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ABSTRACT: A statistical model has been developed for the prediction of molecular weight and molecular
weight distribution in transesterification reactions of diols onto polyesters (ideally polycondensated with
a polydispersity of 2). The model was checked out on a transesterification reaction of PEG or diethylene
glycol on PLLA, which is a simple and noncatalytic route for obtaining blends of low-molecular-weight
block copolymers PEG—PLLA and low-molecular-weight PLLA, which have biomedical interest. From
this mathematical model, it is possible to predict the change in molecular weight and molecular weight
distribution as a function of the different experimental variables. Reactions were characterized by *H

NMR and GPC.

Introduction

The occurrence of transesterification and transami-
dation reactions in polyesters and polyamides has been
known for many years.! Transesterification on poly-
esters is a useful reaction for blending noncompatible
polyesters?3 and is also responsible for some chain
extension effects.*®> This reaction commonly occurs in
the molten state, which produces first block copolymers
and finally random copolymers. On the other hand, it
is a common side reaction undergone by polyesters®®
and is partially responsible for their degradation,
especially in biodegradable poly(lactide) (PLA) deriva-
tives.578

Transesterification of poly(ethylene glycol) (PEG) on
poly(pL-lactic acid) (PDLA) has been described by Piskin
et al.® as an interesting route for obtaining block
copolymers PEG—PDLA. Poly(ether—ester) block co-
polymers of PLA and PEG are interesting materials
because of their hydrophobic/hydrophilic block nature
and their biocompatibility, and much work has been
done in this field.1°~16 PEG is a water-soluble polymer
which is accepted as a food or drug additive in most
countries. PLA and copolymers of lactide and glycolide
or e-caprolactone have been investigated for application
in implant materials such as medical sutures,’” drug
delivery systems,'” and orthopedic devices.!®

In this paper, we describe a simple model of trans-
esterification of an oligomeric diol (PEG or diethylene
glycol) onto a low-molecular-weight (LMW) polyester of
biomedical interest: poly(L-lactic acid) (PLLA). LMW
polymers and reactives were chosen such that it would
be possible to analyze the final mixture of polymers and
copolymers by 'H NMR.

Experimental Section

Materials. L-Lactic acid (LLA), 90% aqueous solution, was
purchased from Fluka. Poly(L-lactic acid) or Resomer (L104,
My, = 2000 and polydispersity = 2) was supplied by Boehringer
Ingelheim (Germany). Poly(ethylene glycol) 6000 (PEG 6000)
( M/ My, = 1.05) was obtained from Merck and PEG 900 ( M,/
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M, = 1.05) from Aldrich. Diethylene glycol was obtained from
FEROSA (Spain).

Transesterification Reaction: Melt. The prepolymer
PLLA was synthesized according to the procedures described
by Fukuzaki et al.,’® in the absence of a catalyst, at 200 °C,
while a stream of nitrogen gas was passed through the
polymerization mixture (~200 mL/min); the water formed
during this reaction was removed by distillation. After a
reaction time of 10—40 h, the appropriate amount of PEG 6000
as model diol was added, and the reaction was continued for
3-6 h.

Solution. Poly(L-lactic acid) used as starting material was
a commercial Resomer L104. The transesterification reactions
were carried out by using xylene as solvent in a closed flask
at 150 °C (boiling point of xylene, 132 °C). Before closing the
system, appropriate amounts of starting PLLA and diol (two
reactions were carried out, with PEG 900 and diethylene glycol
as model diols) were added into the flask under an oxygen-
free N, atmosphere. At appropriate times, samples were taken
by introducing a syringe through a septum tap.

Characterization. *H NMR spectroscopy was performed
on a Bruker AC 250 or a Varian Gemini 200 spectrometer
using CDCl; as a solvent. Sample concentrations were ap-
proximately 5% (w/v). To calculate the concentration of OH
end groups in the PEG chains, trifluoroacetic anhydride was
added to the solutions,” and the signal of the rapidly and
quantitatively formed CH,OCOCF; end groups was analyzed.

GPC measurements were performed by using CHCI; as the
eluent. The GPC system consisted of a Waters 510 pump, a
RI detector Waters 410 differential refractometer, and three
columns of mStyragel of 104 103, and 500 A. The columns
were calibrated with PMMA standards supplied by Waters
Associates having a narrow molecular weight distribution.

Results and Discussion

Melt and solution reactions have been carried out.
The melt reaction was achieved by polycondensating
L-lactic acid from an aqueous solution at 200 °C and
using a nitrogen flux of 200 mL/min. This reaction has
previously been described?!® to give poly(L-lactic acid)
with molecular weight ranging from 10% to 10*. The
degree of polymerization (DPn), which increases with
reaction time to a standard value of approximately 100
after 20 h of polycondensation, was determined from the
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Figure 1. Methylene oxide signals of samples after various
times of treatment in melt reactions.

integration ratio between the CH signal of the main
chain (a, 5.1 ppm) and the CH of the terminal group (b,
4.3 ppm) in 'H NMR spectra.

On the other hand, commercial PLLA of LMW (with
an ideal polydispersity value of 2 for polycondensated
material) was used in the solution reaction; xylene was
chosen as solvent in order to reach temperature above
120 °C. In fact, the reaction was carried out at 150 °C
in a closed flask, 18 °C above the boiling point of xylene
at atmospheric pressure. The crude mixture of the
different samples was analyzed by 'H NMR as the melt
reaction products.

Analysis of the copolymerization products was per-
formed by 'H NMR. The 'H NMR spectra of the
copolymers are quite similar to those reported by others
for similar systems.2°21 The signal of the terminal
methylene protons of the PEG could be used to deter-
mine the conversion of the PEG hydroxyl end groups.
However, the signal of the methylene protons of the free
terminal unit overlaps with the signal of the PEG inner
units of the main chain, but it can be shifted to 6 4.43
by derivatization to the trifluoroacetic ester formed. The
CH, protons of the ethylene oxide unit linked directly
to the PLLA blocks appear at ¢ 4.22. Figure 1 shows
the methylene oxide signals of samples after various
times of treatment in melt reactions.

Scheme 1 shows the proposed transesterification
reaction. Using a difunctional PEG, it would be possible
to find triblocks as well as diblocks in the final mixture
after the transesterification reaction process. LMW
PLLA will also be present. The diblocks/triblocks ratio
depends on the conversion of the OH end groups of the
PEG. At 100 % conversion, there will only be triblocks
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Figure 2. GPC traces of the solution reactions with diethylene
glycol (left side) and PEG 900 (right side) as reactive diols.

Scheme 1. Possible Components of the Reaction
Medium after the Thermal Treatment
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present, and, for instance, at 95% conversion, the
mixture will contain about 90% triblocks and 10%
diblocks (and 0.25% unreacted PEG). The melt reac-
tions were carried out for 6 h, reaching a 90% conver-
sion, whereas the solution reactions were carried out
for 1 week in order to attain similar conversions, since
the reaction temperature was much lower.

GPC was used only as a qualitative method due to
the inherent problems associated with the technique in
the analysis of block copolymers and mixtures of LMW
compounds.?2 The GPC traces shown in Figure 2 for
the solution reactions confirm the transesterification
reaction and show qualitatively the evolution of the
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reaction versus time. With increasing conversion (right
side of the figure), a shoulder is observed in the PEG
900 peak at lower retention time, which can be associ-
ated with the di- and triblocks. Moreover, LMW species
increase with the extension of the reaction, as can be
clearly observed in the reaction with diethylene glycol
(left-hand side). In this case, the number of reactive
hydroxyl groups is much higher, and PLLA is degraded
with time to very short oligomers. The different GPC
peaks traces (very well resolved) should be assigned to
di- and triblocks with 1—4 lactic units and to free lactic
dimer and trimer species.

Mathematical Description

To simplify the mathematical description, the follow-
ing treatment ignores the effects of the polycondensation
and also ignores the transesterification produced by the
OH end groups of the PLLA itself (assuming that the
transesterification by OH-PEG is much faster than both
processes). In an ideal step growth polymerization
reaction, the classical treatment considers?3

N;” = Nox' (1 — x)?

m
Ma=1_"x
1
w 1—-x
M
M—W=1+X

n

where N is the number of polymer molecules of i
monomers, x is the conversion of lactic acid or the
probability of addition of a monomer, Ny is the number
of monomers, and m is the molecular weight of the unit
(the notation will be NP for the polycondensated chains
before transesterification and N;t after that). Under
these assumptions, the polymerization degree, DPn, Xo,
and the total number of polymer chains are

XO=1_X (2)

I\IPLLA chains — ZNip = NO(l - X) (3)

Transesterification. According to the proposed
synthetic scheme, and considering an equal reactivity
of all the OH end groups of PEG, every transesterifi-
cation randomly breaks the PLLA blocks or chains
(linked already to a PEG chain or free). In this way, a
PEG attack on a free PLLA leads to a free residual
PLLA plus a linked PEG—PLLA, while the attack on a
PLLA block in a copolymer leads to two new PLLA
blocks linked to PEG chains (see Scheme 1). According
to this, one original PLLA chain, after undergoing n
transesterifications, would lead to one free PLLA chain
plus n PLLA blocks in the copolymers.

The average number of OH end groups which are
going to attack every original polycondensated PLLA
chain will be called Aoy. From this, it is clear that

Xo

KT Aon+ 1 @)
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where Xo and Xg are the DPn of the original PLLA
chains and the DPn of the final (linked or free) PLLA
blocks or chains, respectively (Xg < Xo).

Probabilistic Treatment. In a transesterification
reaction of a difunctional PEG or an aliphatic diol on
PLLA chains, the probability that an ester group
undergoes a transesterification during the reaction is
(Wlth Non = ZNPEG)

NOH — C% — 2@
N NoX X

p=¢

®)

es

where Noy is the number of total hydroxyl end groups
of PEG, Ngs is the total number of esters, ¢ is the
conversion of the OH-PEG end groups, and R is the
molar feed ratio in terms of (moles of diol)/(moles of LLA
units), and

©

Nes = > [(i = NPT = (using (1)) Nox

Scheme 2 shows the different ways to obtain PLLA
blocks or chains of length i from the polycondensated
PLLA chains. The first possibility to consider is an
original chain with i units which does not undergo any
transesterification. As the number of esters is i — 1,
the probability of this process is (1 — p) to the power of
i — 1. The second case to analyze is a polycondensated
PLLA with more than i units, that undergoes a trans-
esterification on the i position, leading to a chain or
block with i units. The probability of this process taking
place is equal to the probability of the attack on this
ester, multiplied by the probability that i — 1 esters do
not undergo transesterification. Depending on the
orientation of the ester group, this possibility will lead
to a free chain or to a block. This is represented by the
arrows in Scheme 2. Finally, if the original PLLA chain
is longer than i + 1, then the possible i block is also
included in the structure, and two simultaneous or
consecutive attacks on the correct positions will lead,
in this case, only to a block with i units. The probability
of this process occurring is the probability of attack on
the two esters groups, multiplied by the probability that
i — 1 esters do not undergo any attack. The number of
times that this length will be included in the structure
is the length (=i — 1).
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According to this, the number of PLLA blocks (linked)
or chains (free) with a length i will be

0

Ni'freepia = NPP(L = p)' ™ + NP p(1 —p)'*
j=1F1

= (using (1)) Ny(1 — x)?b"* +

00

N1 — x)2p(1 — p)i—t i—1
ol —=x)°p(1 — p) jz;x

= No(l — X)L —b)b"™  withb=x(1 —p) (6)

Ni'linked pLLA = Np(1 — P+
j=1r1
(—i-DNPP(L—p)'"
j=1t2

0

= (using (1), (5)) No(1 = x)*(1 —p)' 'p y ¥t +
j=1r1
No(1 = x)°p*(1 — p)' ™ G—i—-1d™
j=rr2
= 2N, cR(1 — b)b'* (7)

From (6) and (7),

00

_ t
Nfree PLLA chains — Ni free PLLA

1=
00

=Ny,(1-x)1-b)y b

= Ny(1 — x)

This is what we expected: the N(original PLLA chains,
(3)), because the transesterification reactions do not
change the number of free PLLA chains.

00

t
Ni linked PLLA
=

NpLLA blocks =

00

=Nypx(1 —b)§ b'?

= (using (5)) 2N, cR (8)

This result is also to be expected: the number of reacted
OH-PEG, cNon (from (5)).
_ Now, we can statistically calculate the already defined
Xe ((4)) and the DPn of the final PLLA blocks and
chains. From (6) and (7),
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. S Nit

[No(L = X)(1 = b)b"* + Nopx(L — b)b"]i

S [No(1 — x)(1 — b)b' ™ + Ngpx(1 — b)b' ]
_ Ny _ 1
No(l—b) 1-b

©)

But this is the same expression obtained from a non-
statistical treatment ((4)):

% = Xo 1@ -x)
B Aon+ 1 CcNg/Npa+1
1/(1 — x)

T N/ [No/(Xg — 1)] + 1

l1-x+xp 1-Db

using (2) and with Aoy = cNow/NpLLa. This fact
confirms the probabilistic treatment.

The partial molecular weight distribution of the PLLA
blocks and chains is, omitting the effect of the end
groups in the molecular weight,

oo S N IM)TY NEim)  m(L + b)/(L — b)
My/My, = T mid-b)

v > Nfim)y Ny

=1+b=1+x—xp= (Mw/Mn)polycon —Xp

Global Molecular Weight Distribution. Trans-
esterification by a Difunctional PEG. The PEG
chains will be as unreacted PEG, diblocks, or triblocks.
The following equations assume that PEG is monodis-
perse.

The number of unreacted PEG, from (4) and knowing
that Npec = NOH/Z, will be (from (5))

Nunreacted PEG — NPEG(]- - C)2 = NOR(]- - C)z (10)
and the number of diblocks L;-PEG-OH, from (7)

Nitdiblocks = Nitlinked pLa(l —©)
= 2N, cR(1 — b)(1 —¢)b"* (11)

The number of triblocks Lj-PEG-L, where j + k=i [(L;)-
PEG], is, for i > 1 and from (7) and (8),

1 i-1 Nktlinked
N'tt iblocks — N-tl- “ dc(—
i triblocks 2 JZ Jlinke Np|_|_A blocks,
1 c i-1
1 N Xl_bbj—lN Xl—bbk—l
2 N 2, INGPX(L = DD Ngpx(L — B
= N¢’R(1 — b)*(i — 1)b"? (12)

Finally, and omitting the effect of the end groups in
the molecular weight, the following expressions are
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obtained:

free PLLA chains, L;, (6)

Nitfree pLia = No(1 —x)(1 — b)biil
with M; = mi

diblocks, L,-PEG-OH, (11)

Ni'dibtooks = 2NgCR(1 — b)(1 — )b’
with M; = mi + Mpgg

triblocks, L;-PEG, i > 1, (12)

Nittriblocks = NoCZR(l - b)z(i - 1)bi_2
with M; = m; + Mpgg

unreacted PEG, (10)

Nunreacted PEG — NOR(l - C)Z
with M; = Mg

Let's call Mpge/m = a, and using (6), (10), (11), and
(12):
t__ t t
Ni - Ni free PLLA + Ni diblocks +
1= 1= 1=
Nittriblocks + Nunr PEG

=
00

bt 4+

= (using (5)) No(1 —x)(1 — b)

00

2N, cR(1L —b)(1 —c¢) § bt +

Nc?R(1 — b)? S (i—1)b %+
N,R(1 — ¢)?
= Ny[1 — x + R] (13)

N,'M. =

[N free pLLa (iM)] +

00

[N; ibrocks (iM +am)] +
&

00

[Nittriblocks (Im + am)] + Nunr PEG(am)

= (using (5)) Nym(1 — x)(1 — b)

0

ib"™!+

<)

2N,mcR(1 —b)1—¢) § (i +ab" '+

[«

Nomc?R(1 — b)?2'y (i — 1)(i +a)b" %+

NomaR(1 — c)?
= N,m[1 + aR] (14)
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From (12) and (13),

N,'M? =

[Nitfree PLLA (Im)z] +

[Nitdiblocks (im + am)z] +
&
[N riblocks (iM + am)?] +

2
Nunr pec(@m)

= (using (5)) N;m*(1 — x)(1 — b) § i%" " +
e
2Nm’cR(1 —b)1—¢) § (i +a)’h" '+
-
Nom%c’R(1 — b)?> § (i — 1)(i + a)’p' 2 +
1=
N,m?a’R(1 — c)?
N,m?

=y {(1 +b)1 - b) + R[&°(1 — b)* +

dac(l — b) + 2¢°} (15)
From (12) and (13),

o= > Ni'™M;

n Z Nit
M, is a constant because the transesterification reaction
does not change the number of species or chains. This
is the same equation deduced from a global balance

(nonstatistical). (This confirms again the statistical
treatment).

1+ aR
1-x+R

(16)

o _ _ totalmass _ PLLA mass + PEG mass
" no. of molecules free PLLAs + copolymers
_ MN, + Npgg(ma) —m 1+ aR
Nyl —X) + Npgg 1 —X+R

Finally, from (14) and (15),

l\_/l _ Z Nit'\/li2 _ m %
O N'M (L by’

(1 + b)(1 — b) + R[a*(1 — b)* + 4ac(l — b) + 2¢7]

1+aR
17)
M, [1-x+R)
My @-b?
{1+ b)(1 — b) + R[a*(1 — b)® + 4ac(1 — b) + 2¢?]}
[1+ aR]?
(18)

Figures 3—5 show theoretical curves of the Xg, My,
and polydispersity variation versus conversion for reac-
tions with different feed ratios according to (9), (17), and
(18). The experimental Xg points obtained by 'H NMR
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Figure 3. Theoretical (according to (9)) and experimental Xg data (DPn of the PLLA chains or blocks) in the solution reaction
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Figure 4. Theoretical curves of M,, variation versus conversion for reactions with different feed ratio (R) according to (17).

from the spectra of different samples corresponding to
the solution reactions are also quoted in Figure 3. A
good agreement between experimental and theoretical
data is attained, taking into account that the experi-
mental reaction ratio of PLA and PEG is 1 (correspond-
ing to the lower theoretical curve).

The different melt reactions are summarized in
Figure 6, where Xg is represented versus p (defined in
(5) and related to the feed ratio). Points are the
experimental values, and the dark area corresponds to
the theoretical range of the experimental data, taking
into consideration that all the reactions reach the same
conversion, 90%. Again, the agreement between ex-
perimental and theoretical data is excellent.

This model could be easily adapted to the transes-
terification of a monofunctional reactive, or the degra-
dation of polyesters by random scission, or the trans-
esterification process concomitant with the polyconden-
sation, or even to the study of transesterifications
reactions between different polymer chains.

The good agreement between the experimental results
obtained for treatments in melt and in solution and the
theoretical considerations demonstrates that, in the
range of temperatures used in this work, the behavior
of the PLLA—PEG system is explained satisfactorily by
taking into consideration transesterification reactions,
better that pure thermodegradative scissions of the
PLLA ester linkages. This is supported by the results
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Figure 5. Theoretical curves of polydispersity variation versus conversion for reactions with different feed ratio (R) according to
(18).

12000 Appendix

The solutions to the different summations that appear
in the treatment are

c 1= 1
.Z 1—-r

80.00

<o 1
ir = "
4000 —| = 1-n
il . 1+r
I2r|—1 —
= 1-r?
000 1 \ A
0.00 005 010 0.15 020 0.25
P r|7l — rs 1
Figure 6. Theoretical range (dark area) and experimental i=s+1 1-r
points of Xg versus p.
obtained in solution, which correspond to a reaction (i—s— l)rifl =t ;
temperature where the thermal degradation can be il (1 —r)
rejected.
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e ) 1+s(1—r)
(i+srt=—-—

= (1—r)y?

© _ 1+r+(s+1)1-1n)
(i—1(i+s)r*=

= 1-r?

o _ 1+r+2s(1—r)+s%1—r)
(i+s)rt=

= @-rp?

0

Z (i — 1)@ +9)’r?

Cl4Ar+ 42+ )AL+ N - N+ (s+ )L -’

1-n4
_ Sl t4se-n+21+n+2
@-r’

S (i—-1r2= i T .
i= i= 1 -r)y3

Nomenclature

Ni? = number of i species before the transesterification
reaction

N;t = number of i species after the transesterification
reaction

No = number of initial LLA monomers

m = molecular mass of the LLA unit (=72 g/mol) [constant]

x = molar conversion of LLA in the previous polyconden-

_ sation

Xo = number polymerization degree of the original PLLA
chains

NpLLa chains = NumMber of original PLLA chains

Xe = number polymerization degree of the final PLLA
blocks and chains

Aon = average number of OH-PEG groups which react with
every original PLLA chain

Non = 2Npec (number of initial OH-PEG groups)

Npec = number of PEG molecules

p = cNon/Nes = 2cR/x (5) (probability that an ester group
undergoes a trasesterification reaction in the whole
reaction course)

¢ = conversion of OH-PEG

Nes = number of ester bonds of the original PLLA chains

R = Npec/Np (feed molar ratio in terms of moles of PEG/
moles of LLA) [constant]

Macromolecules, Vol. 31, No. 21, 1998

b=x(1-p)

Niree PLLA chains = Number of free PLLA chains

NpLLa blocks = number of PLLA blocks (linked to PEG
chains)

Nunreacted PEG = Number of unreacted PEG molecules

Mpeg = molecular mass of PEG [constant]

M; = molecular mass of the i species

a = Mpgs/m [constant]
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