation® Qf
from ideality Oas = pa) could exert dramatic effects oX,,
and dispersity.

FSSE in AB, Polymerizations. Some authors have already
discussed the variations of monomer unit fractions during AB
polymerizations when first shell substitution effects take
placel®5253Here, we complete these studies by examining the
variations of X, and dispersity in the three major kinetic
situations depicted by Schmaljohann et®4l(1) the reactivity
of the second B-group increases/decreases after reaction of the
first one, but A-group reactivity remains unchanged, (2) A-group
reactivity increases/decreases after reaction of B-groups, but
B-group reactivity remains unchanged, and (3) the reactivity
of B-groups increases/decreases after A-group has reacted. The
general rate constant matrix of ABolymerization and the
matrices corresponding to situations3 are respectively given
in Tables 3 and 4. For numerical integrations, the rate constant
k was set to 2 (positive substitution effect) or2 (negative
substitution effect) witm =0, 1, 2, 3.

Situation 1: The reactivity of terminal units is different from
that of linear unitskr = 1 ; k. = k). The variations obag vs
conversion are linear whatevki(dag = pa) (Figure 2a). This
is easily understood, as the A-groups of monomer molecules
(M), of F_ units and of I units have the same reactivity (see
the rows of the correspondirkgmatrix in Table 4). On the other
hand,dg is above (increasing effect) or below (decreasing effect)
the straight line corresponding to the ideal cade € pa/2)
(Figure 2b). Highdg values can be achieved in the case of strong
positive substitution effects, e.gig = 0.87 fork = 8, but, as
shown in Figure 2c, polymer dispersity strongly increases at
increasing)s. Several authors studied this situation by the exact
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Table 4. Rate Constant Matrices for the Three
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Major Situations Occurring in AB, Polymerizationst

Situation (1) Situation (2) Situation (3)
1 k1 k 1 1 1 1 1 1 k k
1 k1 k k k k &k 1 1 k k
1 k1 k IS S Sl 11 k k

aSituation 1: The reactivity of the second B-group increases (1) or decreasek(< 1) after reaction of the first one; A-group reactivity remains
unchanged. Situation 2: A-group reactivity increades (1) or decreasek(< 1) after reaction of the B-groups; B-group reactivity remains unchanged.
Situation 3: The reactivity of B-groups increas&s>( 1) or decreasek (< 1) after reaction of the A-group.

1 £ 1 k
k=11 k 1 k
1 £ 1 k
1. + T T T T
% @ -
06}
04f y
02}
00 012 0t4 0..6 OI.8 1.

0 1 I 1 1
0 10 20 30 40 — 50

Figure 2. AB, polycondensation in the kinetic situation 1 (see Tables

1 1 1 1
k=|k k k &k
K kK kK
1. T T T
6AB
08} (a) ]
06} k=4 p
2
1
04} E
0.5
02 025 ]
0 1 1 n 1
0 02 04 0.6 0.8 1
Py
1. T T T T
b
" osf (®) ]
06} E
04} E
02} ]
0 1 1 n 1
0 02 04 0.6 0.8 1
Py

0 10 20 30 40 — 50
X

n

3and 4): Variations of (@)as VS conversiorpa (same value whatever ~ Figure 3. AB; polycondensation in the kinetic situation 2 (see Tables

K), () dg vs conversiorpa, and (c) degree-of-polymerization dispers
Dx = X, /X, vs X,. Positive substitution effectsk = 2, 4, 8. Negative

ity 3 and 4): Variations of (a)as VS conversiora, (b) ds vs conversion
pa (same value whatevéy, and (c) degree-of-polymerization dispersity

substitution effects:;k = 0.5, 0.25, 0.125k = 1 corresponds to the ~ Dx = X,/X; vs X,.. Positive substitution effectsk = 2, 4. Negative

ideal case (no substitution effect).

substitution effectsk = 0.5, 0.25k = 1 corresponds to the ideal case
(no substitution effect).

kinetic model in order to determine ABiyperbranched polymer

distribution functions and their momer#s:30.3437 The X,
calculated by the exact kinetic model are identical to th

linear variation ofdg whateveik reflects the equal reactivity of
ose all B-groups §g = pa/2) (Figure 3b)dag increases or decreases

determined in the present study, showing that the kinetic- in the 0.5 conversion region and approaches 1 at high conversion
probability minimal model provides accurate and significant (Figure 3a). As already reported by Schmaljohann ebal.,

information on these hyperbranched polymerizations.
Situation (2): The reaction of B increases/decreases

polymer composition changes only moderately with respect to
thethe ideal case. However, Figure 3c shows that dramatic increases

reactivity of A, but all B-groups remain equally reactive (see or decreases of polymer dispersity take place in this case. When
the columns of the correspondifigmatrix in Table 4). The the reactivity of £ and iy A-groups is lower than that of the
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Figure 4. AB; polycondensation in the kinetic situation 3 (see Tables 3 and 4). Variations 8f4ajs conversiorpa, (b) dg Vs conversioma
in the case of negative substitution effects, dg)vs conversiorpa in the case of positive substitution effects, and (d) degree-of-polymerization

dispersityDx = X,/X, vs X,. Positive substitution effectsk = 2, 4, 8. Negative substitution effect& = 0.5, 0.25, 0.125k = 1 corresponds to

the ideal case (no substitution effect).

monomer, polymers of quite low dispersity are form& &
2.32 whenX_ = 10 for k = 0.25) while polymers of very high
dispersity are formed in the reverse caBg & 110 whenX, =

10 for k = 4). This clearly reflects the considerable influence
of the “crossed” AB degree of branching on polymer dispersity.

presence of 0.1 mass toluenesulfonic acid (see Féffor
experimental details). The various focal, linear, dendritic, and
terminal units can be detected in tF€ NMR spectrum and
quantified (Figure 5a). From this spectrum, experimental values
of pa, 0g anddag can easily be determined by peak integrations.

Situation 3: In that case, the reaction of A increases/decreasesThe experimental values obg and dag (0.30 and 0.69,

the reactivity of B-groups: The B-groups of T and L units are
more/less reactive than those of M and &nits (compare
columns 1 and 2 to columns 3 and 4 of the corresponding
matrix in Table 4). This situation is more complex, as shown
by Figure 4.0g is close to the ideal valued§ = pa/2), but
slightly above, even when B reactivity decreases. The AB-
branching factodag is also changed, due to variations in the
consumption rate of M and Focal units (-type units) by
reactions involving their B-groups. The molecular distribution

respectively) are much lower than those calculated fpm
assuming a random polymerization (0.42 and 0.83, respectively),
thus reflecting the existence of strongly negative AB- and
B-substitution effects during the polymerization (Table3X),

M,, andDx andDy dispersities can be very simply calculated
by applying the relationships given above to the experimental
values ofpa, 0g anddag (Table 5). A detailed discussion of
these results is beyond the scope of this article, but it can easily
be seen that these substitution effects result in much lower

also depends strongly on reactivity changes, negative anddispersities than expected for a random polymerization and that

positive substitution effects leading to lar§g decrease and
increase, respectively.

To conclude this section, a very favorable situation would
be an AB monomer exhibiting positive substitution effects on
B and negative substitution effects on A, with, e.g.:

1 41 4
k=105 2 05
0.25 1 0.25

Polymers of high B-branching factodg = DB = 0.76) and
relatively low Dy for AB, hyperbranched systemBy = 10.4)
would be obtained g = 0.98 (X, = 50).

We illustrate the usefulness of the method by applying it to

a hyperbranched polymer obtained by the bulk reaction of 2,2-

bis(hydroxymethyl)propanoic acid at 14€ for 1 h in the

the corresponding kinetic situation appears to be a combination
of situations 2 and 3 or situations-B with k < 1. It must last
be underlined that the existence of AB substitution effects has
not previously been reported in hyperbranched polymers.

3. First Shell Substitution Effects in Hyperbranched AB

+ By Polymers. In AB¢ + By polymers, the B comonomer
(“core molecule”) acts as a chain limiter and, as shown on AB
+ B3 polymerizations by the exact kinetic model, also narrows
molar mass distribution®:32 The Boltorn polyester series,
prepared by polyesterification of 2,2-bis(hydroxymethyl)pro-
panoic acid (AB monomer) and ethoxylated Pentaerythrital (B
core molecule), is a commercial example of such polymers.

A- and B-Branching Factors 0, and dg. Frey’s degree of
branching is not defined in this case, but A- and B-branching
factors can be easily calculated from their definitions (eqs 6
and 7). Since the Bcore molecule does not contain any A-group
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51.0 50.0 49.0 48.0 47.0

46.0
(ppm)

45.0

51.0 50.0 49.0 48.0
Figure 5. 13C NMR spectra (75 MHz, DMS@, ref 6(DMSO) =
39.43 ppm) of (a) 2,2-bis(hydroxymethyl)propanoic acid (BMPA)
polymer and (b) BMPA-Pentaerythritol (PE) polymer ([PE)/[BMPA]

= 1/12 mol/mol, 140°C, 1 h, 0.1 mass %-toluenesulfonic acid. See
ref 55 for experimental details). My Fand > are unreacted monomer
molecules, linear focal units and dendritic focal units, respectively. T,

L, and D are terminal, linear, and dendritic units, respectively--CO

C4 are PE units with 0 to 4 reacted B-groups. C4 is not detected in the
spectrum. See Table 2 for the notations of the other monomer units. (0g) o=

Table 5. Bulk Polymerization of 2,2-Bis(hydroxymethyl)propanoic
Acid (BMPA) and of BMPA with Pentaerythritol (PE) (140 °C, 1 h,
0.1% Mass % p-Toluenesulfonic Acidy

BMPA:PE polymer

BMPA polymer (12:1 mol:mol)
random FSSE random FSSE

Pa 0.83F 0.83F 0.896 0.896
OB 0.416 0.303 0.494 0.389
OaB 0.831 0.695% 0.768 0.672
X, 5.93 5.93 5.00 5.00
Xy 23.0 9.17 15.74 8.76
M, 707 707 599 599

M, 2641 1028 1815 1018
Dx 3.88 1.54 272 1.75
Dwm 3.74 1.45 2.63 1.70

aMeasured by!3C NMR.?A-group conversion x), B- and AB-
branching factorsdg and dag), number- and mass-average degrees of
polymerization X, andX,), number- and mass-average molar masBes (
andM,) and degree-of-polymerization- and molar-mass dispersibgs (
= {X,/X, and Dy = M,/M,) from 3C NMR data are given. Random:
Calculated from experimental values @f assuming a random polymeri-
zation. FSSE: Calculated from experimental valuep0fds anddag.

and the AB monomer contains only onéa = 0 anddg is
given by

f g

Jgls = Do, T Pr1j) T ) Ielis = DP20,,)

I

f g
jBZOJB(pl,O,jB + pl,l,jB) + jBZOJB(pZ,O,jB)

I

g

(34)

Whenf = 2 andg = 4 (AB, + B4 polymers):
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g
2(P102t Pr1d T 202001 6Pp051 120504
2(P102F Pr1d T Proat Priat Paoat 22021 302031 4?2,0,51
35

(2,0,1) through (2,0,4) units are core units with 1 to 4 reacted
B groups. NotingC1-C4 the mole fractions of these units and
using the notation of eq 25 for the mole fractions of AB
monomer units, eq 35 can be written in a more conventional
way:

B 2(D + Fp) + 2C, + 6C, + 12C,
" 2(D+Fp)+L+F_+C,+2C,+3C,+4C,

5 (36)

In the case of the ideal polymerization of 1 mol Adhdx
mol By (absence of substitution effectg)s can be calculated
from eqgs 18 and 19:

f(f — 1)

(F+ 9%’ e

(6B)random= pB(f g,B —1)= Pa

The largestg value would be obtained at complete conver-
sion for a polymer containing only dendritic and terminal;/AB
units and fully reacted Bunits, respectively noted (1f1.and
(1,2,0) and (2,@). Hence:

_ L= ox _ X
Dt 799 Vs
1—gx X N
f +
f1+x  91+x

(f—1DA— 99 +9(g— 1)x (38)

The lowest valuedg = 0) corresponds to a polymer without
any (1,0jz > 1) nor (2,0} > 1) units, i.e., a linear polymer.

The 6 branching factor depends on conversion, on core
molecule content and on the amount of branched units in the
polymer. For instance, the branching factor of a polymer
obtained by reacting 1 mol ABand 0.05 mol Bvaries between
0 (linear polymer) and 1.4 (fully dendritic polymer) and takes
the value 0.413 in the absence of substitution effects (random
polymer).

AB-Branching Factor dag. Since only the AB monomer
contains A-groups, eq 8 givindag simplifies to eq 29 and in
the case of AB + By polymerizations, to eq 30.

Mass-Average Degree of PolymerizationAccording to eq
4, the mass-average degree of polymerization of a polymer
obtained by reacting 1 mol of ABnonomer and mol of By
core molecule is given by

o _ ZDA pAaB
M I 00 —0m) L+ X)(L — Op5)>

(39)

This equation reduces to eq 76 of ref 7 in the ideal case.

FSSE in AB; + B4 Hyperbranched Polymers. First shell
substitution effects in AB+ B4 hyperbranched polymers have
never been studied. Since the rate constant matrix (Table 6)
contains 24 elements, the number of kinetic situations to be
examined increases considerably with respect te pdymer-
izations. The method can obviously be applied to any type of
kinetic situation, but, in the following, we consider four
chemically reasonable kinetic situations only (kinetic situations
4-7).

Situation 4: The A-groups and the B-groups of each type of
monomer units are equally reactive, but the reactivity of the
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Table 6. Matrix k of Reaction Rate Constants for AB + B4
Polymerization?

B-type species
T L CO
kl4 le
Ky kys kg
k34 k35

<
ey

<
~
o~
s

ks
k23
k33

a-type species

o
B»

Raalika
g

[
I}

U"ﬂ
E?v‘

a8 C0—C3 represent Bmonomer units with 63 reacted B-groups (see
Table 2 for notations of ABmonomer units). M and | which present
both unreacted A- and B-groups, appear in both rows and columns.

Table 7. Rate Constant Matrices for Four Major Situations
Occurring in AB ; + B4 Polymerizations?

Situation (4) Situation (5)

11 1 k& ok kK ok 1k 1k k® ok

[ U S B S A A 3 1 k1 k1 Kk k" k"

11 1 1 & k& k& 1 &k 1 &k 1k kS k"
Situation (6) Situation (7)

1 1 k k k' k' k' k'
k k& k' Ok kK 1 1 k& k k' k' k'K
ki k: kl k’l kvl ky2 kyi kv2 I I k k kv kv kv kv

Situation 4: Equal reactivity of the B-groups of ABnd of the B-groups
of By, with k = K. Situation 5: The reactivity of the second B-group of
AB; increasesk > 1) or decreasek(< 1) after reaction of the first one;
A-group reactivity remains unchanged and the reactivity of the B-groups
of By increase > 1) or decreasek( < 1) after reaction of the preceding
one. Situation 6: A-group reactivity increasé&s>( 1; k' > 1) or decreases
(k < 1; K < 1) after reaction of the B-groups of ABunits; B-group
reactivity remains unchanged. Situation 7: The reactivity of the B-groups
of AB;increasesk > 1) or decreasek (< 1) after reaction of the A-group;
the reactivity of B remains unchanged.

[ 1 1 1 1 1 L 1 1

B-groups of B units (rate constant k') can be different from
the reactivity of the B-groups of ABunits (rate constant 1)
(Table 7).

Figure 6b shows that the variations of the B-branching factor
og strongly depend on the reactivity of the core molecule. High
O values (0.9) are reached wh&h= 8. On the other hand,
only small differences oig occur when the reactivity of Bis
lower than that of AB. The AB-branching factordag is
indirectly affected by the reactivity of B When A reacts
preferentially with B (high B, reactivity), the number of reacted
B-groups “seen” by a random reacted A-group on the samg AB
monomer unit decreases, leading to a decreagagf{Figure
6a). Highk' values also lead to much lower dispersities for final
polymer (compare curves 1, 5, and® € 0.25, 1 and 4) in
Figure 6¢, for instance), a result already reported fop ABB3
hyperbranched polymerizations in this kinetic situafiéis
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1 1 1 1 k' k" k' k'
k=1 1 1 1 k' k' k' k'
1 1 1 1 k' k" k' k'
5 1.
“08 (@) k'= 0.125
. 025, /
06 ]
04f 1248 .

02f ]

Figure 6. AB; + B4 polycondensation ([B/[AB ;] = X) in the kinetic
situation 4 (see Tables 6 and 7): Variations of §ag and (b)ds vs

conversiorpa (K = 0.125, 0.25, 0.5, 1, 2, 4, 8= 0.05). (c) Variations
of degree-of-polymerization dispersiBy = X, /X vs X_. Curves 1, 2,
3,4: K = 0.25,x = 0.01, 0.02, 0.05, 0.1. Curves 5, 6, 7, B:= 1,

x=0.01, 0.02, 0.05, 0.1. Curves 9, 10, 11, = 4,x = 0.01, 0.02,
0.05, 0.1.

Table 7) but the reaction of a B-group increases/decreases the
reactivity of the other B-group(s) present on the same monomer
unit. The substitution effects taking place on the B-groups of
AB: units can be different from those involving, Bnits k =

k), but, in order to focus on substitution effects, the rate
constants involving the B-groups of ABand B, monomer
molecules are set to 1. The results are summarized in Figure 7.

expected, increasing the core molecule content decreases botffhe comparison of curves 1, 2, andk8£ 0.5, negative FSSE

final Yn and Dx. However, at a giver)Tn, increasing the core
molecule content leads to increasibg whenk' < 1 and to
decreasin@®@x whenk' = 1 (compare curves 1, 2, 3, and K (
= 0.25;x=0.01to0 0.1) and curves 9, 10, 11, and k2= 4

; Xx=10.011t0 0.1) in Figure 6c¢). It results from the analysis of
this situation that hyperbranched polymers with high B-

on By units), 4, 5, and 6K = 1, equal reactivity of B units)
and 7, 8, and 9K = 2, positive FSSE on Bunits) shows that
increasingk increase®s, das andDx, whatever the substitution
effect on B,. Similarly, the comparison of curves 1, 4, andk7 (
= 0.5, negative FSSE on the B-groups of Alits), 2, 5, and
8 (equal reactivity of the B-groups of ARinits), and 3, 6, and

branching factors and low dispersities are obtained when using9 (k = 2, positive FSSE on the B-groups of ABnits) shows

highly reactive core molecules. The limiting situatikn— o
would obviously be like reacting aggore molecule in the ideal
case.

Situation 5: The A-groups of M, | and b units have the
same reactivity (see the rows of the correspondimgatrix in

that increasin&’ increase®)g but decreases bothng andDy.
Examiningdg andDx values apa = 1 for all curves indicates
that positive FSSE on B(k' = 2) always results in higher
B-branching factors and lower dispersities. The existence of
positive or negative FSSE on ABs less important and the
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Figure 7. AB, + B4 polycondensation ([B/[AB ;] = 0.05) in the
kinetic situation 5 (see Tables 6 and 7). Variations of ¢a} vs
conversiorpa, (b) s vs conversiompa and (c) degree-of-polymerization
dispersityDx = X, /X, vs X. Curves 1, 2, 3:k = 0.5,k =0.5, 1, 2.
Curves 4,5,6:k =1,k=0.5,1, 2. Curves 7, 8, %' = 2, k= 0.5,

1, 2.

casek = 1 andk’ = 2 would be the best compromise to obtain

a polymer with high branching factor and low dispersity.
Situation 6: The reactivity of A-groups increasés>( 1; k'

> 1) or decreasek(< 1; k' < 1) after reaction of the B-groups

of the same AB unit, but the reactivity of B-groups remains

Macromolecules, Vol. 40, No

. 20, 2007
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Figure 8. AB, + B4 polycondensation ([B/[AB,] = 0.05) in the
kinetic situation 6 (see Tables 6 and 7). Variations of §a§ vs
conversiorpa, (b) ds vs conversioma and (c) degree-of-polymerization
dispersityDx = X,/X, vs X. Curves 1, 2, 3.k = 0.5,k = 0.5, 1, 2.
Curves 4,5,6:k =1,k=0.5,1, 2. Curves 7, 8, 9k = 2, k= 0.5,
1, 2.

situation, negative substitution effectk € 1) lead to low
dispersitiesDx whatever the reactivity of B(compare curves

1, 2, and 3, curves 4, 5, and 6, and curves 7, 8, and 9).
Meanwhile, high B reactivity k' = 2) leads to the best results
in terms of B-branching factor (highg) and dispersity (low

unchanged. The comparison of curves 1, 4, and 7, of curves 2,Dx) (see curves 7, 8, and 9). In order to obtain hyperbranched
5, and 8, and of curves 3, 6, and 9 in Figure 8 shows that, for polymers with a structure close to that of dendrimers in this
a givenk, the highesk' values always lead to the best results kinetic situation, a highly reactive core molecule ¢ 1) and

(high branching factotg and low dispersityDx). At a given

negative AB FSSEK(< 1, i.e., higher reactivity of the B-groups

k/k' ratio, the same final branching factors and dispersity are of M and F_ units of with respect to L and units) would be
obtained whatever the substitution effect, positive or negative required.

(compare curves 6 and 2, curves 1, 5, and 9, curves and 4 and General trends can be drawn from the kinetic situations
8). The highest B-branching factor and the lowest dispersity studied above. In order to obtain a dendrimer-like structure, (i)

are obtained fok = 0.5 andk’ = 2, i.e., when the reactivity of
the A-groups decreases from M tp &nd to 5 when they react
with AB; units but increases when they react with uits, a

chemically improbable situation.

Situation 7: The reactivity of the B-groups of Acreases
(k > 1) or decreasek(< 1) after reaction of the A-group, but
the reactivity of B remains unchanged (Figure 9). In this

the core molecule should present the highest reactivity and (ii)
the A- and B-groups of monomer molecules should be more
reactive than those of linear focal units JFvhich in turn should
be more reactive than the other reactive groups present on
growing chains.

The method was applied to a hyperbranched polymer obtained
by reacting BMPA and Pentaerythritol (PE) ([PE]/[BMPA]
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1 1 k& k k" k' k' K groups. This generalized negative FSSE explains why the
k=11 1 ¥ & &k & k k experimental dispersities reported for BMPA hyperbranched
polymers§® are much lower than expected for random polymers.
1 1 k k k' kK k' K
Conclusion

8, (a) ' ' " curves# o6 3 The kinetic-probability minimal model was applied to hy-

o8l G perbranched polymerizations to study the influence of first shell
2 substitution effects (FSSE) on the dispersity and the architecture
0.6F 18 of hyperbranched polymers.
7 Simple explicit relationships giving the mass-average degree
04 b of polymerization, mass-average molar mass and dispersities
as a function of conversions, of initial monomer mixture
composition and of polymer architecture at a given reaction time
) : ) ) are derived using the “inout” recursive probability approach.
0 0.2 04 0.6 0.8 L. Three parameters, the A-, B-, and AB-branching factdys (
P 0, anddag) are introduced to describe polymer branching and
S L kinetic deviations from ideality. These parameters can easily

" sl (b) cunves 7 g o be obtained experimentally, e.g., by NMR spectroscopy.
T The B-branching factorgdg, generalizes the concept of

06l ol “degree of branching” to any type of polymerization. It is

[ ¥§ defined as the expectation of the number of reacted B-groups
04l -\6 “seen” by a random reacted B-group looking into the monomer

> unit to which it belongs, i.e., the number of branches connected
02¢ ] to the other B-groups of that monomer unit. This definition is

[ quite simple and the corresponding equation (eq 7) can readily
e Hr v a— be applied to any type of monomer mixture, such as A,

Py systems or more complex ones. For ABolymerizationsdg
. . . . reduces to Frey’s degree of branching (DB).
D, curves # : The A-branching factorga, has a symmetrical definition. It

- is obviously 0 for AB hyperbranched polymerizations, but must
be taken into account when the initial monomer mixture contains
Artype or ABg-type monomers.

The AB-branching factorag, characterizes the substitution
effects induced on A-group reactivity by the reaction of
B-groups and, conversely, the effects induced on B-group
reactivity by the reaction of A-groups. Although this effect has
always been neglected in hyperbranched polymerization studies,
the results presented here show that it could exert a considerable
influence on final polymer dispersity.

02F

Figure 9. AB, + B4 polycondensation ([B/[AB ;] = 0.05) in the

kinetic situation (7) (see Tables 6 and 7). Variations of da) vs _ Us_ing these _d_efinit_io_ns and the related rel_ationships, the FSSE
conversiorpa, (b) ds Vs conversioma and (c) degree-of-polymerization  kinetic-probability minimal model was applied to ABnd AB

dispersityDx = X, /X, vs X.. Curves 1, 2, 3k = 0.5,k=0.5, 1, 2. + By hyperbranched polymerizations, taken as examples. The
f“;ves 4,56k =1k=05,1,2.Curves 7, 8, K = 2,k= 05, influence of various substitution effects on molar masses and

dispersities was more specifically studied onAdhd AB, +
1/12) for 1 h at 140°C in the presence of 0.1 mass % Ba polymerizations. The results obtained on the specific case
p-toluenesulfonic acid (see ref 55 for experimental details). Each 0f AB2 polymerizations with equal reactivity of A-groups and
type of monomer units, including residual BMPA and PE, can k. = kr are identical to literature results obtained by the exact
be quantified in theé"3C NMR spectrum given in Figure 5b.  kinetic approach on the same system, showing that the minimal
The results obtained by applying the relationships given above model provides significant information on hyperbranched
are reported in Table 5. Like in the case of BMPA homopo- Polymerizations.

lymerization, it is easy to see that strong negative AB- and The case of AB + B4 polymerizations had not yet been
B-substitution effects take place during the synthesis, leading studied. The results obtained by the kinetic-recursive probability
to much lowerdg anddag branching factors and lowdy and approach show that high branching factor and low dispersities
Dw dispersities than expected for a random polymerization. The could be obtained when the core molecule is highly reactive,
kinetic situation in this case appears more complex than the when the A- and B-groups of monomer molecules are more
elementary situations described above. A detailed discussionreactive than those of linear focal units and when the A- and
of these experimental results is beyond the scope of this article,B-groups of linear focal units are more reactive than the other
but, as discussed above for BMPA homopolymerization, a reactive groups present on growing chains.

situation with combined negative AB FSSE in ABnits and The method was applied to the polymerization of 2,2-bis-
negative B FSSE both in ABand B, units is involved in this (hydroxymethyl)propanoic acid (BMPA) and to the polymeri-
polymerization: The reactivity of the OH groups of a given zation of BMPA with Pentaerythritol. The mass-average degree
monomer unit decreases after reaction of the other OH group-of polymerization, mass-average molar mass, dispersities and
(s) and after reaction of the COOH group, while the reactivity the branching factors of these polymers were straightforwardly
of the COOH group also decreases after reaction of the OH calculated from*3C NMR spectra. From these experimental
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Scheme 3

~ A
AeB BeA—-«e-

ces—BeA ouqin AsB
>—7A- B—( BeA—AsB—-*
A~ _njout B-A—<

results, it is quite easy to see that a negative FSSE take place,wi’iA’iB
including AB substitution effects between OH and COOH
groups of BMPA units. Such substitution effects had never been

reported in hyperbranched polymerizations.

It must last be underlined that the method and the general
relationships presented in this article are not limited to hyper-
branched polymers, but can obviously be applied to any type

of polymerizations.

Appendix

Appendix A: Average Degrees of Polymerization and
Molar Masses of Polycondensation Polymers by the Recur-
sive Probability Approach under the Hypothesis of First
Shell Substitution Effects.According to the notations defined
in the main text, the total number of A-groups, and the
number of reacted A-groupsa can be written:

i=u

M=) fain (40)
Nar = Z TN, 0, (41)
i a g
The conversion of A-group$a, is
n z JA i ia s z jApi,jA,jB
A,r i,Ja B i, Jae
pp=—= (42)
Ny u £0
fail n.A

Since the number of reacted A-groups is always equal to the
number of reacted B-groups, eq 42 leads to a relationship

betweenpa and B-group conversiorg:

A Z JaP ., = Pef 2,3 =

LA lB

Paf 2,A =

Z ighi,j,., (43)

LA lB

Using the formalism of the “irrout” recursive approact;*3

Wa(i,ja.dB) andV\fl\‘vr(i,jA,jB) are defined as the molar mass of

the branch seen by @actedA-group (&) looking “out” and

“into” the (i,ja,jg) monomer unit to which it belongs (Scheme

3). Similar definitions apply tM@A,jB) andW'er(i,jA,jB).
The mass-average molar mas4,, is the expected molar

massE(W) of a polymer molecule chosen by picking a unit of

mass randomly in the polymer sample. The molar nVélgs;,
of a polymer molecule picked at random by iga(js)-type
monomer unit is given by eq 44:

VVi,jA,jB =M +ja

V\&L,lrt(iajAva) +lBV\Pm(| iadg) (44)

The probability of picking ai(ja,js)-type monomer unit by
mass is the mass fractien j, j, of such units. Hence, applying

the addition law for expectations of sums of random variables:

MW= z wirjAljBE(V\/i'jA'jB)

i,]a )8

(45)
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When a condensation byproduct E of molar maas is
eliminated from reaction medium, the corresponding mass loss
must be taken into account in the mass fraction §f,[g)-type
units:

'lAJB

z Min; — MgPy z faili
I 1

pi,jA,jB(Mi — jaMga — JgMeR)

(M E,A - jBME,B)

— — (46)
Mg — Mepaf g,A

where Mg A and Mg g are respectively the contribution of a
reacted A-group and a reacted B groupMe. The choice of
Mg a and Mg g is arbitrary, provided thaMlg o + Mgg = M.

Taking into account the mass loss in the “out” expectations,
the molar mass of the branch “seen” by a random reacted
B-group (B) looking “out” its parent monomer unit is

V\/Jut
'W}\‘r(l,l,O) M if A, belongs to a (1,1,0) unit
Mg if A, belongs to a (1,1,1) unit

Wi, (1,1,1)—

Wa (i, ia ig) — Mg if A belongs to ai(ja, jg) unit

W',Qv,(u, faw few) — Meif A, belongs to ay, f, ,, fg ;) unit

(47)

Since we are dealing with the FSSE kinetic-probability model,
the various types ofifa,js) monomer units obtained after the
kinetic step are randomly combined in the probabilistic step.
Therefore, the “out” expectationd; and\Wg; do not depend
on the nature of the monomer unit to whighand B belong
andWA’r(| Ja,js) can be written as

WE,r(i- Jaris) =M+ (s — 1)V\//1L,th+ J.B\Nl_g},lrt (48)

The probability that a random reacted A-group belongs to a
(i, ja, iB) UNit iS jAPijaje/Yijajs iAPijajs: APPlYiNg the theorem
of total probability for expectations to eq 47 and the addition
theorem for expectations of sum of random variables to eq 48
leads to

_ jApi,jA,jB
Y IEOE G Je)) — Mg
T z JApI e
i,Jas B (49)
E(WR (i Ja jg) = M + (4 — DEWRY) + jgEWR )(

Substituting eq 50 into eq 49 and introduciit, My, Oa,

O, anddag = Oga, as defined in the main text, leads to

uh (1 = 9ag) My — Mg) + 0,(My, — Mg)
EWer) = (1 = 0pp)(1 — dgp) — 040 1)
E(V\f’ ) (1- 5BA)(Mb B ME) + 5B(Ma_ ME) (52)

(1- 5AB)(1 - 5BA) —0p0
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The expression giving the mass-average molar mass of
condensation polymers (eq 3) is derived by substituting eqs 46, M,

50, 51, and 52 into eq 45 and using the following relationships:

Z Mizpi,jA,jB = M\(/)v Mg (53)
i,Ja)B
|JAp| ia ]B apAf gA (54)
iJar B
_ Z MigR;,j, i, = MoPsf g,B (55)
La I
z JAPLj,, i, = Paf g,A = Z igPij,.j, = Psf g,B (56)
i,]a )8 i,]ar )8
> AP = Pafna@a + 1) (57)
i,JalB
Z szpi,jA,jB = pgf 2,3(65 +1) (58)
i,Jar B
z jalgR: j, i, = Paf 2,A6AB = pgf S,BaBA (59)

i,]a JB

From eqs 56 and 59, it is clear th&ts = Jga.
Equal Reactivity of Functional Groups. Under Flory’s
assumptionspi, s is given by the binomial probability:

p| JA jB_a(AI)pJA(l pA)fAI ]A(El)p{g(l p )fBI e
(60)
whereq, is the mol fraction of monomer naoin initial mixture

(or the mol fraction ofi-type monomer units in the polymer).
From eqs 6 and 14:

i=u i=u
; aifA,ipAz(fA,i -1) ; OLifA,i2
AT — = Pal —-1|=
1=u I=u
; o;fa iPa ; oifa
Pafan—1) (61)
Similarly:
05 = Pa(fpg — 1) (62)
and
_ 0 __ 0
Ons = Pafpa = Opa = Pef a8 (63)

Mz andMy, become the initial A- and B-average molar masses
becomeM? and M’:

Hence:

Substitution Effects in Hyperbranched Polymera391
0 N0 0
I\/lw Mn B pAf n,AME

Mg — Paf g,AME

pAf 04 AM, — E)
— Pafn O AMg

a- pB@(Mb — Mg + pB(f e~ 1M, — Mg)
(1= Pef 3L — Paf o) — PaPs(f o — D 05— 1)
FoaMy — Mg
MO prgs E
- p@\)(wla ~ M+ RGN aa” DM~ M) |
(1 — pgf 2,3)(1 — Paf 8,A) — PaPs(f g,A = g,B -1)

This relationship could be drawn from our previous work on
the recursive approach in the ideal casecan also be written
under the more compact form:

My, = [M MO — p,f S MZMS — pof M +
{paf A[Z(l pAng)(Mb Mp)(M, — Mg) +
Pe(f e — DM, — Me)® + pa(f 2, — (M, — M)/
(M2 — Paf LML — paT § )7 — PaPe(Foa- DE 05~ DI}
(65)

Appendix B: Glossary of Symbols

X, number-average degree of polymerization

M, number-average molar mass

X, mass-average degree of polymerization

M, mass-average molar mass

Dx = X,/X, degree-of-polymerization dispersity

Du = M, /M, molar-mass dispersity

A and B mutually reactive chemical groups (either reacted
or unreacted)

pa andps fractions of A and B groups that have reacted

n; number of moles of monomer unit

Q number-fraction ofi-type monomer units in the
polymer

Wi mass fraction ofi-type monomer units in the
polymer

fai number of A groups (reacted and unreacted) on
i-type monomer units

fai number of B groups (reacted and unreacted) on
i-type monomer units

(i,jaB) i-type monomer unit with, reacted A-groups and
jg reacted B-groups

Nijais number of moles ofi(ja,jg) monomer units

Pijajs mole fraction of {(jja,js) monomer units

Dijais mass fraction ofi(ja,jg) monomer units

number-average A-group and B-group functional-
ities of initial monomer mixture

A-average A-group functionality of initial monomer

foa andm

—
>

& mixture
m B-average B-group functionality of initial monomer
' mixture
m B-average A-group functionality of initial monomer
' mixture
m A-average B-group functionality of initial monomer
g mixture
M_WO mass-average molar mass of initial monomer mix-
ture
@ A-average molar mass of initial monomer mixture
MO B-average molar mass of initial monomer mixture

b
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Wo and WY molar masses seen by a random A-group (either
reacted or nonreacted) looking
respectively “out” and “into” the monomer unit to
which it belongs
\/\,g“t ande‘ molar masses seen by a random B-group (either
reacted or nonreacted) looking
respectively “out” and “into” the monomer unit to
which it belongs
Wijais molar mass of a molecule picked at random by a
(i,ja,jg) monomer unit
E(Y) expectation of random variabhé
Mg molar mass of condensation byproduct E
Mega, Meg contribution of a reacted A-group (or B-group,
respectively) to the molar mass of the condensa-
tion byprOdUCtE; Mea + Mgg = Mg
Oa andoa A- and B-branching factors
Ops = Opa AB-branching factor
M, and My average molar mass of monomer units chosen by

picking reacted A-groups and reacted B-groups
at random, respectively (without taking byprod-
uct elimination into account)
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