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ABSTRACT: The kinetics of the polycondensation of 3,5-bis(trimethylsiloxy)benzoyl chloride (BTMSBCI)
was investigated. 1D and 2D NMR techniques were applied to achieve a complete signal assignment of
the structural units of the resulting polymer (poly(3,5-dihydroxybenzoic acid), PDHBA), which was
obtained after hydrolysis of the trimethylsiloxy and the acid chloride groups. Furthermore, the diads
could be identified. After quantification of the signals by C NMR spectroscopy, a data set of ratios of
structural units as a function of the conversion had been studied with respect of the kinetics of the system
and their resulting structural composition. Since the data do not follow the ideal conversion dependence,
the relative rate constants of the 12 different basic reaction steps were determined by simulation, which
fit the obtained data best. A study of the sensitivity of the reaction curves to changes in the individual
rate constants showed large differences and helped to distinguish the importance of the different basic
reactions to the overall reaction. One kinetic situation was identified as dominant. The deviations (from
the ideal conversion dependence) were explained by different electronic effects on the reaction sites caused
by the successive substitution of siloxy and benzoyl chloride groups by ester groups on the aromatic ring.

Analysis of the data for the diads indicated no further Kinetic effect.

Introduction

Hyperbranched polymers build a class of polymer
architectures derived from a multifunctional monomer
AB,. A three-dimensional branched polymer molecule
is formed with some unique properties such as a
globular structure and a large number of functional
groups. As Flory pointed out in 1952, a cross-linking
for an AB; system would take place exactly at 100%
conversion of the A function. Flory was the first to
discuss the theory of hyperbranched polycondensation.t
His studies on the branching coefficent a and the
molecular weight distribution focused on systems, where
the reactivity and the probability for a reaction at a
particular position does not change along the reaction
pathways. Fréchet et al.2 and Kim et al.3 introduced the
definition of the degree of branching (DB) by comparing
the hyperbranched polymers with their perfectly branch-
ed analogues, the dendrimers. More recent works by
Mdaller et al.,*~" Frey et al.,.8~10 Mdller et al.,’! Dusek
et al.,’2 Fawecett et al.1314 and Galina et al.’® started a
detailed discussion of the theory. Muller studied the
molecular weight distribution and the conversion de-
pendence of the structural units and molecular param-
eters, whereas Frey defined a new degree of branching
DB (compare with eq 7). These equations were derived
with the assumption that all reaction steps proceed with
the same rate constant k. The final product contains
50% L units and 25% T and D units, respectively. (T =
terminal unit, L = linear unit, D = dendritic unit; the
notation of the units in capital letters only distinguishes
between different substituents on the B, site but not
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on the A site for an AB, monomer.) Within this paper
we will refer to this particular kinetic situation as the
ideal situation.

Recently we were able to confirm the theoretical
equations of Muller et al.> and Frey et al.® with NMR
data from the polycondensation of 4,4-bis(4'-hydroxy-
phenyl)pentanoic acid.l’® The reaction sites of this
monomer are well separated such that neither electronic
nor steric effects influence the reactivity. Thus, every
reaction of a structural unit is only based on the
probability of its occurrence and even the diads do not
show any deviation from the ideal distribution indicat-
ing second-order effects through steric requirements.

Since not every real system exhibits well-separated
reaction sites, there is more interest in the description
of polycondensations and polymerizations with nonuni-
form reaction rate constants. A first approach to discuss
AB; systems with unequal reaction rates has been made
by Frey et al.® In their study, they distinguished two
different reaction steps, from terminal to linear unit (kt)
and from linear to dendritic unit (k_), respectively. The
ratio of the two different reaction rate constants was
defined as factors x = ki /kr, which influences the DB of
the final product. Muller et al.>7 presented a similar
description for the self-condensing vinyl polymerization,
which can be considered as a special situation of an
ABB' system. Again a ratio of different rate constants
was introduced and discussed. We chose a different
approach for the description of the hyperbranched
polymerization: all basic reaction steps were identified,
and each step has its own reaction rate constant. This
allows the discussion of different kinetic situations and
one can easily extend the analysis to other Kinetic
systems. A detailed discussion of this approach was
given in a preceding paper.t’
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Table 1. Changes of the Structural Units along One Row or Column of the K Matrix, Respectively?
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a The first number—letter combination gives the structural unit reacting on the B site, the second combination denotes the unit reacting
on the A site; all reactions along one row or column, respectively, give the reaction of a particular pathway.

This theoretical work was stimulated by the fact that
the polycondensation of a monomer like 3,5-bis(tri-
methylsiloxy)benzoyl chloride results in a hyperbranched
polymer with a DB larger than 50%, the final value of
the ideal situation. In 1991, Fréchet et al.2 published
the polycondensation of 3,5-bis(trimethylsiloxy)benzoyl
chloride (BTMSBCI) and they reported a DB of 60%
for the resulting poly(3,5-dihydroxybenzoic acid) (PDH-
BA). PDHBA was isolated after hydrolysis of the
moisture-sensitive trimethylsiloxy and acid chloride
groups. During our studies on the modification of
PDHBA, we found a DB in the same range of 60—64%.18
An activation or deactivation of the different reaction
sites is possible due to different electron densities
caused by different substituents formed in the course
of the reaction. Differences in the inductive effects of
the substituents is a possible reason for such changes
in the electron density. Since all reaction sites are
located at one benzene ring, steric hindrance has to be
considered as well. Other examples for nonideal poly-
condensation reaction are also known: Thompson et
al.1® discussed the polycondensation of a protected 3,5-
dihydroxyphenyl-4-fluorophthalimide leading to a hy-
perbranched poly(etherimide) with a DB of 66—67%.
(Different DB values occur when using different equa-
tions: Fréchet, DB = (T + D)/(T + L + D); Frey, DB =
2D/(L + 2D).) In their cases, the conversion from a silyl
ether to an aryl ether leads to an increase in reactivity,
which then raises the ratio of branching units above the
statistical expected value. One example of a lower DB
is given by Hult et al.;?° they investigated the polycon-
densation of 2,2-bis(hydroxymethyl)propionic acid (bis-
MPA) and reported DB = 32—35% due to hindered
accessibility of the reacting groups. All these results give

rise to the question of how to describe a system which
does not behave like the ideal system.

In the following, we will shortly introduce the reaction
paths of BTMSBCI and the resulting structural units
of PDHBA as our studied AB; system and the notation
we used.

Taking the influence of all three reaction sites into
account, one can see that the six different structural
units are connected with each other via seven reaction
paths (Scheme 1). These seven pathways represent the
12 basic reactions, which are shown in Table 1. We will
use a number—Iletter combination for the notation of the
six structural units.

The number “1” indicates that the A function (acid
chloride) has not reacted, whereas “2” stands for the
formed phenyl ester at the A site. The letters “t”, “I”
and “d” denote the terminal, linear, and dendritic unit,
respectively, depending upon whether zero, one or two
B functions (trimethylsiloxy group) have reacted. The
main structural units are indicated with capital letters
(T, L or D) and they cover both “1y” and “2y” structure
units, e.g. T = 1t + 2t.

The polycondensation of an AB; system with nonuni-
form reaction rate constant is described by a 3 x 4 K
matrix of k values. The columns give a set of reactions,
where a particular B site is reacting with the A function
of the structural units, and the rows give a set of
reactions reacting at a particular A site (compare Table
1 and Scheme 1):

Kieie Kune Kome Koige
K=K Kuu Ko Ko (1)
Kitia Kina Kotia Koing
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This paper describes the kinetic analysis of the poly-
condensation of 3,5-bis(trimethylsiloxy)benzoyl chloride
(BTMSBCI). The contents of different structural units
at different degrees of conversion were obtained from
guantitative 13C NMR spectra. The signal assignment
for the resulting polymer PDHBA given in this paper
is based on a detailed spectra analysis through a
combination of different NMR techniques. It is note-
worthy that we describe the kinetics of the polyconden-
sation of the monomer BTMSBCI, but the analysis has
been carried out on the product of the subsequent
complete hydrolysis of all TMS and acid chloride groups
to hydroxy and carboxylic acid groups, respectively,
because these groups are moisture sensitive and its
quantification might introduce errors due to partial
hydrolysis. The kinetics of this system has been studied
and we were able to fit our data by numerical evaluation
to a set of different reaction rate constants. Besides the
discussion of our experimental data, we like to concep-
tualize the chosen approach, which eventually can be
applied to other kinetic systems.

Experimental Section

Sample Preparation. The monomer synthesis was carried
out according to the method of Kricheldorf et al.?* The
polycondensation reaction has been done similar to the method
of Fréchet et al.2 The monomer was mixed in a Schlenk flask
with 1 wt % NEtCI. The reaction was carried out at 170 °C
in a slow N, stream. Samples were continuously taken out of
the flask over 36 h. The polymer was dissolved in THF, then
water was added to the solution to hydrolyze the remaining
silyl ether and acid chloride functions to the corresponding
phenols and carboxylic acids, respectively. After a 3 h stirring
of the THF solution, the polymer PDHBA was isolated by
evaporating the solvent and drying the samples in a vacuum
over P,0s.

NMR Experiments. The NMR spectra were obtained on a
Bruker DRX 500 spectrometer operating at 500.13 MHz for
IH and 125.77 MHz for 13C. Here, 0.5 M solutions (referring
to the molecular weight of a linear unit) in DMSO-ds (lock and
internal standard, 6(*H) = 2.50 ppm, 6(*3C) = 39.6 ppm) were
measured at 303 K. The 3C spectra were obtained using
inverse gated decoupling, 7/2 *3C pulses and a pulse delay of
12 s (at least 5 times the longest T;). The Tic values were
determined by the inversion recovery method using 10 7 values
and a pulse delay of 12 s. The relative errors for Tic values
were estimated to 10%. The error in determining the mole
fractions of the different units from a NMR spectrum is <2
mol % depending on the signal-to-noise ratio for the individual
signal. This value was determined from repeated measure-
ments, integrations and deconvolutions. *H—'H and *H—-13C
shift-correlated spectra were recorded using the standard pulse
sequences provided by Bruker.

Simulation and Fit of the Data. Simulation of the curves
has been carried out using an iterative process. Each step is
normalized to the conversion of A groups (pa) and counts
0.001pa giving 1000 steps of iteration. The fit of the experi-
mental data has been done using a Newton search method
with quadratic estimates and central derivatives. Only those
values, which still exceed the experimental error of 0.02-Ag
(every concentration of structural units is normalized to the
initial concentration of A groups Ag), were minimized for the
final determination of the K matrix. The sensitivity matrix E
was calculated applying an “error” for the k values of kz,' =
kso(1 + 1078) followed by a numerical integration of the
generated conversion curves over 1000 steps. At each step, the
value was squared and after summation over all steps and
over each of the six structural units the sensitivity values were
normalized to (ki) (vertical least-squares minimization over
the data points).
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Results and Discussion

The first use of 3,5-bis(trimethylsiloxy)benzoyl chlo-
ride (BTMSBCI) as a branching unit in polycondensa-
tions was done by Kricheldorf et al.,?! the first homopoly-
condensation of BTMSBCI has been published by
Fréchet et al.222 We performed the reaction similar to
the previously described polycondensation, but in a way
avoiding distillation of the monomer out of the flask,
as well as fractionation of the sample during workup.
Workup included a complete hydrolysis of the TMS and
acid chloride groups resulting in the polymer poly(3,5-
dihydroxybenzoic acid) (PDHBA). A characterization
and analysis of the polymer properties has been given
elsewhere.22223 \We extended the NMR analysis, which
was necessary for an accurate determination of the
ratios of structural units as a function of conversion.

NMR Spectroscopy. In a preceding paper, we have
demonstrated the use of ¥C NMR spectroscopy in
quantifying the structural units of hyperbranched poly-
esters with different degrees of polymerization (Py).16
With the same goal, we were interested in an extensive
13C NMR signal assignment for poly(3,5-dihydroxy
benzoic acid) (PDHBA) with respect to signals charac-
teristic for the different structural units 1t, 11, 1d, 2t,
21, and 2d.

A first 'H and 3C NMR signal assignment for
PDHBA was reported by Fréchet et al. based on spectra
of model compounds.? The signals, which are charac-
teristic for 2t, 2l, and 2d units, could be identified.
Furthermore, it was mentioned that the peaks reveal a
degree of fine structure, but a detailed signal assign-
ment was not undertaken.

The aim of our NMR investigation is to assign these
fine structure signals for PDHBA with a high P,. In
addition, we are also interested in finding structure-
characteristic signals for products with low P, where
besides the units 2t, 21, and 2d the units 1t, 1, and 1d
are also of significant amount. For this reason a
combined analysis of 'H, 13C, IH—1H shift-correlated
(COSY), and 'H—13C one- and multiple-bond shift cor-
related (HMQC, HMBC) spectra of samples with dif-
ferent P,s was carried out. We do not describe this
analysis in detail but discuss the result with respect to
guantitative structural analysis. The atom numbering
corresponds to Scheme 2.

Figure 1 shows the 500 MHz 'H NMR spectrum of
PDHBA at high conversion of A groups pa (pa =~ 1) in
DMSO-dg, which is quite complex. The signal groups
in the spectrum shown can be assigned to different
protons of the main structures 2t, 21, and 2d.

The signal fine structures are caused by the type of
the preceding and, for 21 and 2d, of the following
structural unit. The para-effect due to different preced-
ing units (21 or 2d) yields two signals of Hy(2t) with a
chemical shift difference of 0.01 ppm. So, the larger
chemical shift differences between the three signals of
Ha(21) (0.05 ppm) and the five signals of Hs(2d) are due
to different R' and the possible combinations of different
R' and R", respectively. For Hys the ortho- and para-
effects due to different R' and R"-substitution yield a



100 Schmaljohann et al.

Macromolecules, Vol. 36, No. 1, 2003

OR' 2/6(2¢)
O 1
I 212t
Ph—O-—C 4 and
OH(2t) Sbd
212t OR"
2d2t
2da 221)
and
OH(2I) 26(2d)  4Q2d) 6(21) 4(21) 426
| ! |
| 2021
|
212d
J\
LIS DL AL L | [ v T B 1 v 4 1 v T T T T I T 1 v | T 1
10.5 10.0 9.5 8.2 8.0 7.8 7.6 7.4 1.2 7.0 6.8 6.6 ppm

Figure 1. 500 MHz *H NMR spectrum of PDHBA (pa ~ 1) in DMSO-ds. with assignments to the different structural units and
partly to the diads (proton in the underlined structural unit) Signal assignment for 1-5 of 4(2d): (1) R' =R" =2d; (2) R' = 2d,
R'=2l;3)R'=R"=2land R =2d,R" = 2t; (4) R" = 2|, R" = 2t; (5) R = R" = 2t.
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Figure 2. 125 MHz *C NMR spectrum (region of the carbonyl carbons) of PDHBA (pa =

more complicated spectrum for 21 and 2d. Further
chemical shift effects occur for oligomers with 1t, 11, and
1d units. A detailed signal assignment was therefore
not undertaken. For some oligomers dissolved in care-
fully dried DMSO-dg, 11 and 1t units can also be
identified besides 2l and 2t by their phenolic protons
which result in signals at 10.15 ppm for 11 and 9.50 ppm
for 1t. Therefore, the 'H NMR spectrum gives a first
possibility to quantify structural units also for a conver-
sion of A groups pa < 1. However, 1d and 2d units,
which show the most complex fine structure, cannot be
quantified due to signal overlap.

For a complete structure characterization 13C NMR
was used. Fortunately, the carbonyl signal region
(Figure 2) gives all information to describe the hyper-
branched structure of oligomers and polymers on the
level of the six structural units 1(t, I, d) and 2(t, I, d)
and also the content of diads z2(t, I, d) (z = L or D)
can be determined. The structure of these diads is
shown in Scheme 4. The fine structure of the COOH
carbon of 11 and 1d indicates that even chemical shift
effects due to different structural units in R and R"”
position can be observed. However, these effects are less

0.573) in DMSO-ds.
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than 0.03 ppm and could only be assigned for 11 (three
signals due to the diads 112t, 1121, 112d). The diad signal
assignment has been achieved by comparison of the
intensity ratio within a pair of diad signals with the D/L
intensity ratio of the structural units. This was done
on several samples with different ratios of structural
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units. For oligomers the signal groups of the aromatic
carbons are characterized by an overlapping of the
signals due to 1 and 2 units in different diads and triads,
which complicates the quantification. This is not sur-
prising taking into account the minor structure differ-
ences and so chemical shift effects due to the different
structural units. Values smaller than 0.4 ppm are
characteristic for sequence effects in aromatic polyes-
ters.1624 Some characteristic signals for 1 units are given
in Table 2. Thus, the carbon directly bonded to the
COOH group shows three separated signals due to 1t,
11, and 1d.

For products with a high degree of conversion, where
the content of 1 units can be neglected, more signal
groups can be analyzed with regard to the content of
2(t, I, d) units and their diads. For such a polymer the

aromatic carbons region of the C NMR spectrum
(Figure 3) and all 13C signal assignments (Table 2) are
given. Also shift increments both for 2l relative to 2d
on the following unit and for 2t and 21 relative to 2d on
the preceding unit were reported (0.1-0.26 ppm) in
Table 2. Fortunately, the meta-effects are the same for
all units, which is the reason for the less complex fine
structure for C; and Cgs of 2d and C; and Cs of 2I. In
contrast, the other ring carbons of both units show a
complex fine structure due to different triads. For 2t
only the preceding unit (21 or 2d) causes a chemical shift
effect and results in two different signals for Cy, Cys,
and C4. A characteristic feature of the spectra is
increasing line width going from 2t to 2d units and also
from 212t to 2d2d diads. This effect was also described
in our 3C relaxation time study on a hyperbranched
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Table 2. Assignment of the 13C NMR Signals of the 2 Units, Their Tic Values and Characteristic Signals of 1 Units

carbon atom? 2t (0, ppm) 21 (0, ppm) 2d (0, ppm) TicP (s) further assignments (6, ppm)
COOR 164.43 (212t) 163.68 (2121) 163.00 (212d) 13 167.45 (1t); 166.61 (11)
(22 R=Ph;1: R=H) 164.36 (2d2t) 163.61 (2d2l) 162.92 (2d2d) ’ 165.83 (1d)
1 130.28 (212t) 130.75 (2121) 131.18 (212d) 11 132.62 (1t); 132.99 and 132.96 (1l);
130.00 (2d2t)  130.49 (2d2l) 130.95 (2d2d) ’ 133.26 (1d)
2/6 107.94 (2d2t)  2: 114.08 (2d2l) 121.3 (br) 107.41 (1t); 113.32 (2 of 1I);
107.84 (212t) 113.97 (2121) 0.25-0.35 113.85 (6 of 11, ov with 2 of 2I);
6: 114.5 (group of ' ’ 120.6 (3 d, ov)
overlapping signals)
3/5 158.75 3: 158.75 151.44 (2d2t) 158.49 (1t and 3 of 11);
5: 151.80 (212t) 151.30 (2d2l) 12-1.4 151.5-151.9 (5 of 1l and 1d,
151.67 (2121) 151.22 (2d2d) ’ ' ov with 21 and 2d)
151.59 (212d)
4 108.30 (2d2t)  115.03 (2d2l) 122.1 (br) 0.25-0.35 106.89 (1t); 113.53 (1l);

108.13 (212t)

114.86 (2121)

120.6 (1d, ov 9))

a Carbon of the italicized structural unit. Relative substituent effects (in ppm): (A) due to substitution of 2d by 21l as preceding group,

Ad(ipso) = + 0.26, Ad(ortho) = —0.1, Ad(meta) ~ 0, and Ad(para) =

—0.17; (B) due to substitution of 2d by 2l (or 2t) as the following

group, Ad(ipso) = +0.08 (+ 0.21), Ad(meta) ~ 0 (0), and Ad(ortho) and Ad(para) could not be determined. ? T1c determined for a 0.5 M
solution of PDHBA (pa ~ 1) in DMSO-ds at 303 K. ¢ ov: significant signal overlap with other signals.
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Figure 3. 125 MHz 3C NMR spectrum (regions of the aromatic carbons 1—6 in Scheme 2) of PDHBA (pa ~ 1) in DMSO-ds with
assignments to the different structural units and partly to the diads.

polyester based on 4,4-bis(4'-hydroxyphenyl)pentanoic
acid® and is caused by decreasing spin—spin relaxation
times due to reduced segmental mobility with increasing
substitution. An additional broadening may result from
long-range sequence effects possible for 21 and 2d units.

In this paper a detailed study of 13C relaxation times
and nuclear Overhauser effects was not carried out, but
the spin—Ilattice relaxation times (T1c) of the different
signal groups were determined (Table 2) to guarantee
the guantitative analysis of the 3C NMR spectra. The
longest Tic in our polymer solutions was determined
for the carboxylic carbon of the monomer 1t with 2.4 s.

Experimental Determination of the Conversion
Dependence of the Structural Units. One can cal-
culate the conversion of A functionalities pa from the

normalized ratios of the six structural units

A 1) + 1)

12D + 1(21) + 1(2d)
I(10) + 1(L1) + 1(1d) + 1(20) + 1(2]) + 1(2d)

)

with I(xy) = normalized signal intensity of the struc-
tural units xy.

Figure 4 gives a plot of the ratio of structural units
as a function of the conversion pa. For reasons of
comparison, we added the data for an random polycon-
densation with equal reaction rate constants at each



Macromolecules, Vol. 36, No. 1, 2003

1,0 1,0

s It o 1/ A 1d
v 2t o 24 x 2d

0,8 1

0,6 1

ratio of structural units / A0

Figure 4. Conversion dependence of the structural units for
the polycondensation of BTMSBCI (lines, theoretical data for
an ideal polycondensation; symbols, NMR data; all mole
fractions normalized to Ao).

step (ideal situation). The equations for the ideal poly-
condensation have been published elsewhere.>9.16

The symbols always represent the experimental data
and the lines show calculated curves. All data are
represented normalized to the starting monomer con-
centration Ao. The absolute error is always <0.02A,. The
relative error increases for decreasing content of a
structural unit. It is obvious that our data are deviating
from the ideal case and that the deviation exceeds the
experimental error. A first analysis gives significant
deviations for the data of 1d at low conversion and of
1t, 2t and 2l at high conversion.

The Three General Kinetic Situations. The gen-
eral kinetic situation exhibits seven reaction pathways.
Since there are three structural units, which contain
an active A function and four structural units with
active B functions one can observe 12 different basic
reactions with 12 different rate constants (Table 1). We
already discussed three general kinetic situations for
an AB, system:’

1. The reacted a function decreases/increases the
reactivity of the B functionalities (comparing columns
1 and 2 with 3 and 4, Table 1):

{1t—11} ={11—1d} > {2t — 21} =
{21 — 2d} (decrease) (a)
{1t— 11} = {1l —1d} <{2t—2I} =
{21 — 2d} (increase) (b)

2. The reacted b function decreases/increases the
reactivity of the A function (comparing rows 1, 2 and 3,
Table 1):

{1t— 2t} > {1l — 21} > {1d — 2d} (decrease) (a)
{1t — 2t} < {1l — 21} <{1d — 2d} (increase) (b)
3. The reacted b function of a linear unit decreases/

increases the reactivity of the second B function (com-
paring columns 1 and 3 with 2 and 4, Table 1):

{1t—11I} ={2t— 21} > {11 — 1d} =
{21 — 2d} (decrease) (a)

{1t—11I} ={2t— 21} < {1l1—1d} =
{21 — 2d} (increase) (b)
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The discussion of the influences in the reactivity will
be based on these general kinetic situations. The general
kinetic situations only contain a structural conceptual-
ization but no chemical interpretation; they are special
situations, and we expect in the real system influences
of more than one reaction site. For 3,5-bis(trimethylsi-
loxy)benzoyl chloride (BTMSBCI) as monomer, all three
functionalities are attached to the same benzene ring.
This gives rise to the consideration that one function-
ality—either reacted or unreacted—can influence the
reactivity of the other functional groups through induc-
tive effects.

A chemical understanding of the reaction mechanism
and the kinetics of this polycondensation is necessary
prior to discussion of the experimental results.

Discussion of the Reaction Mechanism and the
Reactivity of the Different Functionalities. A de-
tailed analysis of the reaction mechanism is necessary
to identify the rate-determining step. The chloride ion
catalyzed polycondensation of BTMSBCI proceeds in
three steps, two nucleophilic substitutions and the final
elimination of the chloride (Scheme 3).

All three steps are possible equilibrium reactions
known in silyl ether and carbonyl chemistry.2>26 The
adduct ba* is a highly reactive intermediate which
either dissociates back or forms the ester via elimination
of the chloride. The chloride elimination is not a
competing equilibrium, because the nucleophilic power
of the chloride is too low to attack the ester. Thus, we
consider the third step as fast and irreversible. For
comparison of the first two reactions we have to look at
the Kinetics of both the formation and the back-reaction
of each step. The first reaction is the nucleophilic attack
of the chloride at the silicon of the silyl ether. Since the
chloride ion is a weak nucleophile, the reaction will
proceed with a slow rate. At the reaction temperature
(170 °C) the chlorotrimethylsilane (bp 56—57 °C) will
be constantly removed to shift the equilibrium toward
the side of the product, but still the equilibrium is on
the side of the silyl ether.?> The second step is the
nucleophilic attack of a stronger nucleophile (the phen-
olate) at a highly activated and very electrophilic
carbonyl group, the acid chloride. From the tetrahedral
intermediate, the reaction should proceed faster toward
the ester formation compared to the back-reaction,
because the chloride is the better leaving group. This
would lead to the assumption that the formation of the
phenolate is the slowest and therefore rate-determining
step. The addition of phenolate to the acid chloride is a
faster step, which has only a minor Kkinetic effect.

From this observation, one can conclude that the
formation and stability of the four different phenolates
(1t, 11, 2t, 21) has a major Kinetic effect and the
reactivity of the three different acid chlorides (1t, 1l,
1d) has only a minor Kinetic effect. Thus, situations 1
and 3 or a combination of both from the three general
kinetic situations would likely describe the Kinetics of
the system.

The electronic configuration determines which of the
phenolates is the most stable one and would be most
easily formed. In general, an electron-withdrawing
group supports the formation of the phenolate and also
stabilizes the formed phenolate. To quantify these
effects the Hammett equation can be used. The Ham-
mett equation is given in eq 3, and Table 3 gives the
Hammett parameter for meta-substitution, on, for the
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Table 3. Hammett Constants o

om for a specific COClI COOPHh OSiMes OCOPHh
functional group (A) (a) (B) (b)
Om 0.51 0.37 0.13 0.21
functionalities of interest.?’
log- X 3
o= 1007—
9%, 3)

with o = substituent constant, Ky = ionization constant
for benzoic acid, and Kx = ionization constant for the
corresponding meta- or para-substituted benzoic acid.

The larger om is, the more electron-withdrawing is the
group, and therefore, the formation and stability of the
phenolate anion is preferred. With these o values, one
can propose a relative reactivity, as follows:

{1t— 11} > {2t—2I} and
{11 — 1d} > {21 — 2d}
(0, = 0.51vs 0.37) (situation 1a)

{11 — 1d} > {1t— 11} and
{21 — 2d} > {2t — 21}
(0, =0.21vs 0.13) (situation 3b)

From this discussion we do not consider a major effect
of the second reaction, the nucleophilic attack of the
phenolate at the carbonyl group. If there is an effect,
the Hammett parameter would give the following
reactivity order:

{1d —2d} > {11 — 21} > {1t — 2t}
(0, =0.21vs 0.13) (situation 2b)

It is noteworthy that these calculations can only give a
certain support for the discussed mechanism, because
most o values were determined for only one substituent
and for molecules in solution to avoid changes in the
kinetics due to limited diffusion in the system.?® There
may be a diffusion limit at high conversion since the
reaction is performed in bulk (similar to regularly
performed hyperbranched polycondensation reactions).

Steric effects seem unlikely for two reasons. Turner
et al.2® reported a similar system based on 3,5-bis-
(acetoxy)benzoic acid, which has a DB of 50%72° showing
no reduced accessibility for highly substituted units.
Also, kinetic investigations according to the Hammett
parameter only consider ortho-substituted aromatic
systems to change the reactivity due to steric require-
ments. However, steric effects of higher order due to the
crowding in high molecular weight region cannot be
excluded especially at high conversion.

These considerations led to a kinetic approach to fit
the data, where we kept the k values constant within
one column, but changed it for the different columns.

Fit of the Experimental Data and Discussion of
the Ratio of Reaction Rate Constants on Basis of
Chemical Reactivity. (a) Fit to the Experimental
Data. The simulations were performed to fit the 12
reaction rate constants to our experimental data. Since
the time component is eliminated, there are 11 inde-
pendent k values giving an 11-dimensional space, where
a minimum has to be found. It is quite obvious that
there will be more than one local minimum. A reason-
able minimum was found by performing a certain
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sequence of simulations. This was done using the
aforementioned discussions of the Kinetic situation from
a chemical point of view. Running the simulations with
restrictions based on the three major Kinetic situations
were first tests for our discussion on the influence on
the chemical reactivity. Table 4 summarizes these
results.

The smaller the sum of the squared errors (Table 4)
the more accurate the simulation. We see a dominant
influence of the kinetic situation 3. Thus, the reaction
on the B site (trimethylsiloxy group) dominates the
change in the reactivity, which is in agreement with our
reaction mechanism. The result according to situation
1is also in agreement with our discussion based on the
Hammett parameter, whereas situation 2 gives a fit that
gives the poorest correlation and that does not agree
with the discussion on the chemical reactivity. From this
result, we conclude that indeed the formation of phen-
olate is the rate-determining step.

In the next step, the simulation was carried out by a
combination of the kinetic situations 1 and 3, which
represents the overall reactivity changes on the B site
(K matrix: Kj+sz). Again we can see a drop in the sum
of squared errors (Table 4) indicating further improve-
ment of our simulation. One can see that the reactivity
of the unit 2t is strongly reduced. This result seems to
be an absolute minimum under the restriction of the
system, because the same values can always be found
independently from the starting point and method.

Finally a local minimum was identified within the
previous identified region (Table 4). For the final
minimization the Kj;i13 matrix of situation (1+3) was
taken as a starting point. Very rigid conditions were
applied for the final minimization, because in almost
any situation without any boundary conditions the
system diverged, giving chemically senseless results
(such as k < 0). Only those data points were taken for
further minimization for which the error exceeded the
experimental error of 0.02A¢. Using this restriction led
to a stable value. The final result is also given in Table
4, and it is presented graphically in Figure 5.

Two different experiments were performed to prove
our method. First several random K matrices were
taken as starting matrix to minimize our experimental
data and the same sequence minimizations was per-
formed until no change is observed. Second a set of ideal
data values was generated by simulating the graphs for
a given K matrix; then, we performed the minimization
sequence to check whether the same k values will be
found.

(b) Discussion of the Sensitivity of Different k
Values. It is noteworthy that certain basic reactions
have a major contribution to the overall reaction and
the corresponding k values give a pronounced change
in shape of the simulated curves upon small changes
in this particular k value. Thus, we performed a study
of the sensitivity of the conversion dependence of the
six structural units toward changes in a single k value.
Any system of 12 k values yields a set of six functions
of normalized ratio of structural units vs conversion. If
a single k value is changed from kg, to kgo(1 + 107"),
one can observe a difference in all six functions. The
change (or error) can be quantified by integrating the
area, which the two curves enclose between py = 0 and
pa = 1 and summation over all six structural units
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Table 4. Results of the Simulation

resulting sum of squared resulting
Kinetic situation restrictions K matrix errors final DB,2 %
1111
ideal situation all k equal Kigeal 1111 0.000 80 50
1111
[1 1 027 0.27
- . kitit = Kuiee = Kaear = Kuiar = Kitad = Kuiad _
situation 1 Kotzt = Koit = Kottt = Koiul = Kotig = Kotnd K, =11 1 0.27 0.27 0.000 52 53.2
.l 1 0.27 0.27
kit1it = Kuie = Kotz = Kot 1 1 1 1
situation 2 Knent = K = Kotat = Kot K, = [0.50 0.50 0.50 0.50 0.000 55 50.0
Kitid = K111d = Kotig = Kong l1.01 1.01 1.01 1.01
. . kit1it = Kot1t = Kieur = Kota = Kitid = Kotad 1151155
situation 3 Kyt = Kainit = Kun = Koz = Kiina = Kaina Ks =11 15 1 155 0.000 34 58.6
.l 155 1 1.55
Kitre = Kol = Kaua 1 1.15 0.62 1.29]
situation 143 kunt = Ko = Kuna Kiis 1 1.15 0.62 1.29 0.000 22 60.7
kot1t = Kot1l = Kotid 1 1.15 0.62 1.29
ka1t = ka1l = Kaiid :
1 1.8 0.68 1.28]
final situation all k's varied K = |[1.01 1.17 054 1.21 0.000 21 60.6
a Calculated after Frey's definition: DB = 2T/(2T + L). 101 1.14 0.64 1.25]
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Figure 5. Conversion dependence of the structural units for
the polycondensation of BTMSBCI (lines, fitted data using the
final K matrix; symbols, NMR data; all mole fractions normal-
ized to Ap).

resulting in the sensitivity parameter e(kgq,n).

elkgon) = 3 [y (v = ¥ dpa @)
y

with e(kgq,n) = sensitivity parameter, n = exponent of
the “error” function, y = [1t], [11], [1d], [2t], [2l], and
[2d] at kge, y' = [1t], [11], [1d], [2t], [2I], and [2d] at
Kso(1 + 107"), and pa = conversion of A groups.

The result y — y' was squared in order to count any
deviation (positive or negative) in the same way. This
calculation is independent from our experimental data.
Obviously e decreases with increasing n. e(kg,,n) changes
also depending on the applied K matrix, but the order
remains the same within a wide range of k values. There
are large differences of e(kgq,n) between different kg,
values. These differences are within 2 orders of mag-
nitude. The parameter is called sensitivity because it
is an indicator of how small changes in kg, affect the

concentration of the reactants throughout the reaction.
For the problem of fitting a curve to experimental data
by changing the k values, one can see that the k values
with high sensitivity have a strong influence on all six
concentration curves allowing an easier fitting process.
Speaking in terms of identifying a minimum in the 11-
dimensional space of k values: High e(kgo,x) leads to
steep curvature in the corresponding kg, direction and
low €(Kgq,X) leads to an almost flat region. In conclusion,
the larger e(kgq,X) is for a given x, the more sensitive is
the k value kg, and the better a minimum can be found.
Taking large n's (n > 6), we found a linear relationship
between log{e(kso,n)} and n, where every e(kg,) has
always the same slope, equaling 2.3°

The previous observation directly influences the ac-
curacy of our determined K matrix and gives certain
consideration for the interpretation of our results.

A given K matrix has always a corresponding matrix
of 12 e(kgy, N) values (E matrix). (n has to be kept
constant for calculating the E matrix. Since the values
for the € value are dependent from the chosen n, we
normalized the E matrix for the largest ¢ value. All
given E matrices are calculated with n = 8.) These 12
values scale the inherent error of our results. Translated
into the underlying chemical reaction, one can say that
certain basic reaction step can be identified as very
important, because it contributes largely to the overall
reaction, others are less important. Fortunately, the
important reactions for fitting the data (mathematical
aspect) are also those, which have the largest contribu-
tion to the overall reaction (chemical aspect). When both
reaction partners are in very low concentrations through-
out the entire reaction, these basic reactions are less
important and we find the k value with a larger error
due to the low sensitivity. (The relation between the
concentrations and the sensitivity is only a rough
estimation, which gives the order of magnitude but not
the real sensitivity data.) A graph of incremental change
vs conversion for the 12 basic reactions is shown in the
appendix taking the final K matrix in order to visualize
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this correlation.

Concluding this section, one can say that the higher
the sensitivity is the lower is the error in determining
the particular k value and the more important is this
reaction. When the data are minimized according to the
above-mentioned discussion on the reactivity changes
by keeping all k values equal within one column, the
system becomes very robust, because all sensitivities are
in the same range.

The results of the sensitivity study are given for the
Ki+3 and for the final K matrix (eqs 5 and 6).

1 1.15 0.62 1.29
Kys=|1 1.15 0.62 1.29|, with
1 1.15 0.62 1.29
1 0.588 1.37 1.08
E,..=|1 0.588 1.37 1.08| (5)
1 0.588 1.37 1.08
1 118 0.68 1.26
K=1.01 1.17 054 1.21|, with
1.01 1.14 0.64 1.25
1 0.242 0.197 0.248
E=10.172 0.074 0.353 0.015| (6)
0.015 0.005 0.034 0.046

Going over from K43 to the final K matrix was done
using very rigid minimization conditions. Comparison
of egs 5 and 6 shows the reason. Some of the k values
are very insensitive, which means they can be changed
within a wide range without a noticeable effect on the
shape of the curves. These conditions have been applied
in order to avoid a diverging situation. Thus, eq 6
represents a local minimum found using Kj3 as start-
ing condition.

Analysis and Simulation of the Diads. (a) Path-
ways for the Formation of the Diads. As shown in
the NMR part, we observed an additional fine structure
for the peaks of the structural units, e.g. the three
carbonyl peaks of 2t, 21, and 2d appear as two separate
peaks each. This fine structure could be attributed to
the effect on the chemical shift of different penultimate
groups depending whether the penultimate group is a
linear or a dendritic group. Therefore, a further analysis
of our data has been carried out. One can distinguish
12 diads by combining the four penultimate groups
x(l,d) (x = 1, 2) with the three 2y units. In our special
case we could not distinguish between 1(1,d) and 2(1,d)
as penultimate group by NMR spectroscopy. This re-
duces the total number of observed diads to six, where
always the sum of two diads are given (e.g., L2t = 112t
+ 212t). Scheme 4 shows the notation and the reaction
pathways of these six diads.

These six diads were measured and quantified as a
function of the conversion by quantitative 3C NMR
spectroscopy. The next section compares the experimen-
tal data with the results from previous simulation in
order to evaluating the microstructure and higher order
kinetic effects.

(b) Simulation and Fit of the Diad Content to
the Experimental Data. The discussion of the diads
is directed toward the question whether we have further
effects on the kinetics, which go beyond the differences
in the reactivity of the 12 bimolecular reactions; e.g.,
steric effects cannot be excluded for this very dense
structure. The conversion dependence of the six diads
was calculated based on the previous evaluated k values.
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Figure 6. Conversion dependence of the diads for the poly-
condensation of BTMSBCI compared to calculated curves
using (a) the final K matrix and (b) theoretical data for an
ideal polycondensation (lines, calculated curves; symbols, NMR
data; all mole fractions normalized to Ag).

The simplest approach, without making any further
kinetic considerations, is the calculation of the diad
content as a product of the two structural units normal-
ized to the total number of diads.'”

The equations for the calculation of the content of our
six measured diads based on the six structural units
are given in the Supporting Information. This approach
considers different reaction ratios for the formation of
the structural units, but it calculates the diad distribu-
tion as a probability distribution based on the previous
calculated K matrix. This probability distribution has
already been successfully applied to the system of 4,4-
bis(4'-hydroxyphenyl)pentanoic acid, which shows an
ideal conversion dependence of the diads.1® In Figure
6a, we compare our experimental data with plots of
fitted curves based on the final K matrix.

Since the monomeric units already show a deviation
from the ideal statistical distribution, it is expected that
also the diad ratio deviate from the ideal case. A
comparison of the experimental data with the curves of
the ideal case is shown in Figure 6b. It indicates clearly
that these deviations of diad content exceed the experi-
mental error. The calculation of the curves for the diads
using our data set of reaction rate constants shows a
good fit. The content of the L2l diads is substantially
decreased whereas the amount of D2t and D2d is
increased above the values for the ideal statistical
situation. The relatively high content of D2d diads
reflects a substantially denser microstructure of this
hyperbranched polymer compared to a hyperbranched
polymer, which has an ideal distribution of structural
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units and diads. This might effect the molecule shape
and the physical and chemical properties to a certain
extent.3!

For the discussion of the diads it has to be considered
that the relative error for our experimental data is a
little higher compared to that for the data of the
structural units. On the one side the absolute values
are smaller and on the other side the data were obtained
by signal deconvolution of two overlapping signals,
which also decreases the accuracy. Minor Kkinetics effects
on the diad formation may not be found.

Analysis of the Degree of Branching. The degree
of branching (DB) is another tool to describe the
microstructure and the polymer architecture compared
to purely linear polymers (DB = 0) and perfectly
branched dendrimers (DB = 100%), respectively. Since
most of our data refer to oligomers, we will only discuss
the DB calculated applying the definition of Frey et al.®
(eq 7).

2D
DB 2D+ L (7)
Again, the calculation of DB is based on the fit of the
reaction rate constants for our experimental data of the
structural units, which yields in a good agreement
between fit and experimental DB. Deviations at low
conversion (pa = 0—0.4, P, = 1 — 1.7) reflect a larger
experimental error, because the dendritic units are at
a very low concentration. Figure 7 gives a plot of DB vs
the conversion pa and vs the degree of polymerization
Pn.

The DB exceeds the value 50%, expected for an ideal
statistical situation, at conversion pa =~ 0.93, which
correspond to a degree of polymerization P, ~ 15 (M~
2800 g/mol).32 The analysis of the degree of branching
and of the diads are first steps toward a deeper
understanding of the internal structure of the hyper-
branched polyester, obviously certain questions cannot
be answered due to averaging over all structural units
and diads. So, the distribution of the structural units
and diads over different polymer molecules and their
radial distribution within one polymer molecule are of
interest.

Conclusions

On the basis of our previous theoretical discussion on
the kinetics of nonideal hyperbranched polymerizations,
we were able to present an application of this theoretical
work when evaluating the Kkinetic data of the polycon-
densation of 3,5-bis(trimethylsiloxy)benzoyl chloride
(BTMSBCI). NMR spectroscopy provided an excellent
tool for the qualitative and quantitative evaluation of
the data. A complete signal assignment of the structural
units has been achieved on the resulting PDHBA,
where all TMS and acid chlorid groups have been
hydrolyzed. Furthermore, the signal fine structure could
be attributed to the influence of the following and the
penultimate group leading to the determination of the
diads. Computer simulation in conjunction with a
chemical interpretation of these results led to a good
fit of the experimental data to the simulated curves. The
Hammett parameters provide a tool to support our
chemical interpretation. We found that the formation
and stability of the phenolate is the rate determining
effect. The addition of the acid chloride to the phenolate
only has a marginal effect on the kinetics. Through a
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Figure 7. Degree of branching DBy for the polycondensation
of BTMSBCI compared to calculated curves using the final K
matrix and the data for an ideal statistical polycondensation
(lines, simulated data; symbols, DB calculated from NMR
data): (a) DB vs conversion pa; (b) DB vs degree of polymer-
ization Py.

sequence of simulations using the least-mean-squares
method, the minimized K matrix was determined to be

1 1.18 0.68 1.26
K=|1.01 1.17 0.54 1.21
1.01 1.14 0.64 1.25

which basically reflects a major accelerating effect of
the reacted b function on the reactivity of the second B
function (situation 3b, {T — L} <{L — D}) and a minor
rate increasing effect of the unreacted A function on the
reactivity of the B function (situation la, {1(t,l) —
1(1,d)} > {2(t,l) — 2(1,d)}). Both rate accelerations are
due to preferred formation of the most stable phenolate.

Further information about the microstructure were
obtained from the diad determination in addition to the
calculation of the degree of branching, but could not
detect any further Kinetic effect, which go beyond the
formation of the single structural units. Thus, steric
effects on the kinetics can be excluded so far.
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