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Abstract

A semi-empirical method based on the mass-per-flexible-bond (M/f) principle was used to quantitatively explain the large range of glass
transition temperatures (T) observed in a library of 132 L-tyrosine derived homo, co- and terpolymers containing different functional groups.
Polymer class specific behavior was observed in T, vs. M/f plots, and explained in terms of different densities, steric hindrances and intermo-
lecular interactions of chemically distinct polymers. The method was found to be useful in the prediction of polymer T,. The predictive accuracy
was found to range from 6.4 to 3.7 K, depending on polymer class. This level of accuracy compares favorably with (more complicated) methods
used in the literature. The proposed method can also be used for structure prediction of polymers to match a target T, value, by keeping the
thermal behavior of a terpolymer constant while independently choosing its chemistry. Both applications of the method are likely to have broad

applications in polymer and (bio)material science.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Glass transition temperature; Flexible bond; Mass-per-flexible-bond

1. Introduction

With the advent of parallel synthesis robots, combinatorial
methodology and high-throughput screening techniques, it is
possible to explore rapidly a large reaction and composition
space in a combinatorial fashion [1,2]. It is now possible to
synthesize a large number of new polymer structures in a min-
imal amount of time, which will require analysis and charac-
terization. In order to reduce the number of structures that
would appear as noise in a pool of newly synthesized mate-
rials, limits for relevant polymer properties should be specified
a priori to exclude synthesis of those materials that fall outside
these limits. The ability to predict relevant polymer properties
is therefore of paramount importance. To this end, our group
previously reported on protein adsorption experiments as
a rapid screening method for the biological response of
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polymer surfaces in a biodegradable library [3], and a surrogate
modeling approach to correlate polymer structure with biolog-
ical response data [4—8]. From these results it was evident that
the glass transition temperature had a strong correlation with
protein adsorption. Additionally, the glass transition tempera-
ture is a good indicator for determining whether a polymeric
biomaterial can be used as a hard or soft tissue device.

In the following sections we will present experimental T,
values for a large number of polymers in our library compris-
ing a collection of 132 L-tyrosine derived homo-, co-, and ter-
polymers. Classification of these polymers into distinct classes
and empirical formulae for predicting the T, of any polymer
within the library based on mass-per-flexible-bond-principle
are discussed. Such a practical tool for predicting the glass
transition temperature of homo-, co- and terpolymers will be
valuable as a pre-synthesis polymer selection tool. This is
one of the necessary steps towards accelerating the discovery
of practically applicable polymeric biomaterials.

The general structures of the polymers used in this
study are shown in Fig. 1. These poly(ester amide)s, termed
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DTR = Desaminotyrosyl I-tyrosine R ester
DT = Desaminotyrosyl I-tyrosine

HTR = 4-Hydroxyphenylacetic acid I-tyrosine R ester

CTR = Cinnamoyl I-tyrosine R ester

1,DTR = 3,5-diiodo-desaminotyrosyl I-tyrosine R ester

1,DT = 3,5-diiodo-desaminotyrosyl I-tyrosine

n and m = degree of polymerization
x and y = monomer mole fraction
PEG = Poly(ethylene glycol)

M = PEG molecular weight
(m x 44.01 g/mol)
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Fig. 1. The library of L-tyrosine derived polymers studied in the present work.
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polyarylates, and poly(carbonate amide)s, termed polycarbon-
ates, contain a wide variety of functional groups and hetero-
atom containing side chains, carboxylic acid groups, alkyl
and heteroatom containing main chain functionalities, poly
(ethylene glycol) (PEG) comonomers, and covalently bound
iodine atoms. This wide variety of polymer structures serves as
an excellent test bed for the robustness and general applicability
of the method. Although this polymer library has been designed
to target biomedical applications (PEG reduces protein adsorp-
tion and cell adhesion, and increases water uptake and cell mo-
tility [9]; iodine imparts radio-opacity [10]; and the carboxylic
acid (DT) groups allow tuning of the polymer’s degradation
rate [11,12]), it should be stressed that the method presented
in this work is universally applicable to any polymer with any
number of comonomers, with no limitation to their size or struc-
ture, provided that for each polymer class a few initial T, values
are known.

2. Polymer flexibility and T,

Factors that affect the chain mobility, and thus also influ-
ence the T, are mainly the molecular weight (chain ends being
more mobile than the rest of the chain), chemical structure
(stiffness of the chain and interactions with neighboring
chains), diluents or plasticizers (which increase the free vol-
ume), and cross-links and crystallization (both of which limit
the chain mobility) [13]. Here we limit our discussion to
perhaps the most important factor, the chemical structure. An
empirical parameter that quantifies the influence of structure
on chain flexibility, proposed by Di Marzio [14] and further
developed by Schneider and Di Marzio [15—17], is the mass-
per-flexible-bond of a polymer repeat unit (abbreviated as
MIJf). This is the mass of a monomer divided by the number
of flexible bonds in it. M/f is a simplified representation of
the polymer’s conformational entropy, and as such there is
a linear correlation between this value and the polymer’s T,
as expressed in Eq. (1) [16],

Tg_A<1}/I>p+C (1)

where T, is the glass transition temperature of polymer (in
K), M is the molecular weight of the polymer repeat unit
(in g/mol), fis the “number” of flexible bonds in the repeat
unit, and (M/f)p is the mass-per-flexible-bond of the (aver-
age) repeat unit. The coefficients A and C are polymer class
specific constants that originate from the different densities,
steric hindrances and intermolecular interactions of chemi-
cally distinct polymers, the factors that collectively affect
the cooperative segmental mobility and hence determine
the T.

It should be emphasized that f is an effective number of
“flexible” bonds contributing to rotation and conformational
changes of the repeat unit from known steric effects and un-
known barriers due to inter/intramolecular interactions [16].
As such, M/f does not depend on the thermodynamic state
of the system; rather it signifies the ability to promote

energetically stimulated rotations to release stresses [18]. Al-
though f depends on the temperature, as the polymer is cooled
below T, f freezes to a value appropriate to that temperature
and pressure, and remains constant [14]. Thus, the M/f in
Eq. (1) is not dependent on temperature.

The MI/f principle is based on the configurational entropy
of the polymer. This equilibrium theory is successful in pre-
dicting the value of the T, but not the kinetics. The alternate
theory based on the free volume theory emphasizes the ki-
netic aspect of the glass transition. There is no convincing
evidence that proves the superiority of one over the other,
and a complete understanding of the glass transition is not
yet available [19]. With no pretension of developing a com-
plete theory for T, our goal has been to search for an empir-
ical relationship between the observed T, and the known
structural parameter. For example, in a previous publication
of this laboratory, the T,s of polymers in a 16-member poly-
mer library were correlated with their structure using a flexi-
bility index [20]. This simpler approach was limited to
polymers containing aliphatic chains and was not adequate
for T, prediction. The M/f parameter turns out to be more ro-
bust and useful in predicting the T, and will be used in this
paper.

Other commonly used methods for T, prediction are
ab initio quantum mechanical calculations [21,22], Monte
Carlo [23,24], and molecular dynamics simulations [25—29]
and semi-empirical or empirical methods based on group con-
tribution methods, often using the QSPR approach through
neural network computation [30—44]. While some of these
methods yield good results by predicting glass transition tem-
peratures with errors as good as 3—10 K, most predictive ac-
curacies are on the order of 20—100 K. Furthermore, all
these methods suffer from the disadvantage that they require
a substantial amount of experimental data to construct the
models, such as well defined force fields, bond rotation poten-
tials or group contribution parameters, and they are labor in-
tensive and not readily used by non-experts.

The M/f principle that will be used in this report can be
viewed as a refinement of the widely used group contribu-
tion approach for T, prediction [41]. The M/f approach
has been used to explain polymer T, [16,18] and melting
points [18], as well as trends in the Tys of binary, miscible
homopolymer blends [14,15,17]. We will here extend these
ideas to co- or terpolymers, and develop this principle
into a simple and practical, semi-empirical T, prediction
tool for use in homo-, co- and terpolymers. We will first
present rules for the assignment of bond flexibility, provide
formulae for the calculation of the M/f values of co- and
terpolymers (and beyond), and describe the actual T, predic-
tion method as well as the method used to evaluate the ac-
curacy of the predicted T, values. We then show that the
method may also be used in the reverse manner: as a struc-
ture prediction tool to match terpolymers to a target T,. The
method would be validated by applying it to a polymer li-
brary of 132 L-tyrosine derived homo-, co-, and terpolymers,
of which the experimental T, values have been experimen-
tally determined.
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3. Experimental methods
3.1. Polymer synthesis

The polymers were synthesized via solution polycondensa-
tion reactions according to previously published procedures
or modifications thereof [45—50]. Polymers were repeatedly
precipitated in a suitable non-solvent and vacuum dried to
constant weight.

3.2. Glass transition temperature measurements

A large number of the experimental T, values used in this
work were obtained from a previously published polymer
library [51]. The T, values of newly synthesized polymers
were measured using a TA Instrument DSC 2920 calibrated
with an indium standard. Samples (5—15 mg) were equili-
brated against ambient temperature and humidity prior to
measurement. Measurements were made under a nitrogen
atmosphere at 10 °C/min. Samples were heated in the first
run to at least 50 °C above the T, annealed for 1 min, cooled
to —55°C and heated in a second scan to approximately
100 °C above T,. The glass transition temperature was deter-
mined from the second heating scan by the half C, extrapo-
lated tangent method.

4. Analysis
4.1. Assignment of bond flexibility

We will use Schneider’s approach [16,18] with several
modifications and additions to assign bond flexibility to the
polymers in our library. We note again that the parameter f
is an index of bond flexibility, not a numerical count of the
number of flexible bonds, and includes factors such as rotation
number. A covalent bond is termed flexible if rotation around
it causes a conformational change in the molecule [14]. We as-
sumed that the following four bonds are not flexible (f=0)
due to the small size of the hydrogen atoms: a C—OH and
a C—CHj; bond. The amide bond is not flexible (f=0) due
to its partial double bond character. A p-phenyl ring is as-
signed to a flexibility of 1.5 because a rotation around the prin-
ciple axis of this linear and almost rotationally symmetric unit
does not change the overall molecular shape as dramatically as
most other bond rotations. When studying a series of poly(me-
thacrylate)s, Schneider invoked cooperative crankshaft like
motions in aliphatic chains to reduce the effective number of
flexible bonds in alkyl side chains longer than six carbon
atoms and to account for what has been referred to by others
as side chain crystallization. This justification was not ger-
mane to our work because the T, prediction of our alkyl
side chain containing polymers was either accurate enough
without it or the data scatter was too large to decide on the ef-
fectiveness of this approach. Moreover, side chain crystalliza-
tion has not been observed in any of our polymers. An
illustration of the bond flexibility assignment using these rules
is shown in Fig. 2 for poly(DTE carbonate) (E stands for
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Fig. 2. An example of bond flexibility bond assignment: the repeat unit of poly
(DTE carbonate) has 12 flexible bonds (f= 12) (the flexibility of each individ-
ual bond (/') is indicated by the number next to it).

ethyl). The flexibility of an individual bond is indicated by
the number next to it (f’), leading to a number of flexible
bonds of 12 (f= 12) for this repeat unit. With these basic rules
in place it is now possible to objectively and consistently as-
sign bond flexibility to any polymer repeat unit in- or outside
of the current library.

4.2. Calculation of the mass-per-flexible-bond of
polymers

The mass-per-flexible-bond (M/f) of a homo-, co, or ter-
polymer is calculated as the weighed average of the M/fs of
each constituent monomeric unit, where the polymer composi-
tion is expressed as the mass fraction of its comonomers. This
is shown in Eq. (2):

()8 ) o)
_ lz::xi <Afi) 2)

where M; is the molecular weight of the polymer repeat unit i
(in g/mol), f; is the number of flexible bonds in this repeat unit
1, x; is the mass fraction of the repeat unit, and w is the total
number of comonomers in polymer. The conversion of the
polymer composition from mole to mass fraction is given by
Eq. 3):

mM;

I 3)
> (M)

i=1

Xi =

where x; is the mass fraction of the repeat unit i, m; is the mole
fraction of the repeat unit i, M; is the molecular weight of the
repeat unit i (in g/mol), and w is the total number of comono-
mers in polymer. This averaging scheme was shown to be suf-
ficiently accurate by Di Marzio [14]. Because the effect of
chain ends is not taken into account, the M/f approach is
strictly valid only at infinite molecular weights. This does
not diminish the value of this approach since T, is expected
to reach a plateau at large molecular weights [52,53]. Because
the polyarylates (see Fig. 1) are strictly alternating copolymers
between an XTR diol and a diacid, they are treated as homo-
polymers in this approach: the XTR and ester unit are counted
as one single repeat unit. The structures of all other co- and
terpolymers are random and composition dependent, and as
such Eq. (2) applies to them.
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5. Results and discussion
5.1. Flexibility assignment and MIf calculation

Tables 1a and b show the molecular weight, number of flex-
ible bonds, M/f values and the experimental T,s of several se-
lected repeat units and polymers (the structures of polymers
1—5 are shown in Fig. 3). It can be seen from Table la that
the DTE and CTE carbonate repeat units have almost identical
molecular weights (383.4 and 381.4 g/mol, respectively) while
their mass-per-flexible-bond values (31.95 and 40.15, respec-
tively) differ by 26%. This is because the carbon—carbon dou-
ble bond present in poly(CTE carbonate) reduces the number
of flexible bonds (f) in this repeat unit from 12 to 11 com-
pared to poly(DTE carbonate). Electronic conjugation be-
tween the phenyl ring, the carbon—carbon double bond and
the amide group stiffens the entire subunit and reduces the
flexibility even more. Based on the best fit of the M/f value
of this polymer with the rest of the library, the number of flex-
ible bonds in CTE carbonate was found to be f=9.5. This is
the minimum possible value for fin this repeat unit, which sig-
nifies the occurrence of total electronic conjugation.

There is a large difference between M/f values of the DTD
dodecanedioate and I,DTE carbonate repeat units: 20.97 vs.
60.49, or 288%. This is of course because the mass of DTD
dodecanedioate is made up by flexible, aliphatic groups in
side and main chains (f=33), while the mass of [,DTE is
made up by the two heavy iodine atoms that additionally hin-
der the rotation vis-a-vis the carbonate bond through their size,
reducing f from 12 to 10.5 compared to DTE carbonate. The
value of 10.5 was established after comparing various polycar-
bonates having different configurations of iodine substituted
phenyl rings, a discussion that is outside of the scope of the
current publication. The highest M/f of all monomers used in
this study is found in ,DT carbonate (71.43), due to the effect
of the 3,5-diiodo substitution just discussed, and due to the
lack of flexible side chains (it has a carboxylic acid group)
or flexible main chain units.

The PEG,q0g carbonate repeat unit has the lowest M/f of all
monomers used in this study (14.90), and this is a result of the

Table 1la
Calculated and experimental properties of selected repeat units (for a descrip-
tion of the abbreviations see Fig. 1)

Repeat unit M* (g/mol) 7P MIf¢

DTE carbonate 3834 12 31.95
DT carbonate 3554 10 35.54
CTE carbonate 381.4 9.5 40.15
DTD dodecanedioate 692.0 33 20.97
IL,DTE carbonate 635.2 10.5 60.49
I,DT carbonate 607.1 8.5 7143
PEGj 0o carbonate 1073.2 714 15.12
PEG;(oo carbonate 2086.3 140° 14.90

? The molecular weight of the repeat unit.

® The number of flexible bonds in a repeat unit.

¢ The mass-per-flexible-bond of the repeat unit.

4 3 % 23 =69 flexible bonds in PEGqq0, add 2 for carbonate = 71.

¢ 3 x 46 = 138 flexible bonds in PEGyg, add 2 for carbonate = 140.

Table 1b
Calculated and experimental properties of polymers from the library discussed
in this work (for a description of the abbreviations see Fig. 1)

Polymer composition (mol%) Polymer (M/f)pb T,° (K)
composition”® (mass%)
Poly(DTE carbonate) 100 3195 369
Poly(CTE carbonate) 100 40.15 426
Poly(DTD dodecanedioate) 100 20.97 283
Poly(DTE-co-10%DT-co-4%PEG oo 80.8/8.7/10.5 30.49¢ 344
carbonate)
Poly(I,DTE-co-10%1,DT- 84.1/9.3/6.6 58.52° 384

c0-4%PEG (g, carbonate)

? Calculated from Eq. (3).
® The average mass-per-flexible-bond of the polymer (from Eq. (2)).
¢ The experimental T.

low molecular weight of its backbone and the lack of any
bulky substituents that make it maximally flexible. Table 1b
shows that the M/f values of the homopolymers 1, 2, and 3
are the same as their repeat unit, while the M/f values of poly-
mers 4 and 5 lie in-between that of their constituent mono-
mers, as dictated by Eq. (2). The effect of iodination is
evident when comparing polymers 4 and 5: the M/f value in-
creases from 30.49 to 58.52, and the experimental T, increases
from 344 to 384 K.

5.2. Glass transition temperatures vs. mass-per-flexible-
bond plot

On the basis of the arguments presented above, we plotted
the experimental T, values against the computed M/f values
of all 132 homo-, co- and terpolymers to verify the general
applicability of the method (Fig. 4). Some of the poly(DTE-
co-DT-co-PEG carbonate)s are known to exhibit nanoscale
phase separation [54], and this manifests itself through the oc-
currence of a very small 2nd T, above or below the main 7. In
these instances, the main T, value was used. This is justified
by the absence of any abnormal errors in T, prediction or oth-
erwise unusual behavior in this subset of polymers. A linear
relationship between M/f and T, confirms the results of
Schneider [15] and proves the validity of our approach as a ba-
sis for a T, prediction method.

It can be seen in Fig. 4 that the library can naturally be
divided into three main classes (I, II, and III). This polymer
class specific behavior has been observed and explained pre-
viously [16] and is a result of the different densities, steric
hindrances and intermolecular interactions in different poly-
mer classes. In this specific library, the three classes are
the following: (I) the XTR carbonate homopolymers and
all the poly(DTR arylate)s; (II) all poly(DTE-co-y%DT-co-
z%PEG), carbonate)s; and (III) all poly(I,DTE-co-y%I,DT-
co-z%PEG,; carbonate)s, the linear fit coefficients of which
are listed in Table 2.

The division of our library into three classes can be ratio-
nalized as follows: (1) PEG and iodine containing co- and ter-
polymers are estimated to have a lower and a higher density,
respectively, than pure XTR polymers that only contain
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Fig. 3. Five selected polymer structures from the library discussed in this work. (1) Poly(DTE carbonate); (2) poly(CTE carbonate); (3) poly(DTD dodecanedioate);
(4) poly(DTE-co-10%DT-co-4%PEG g carbonate); (5) poly(I,DTE-co-10%1,DT-co-4%PEG g carbonate). The numbers refer to the arrows in Fig. 4.

aliphatic and aromatic groups, and the mass-per-flexible-bond
approach does not account for this density difference resulting in
a shift of the line towards high M/f values, as well as a change in
slope; (2) iodine increases the molecular weight of monomers
through its high atomic mass, while simultaneously decreasing
the number of flexible bonds through steric hindrance, thereby
increasing its M/f, again shifting the line towards high M/f

450

400 -

350

300 -

Measured Tg (K)

250

200 T T T T
20 30 40 50 60

Mass-per-flexible-bond of polymer repeat unit

Fig. 4. The experimental glass transition temperature plotted against the calcu-
lated mass-per-flexible-bond for all 132 polymers from the library discussed in
this work, showing class specific behavior. (I) Polycarbonates and polyarylates
(open circles); (II) poly(DTE-co-DT-co-PEG carbonate)s (filled triangles);
(1) poly(I,DTE-co-1,DT-co-PEG carbonate)s (open squares). The bold lines
are linear fits (see Table 2 for fit coefficients). The numbers 1—5 refer to
the polymer structures in Fig. 3 and Table 1.

values; and most importantly, (3) the interchain hydrogen bond-
ing in the three classes is of a different magnitude.

The hydrogen bonding interactions between the mobile
PEG ether groups and the DT carboxylic acid groups in class
II (the poly(DTE-co-DT-co-PEG carbonate)s) are expected to
be strong, while in class III (the same polymers but iodinated)
these interactions will most probably be much weaker due to
steric hindrance and the hydrophobic nature of the bulky io-
dine substituents. The total absence of both PEG and free car-
boxylic acid groups in the polymers of class I decreases the
hydrogen bonding interactions in these polymers to even lower
levels. This explanation is supported by the changes in the
slopes of the fitted lines among the three classes (Table 2):
I <HI <<II (7.7505, 8.8031 and 13.512, respectively), which
correspond to an increase in intra- and interchain interactions
[18]. Furthermore, it can be concluded that the hydrophobic
iodine substituents reduce the effect of the hydrophilic PEG
blocks, as seen by the lower slope of class III that is closer
to that of class I than II although a density effect cannot be
excluded.

From Fig. 4 and Table 2 it can be seen that the data scatter
in class I is considerably larger than that in classes II and III,
as reflected by order of their increasing correlation coeffi-
cients: R*(I)<< R*(II) < R*(IT) (0.9050, 0.9989, and 0.9775,
respectively). There are a number of explanations for this
data scatter: (1) the materials in classes II and III have been
synthesized relatively recently compared to those in class I,
leading to less operator dependent variations present in that
sub library, e.g. experimental T, values; (2) because the poly-
arylates are essentially alternating copolymers, they are
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Table 2
Linear fit parameters obtained from Eq. (1) for the three polymer classes
shown in Fig. 5

Polymer Polymers Linear fit parameters for Eq. (1)

class A C R2

I All polycarbonates 7.7505 116.17 0.9050
and polyarylates

11 Poly(DTE-co-DT-co-PEG 13.512 —66.374 0.9889
carbonate)s

I Poly(I,DTE-co-1,DT-co-PEG —130.02 0.9775

carbonate)s8.8031

extremely sensitive to stoichiometry and their molecular
weights are therefore difficult to control, which might manifest
itself in T, variations; and (3) some of the polyarylates
have been shown to display liquid crystalline like behavior
[18,55—57], which will influence the T, values through inter-
molecular hydrogen bonding, and these interactions are not
included in the mass-per-flexible-bond approach.

5.3. T, prediction and evaluation of predictive accuracy

Despite the scatter in the available data in this polymer
library, the correlations of T,, with M/f for these homo, co- and
terpolymers are very good, suggesting that the proposed
method can be used as a T, prediction tool. A linear fit of the
plot of the polymer’s T, (in K) vs. M/f value can be used to obtain
the constants A and C of Eq. (1). These values can then be used
for the prediction of the T, of a polymer by calculating its M/f
value. However, in the present case all the T, values in the library
had already been measured and were available at the moment of
the model construction. We therefore chose an a posteriori ap-
proach to evaluate the predictive accuracy of the proposed
method.

An algorithm was written in Matlab (MathWorks, Natick,
MA; version 6.1.0.450, release 12.1) that selected, from
a data set of n polymers, a construction set of k polymers, leav-
ing n — k polymers as the test set. The data consisted of the M/f
and T, (in K) values of the polymers as the X and Y values,
respectively. A least squares linear fit was performed on the
T, vs. Mif plot of the construction set polymers, giving the
fit coefficients A and C for this set. These coefficients were
then used to calculate the glass transition temperatures of
each polymer in the test set via Eq. (1). For each polymer in
this test set we calculated AT, the absolute difference between
the predicted and the experimentally measured T, values.
These individual AT values were averaged over the whole
test set to give AT*, the average, absolute error in 7, predic-
tion for that test set. Note that this value AT* results from
only one of many possible combinations of choosing k out
of n polymers to form this specific construction and test set.
Thus, for reasons of completeness and objectivity we therefore
generated all possible combinations of k out of n polymers that
can make up that test set size, and averaged all the AT* values
of those combinations to give AT,,, the average error in T, pre-
diction for that specific test set (of size n — k). In order to

investigate how many T, values need to be known to accu-
rately predict new T, values, the size of the construction set
was now varied from k=3 to k=n — 1 with a step size of
1, leading to a progressively smaller test set in each case.
The AT,, values were calculated for all construction set sizes
k, and the trend of AT,, vs. k was investigated to establish the
minimum construction set size (k) necessary to accurately
predict new T, values.

5.4. Accuracy of the prediction

In order to objectively evaluate the predictive accuracy of
this method, an a posteriori data selection and analysis proce-
dure, described in Section 3, was employed. Fig. 5a—d shows
a selection of four representative plots of the predicted vs.
measured glass transition temperature in the class of poly-
(DTE-co-y%DT-co-z%PEG), carbonate)s (13 data points) for
four different sizes of the construction set k: 3, 4, 5, and 7.
It should be noted that each plot represents one random selec-
tion from all possible combinations P of choosing k out of n
values for that construction set of size k. Increasing the con-
struction set size obviously reduces the number of predicted
values in the test set from 10 to 6. It is clear from these plots
that increasing k from 3 to 7 gives more accurate prediction
results for the test set, as seen from the decreasing data point
deviation of the predicted values from the line y = x that rep-
resents a perfect prediction. This fact is reflected in the aver-
age, absolute prediction error (AT,,) associated with each
plot that decreased from 6.6 to 5.3 K upon increasing k from
3 to 7. For small polymer classes (n < 15) all possible combi-
nations P were selected and used to calculate the correspond-
ing AT,, values. However, for large classes (n>15) P
becomes very large; the number of possible unordered combi-
nations P to choose k polymers from a set of n values is given
by P =n!/((k!(n — k)!), written as "C;. For example, using
n =100 and taking half of the values for the construction set
(.e. '%°Cs) results in P ~ 10%° different combinations of k
out of n polymers. A computation of this magnitude is beyond
the memory capacity of a regular personal computer, and in
these cases we therefore reduced the number of data points
by limiting the number of construction sets that were investi-
gated. For large data sets the size of the construction set was
therefore varied from k=10 to k=n— 10 with a step size
of 10. Additionally, instead of using all possible combinations
P per construction set, we randomly selected only 2000 com-
binations from which AT,, was calculated.

For reasons of brevity, we present the results of these calcu-
lations in Fig. 6 as a plot of the average, absolute prediction
error (AT,,) vs. k for all three polymer classes. Note that k is
expressed as the % of the available data points to better com-
pare the behavior of the three data sets. This plot allows for
the determination of the best attainable T, prediction error in
each class from the asymptotic value of AT,, with increasing
k, as well as the minimum size of the construction set necessary
for accurate prediction (k,;,). It can be seen that while the value
of AT,, for polymer classes I and III levels off around 30 and
50%, respectively, that of class II seems to decreases
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Fig. 5. The experimental T, vs. predicted T, for class I, the poly(DTE-co-DT-co-PEG carbonate)s (n = 13) for four different sizes of the construction set k. (a)
k=3; (b) k=4; (c) k=5; (d) k=7. The line Y =X indicates a perfect prediction. Note that each plot is one randomly selected combination out of many for

choosing & out of 13 values.

continuously with £. This behavior is suspected to be due to the
large data scatter in this polymer class. Table 3 lists the values
of AT,y at kmin. It can be seen that the average error in T, pre-
diction is 6.4, 5.3, and 3.7 K for classes I, II, and III, respec-
tively. These values are remarkably low considering the

%4 0 o o o o o o

A
A
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Average, absolute, Tg prediction
error (degrees C)
N

0% 20% 40% 60% 80%
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Fig. 6. The evolution of the average, absolute error (AT,,) in the predicted T
values as a function of construction set size & for the three polymer classes dis-
cussed in this work. (I) Polycarbonates and polyarylates (open circles); (II)
poly(DTE-co-DT-co-PEG carbonate)s (filled triangles); (IIT) Poly(I,DTE-co-
1,DT-co-PEG carbonates) (open squares).

simplicity of the model, the large data scatter in the Ty vs. M/
fplots, and the structural variety in the library. In fact, this ac-
curacy is better than most of the results from (semi-)empirical
T, prediction methods found in the literature [30—43,50].

5.5. Structure calculation from target T,

Eq. (1) can also be used in the reverse manner from the above
approach, namely polymer structure prediction for a target T,
value when the fit coefficients A and C are known. Knowledge
of the fit coefficients A and C, and the choice of a target T,
now lead to the identification of the polymer with an M/f value
that corresponds to one desired composition or a range of
polymer compositions in the case of terpolymers, allowing the
best suitable material to be chosen. In the case of terpolymers,
combination of Egs. (1) and (2) and the fact that the sum of
mass fractions equals unity results in Egs. (4a) and (4b):

M M M
f fur T,—C
o=\ w4
i fu, w fu) \M A TR,
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Table 3
The average, absolute error in the T, values predicted by Eq. (1) for the three
polymer classes found in Fig. 1 at k=50%

Table 4
Selected terpolymer compositions (mass%) of poly(L,DTE-co-1,DT-co-PEGj oo
carbonate)s that have a predicted T, of 60 °C with T, = 60 °C (mass%)

Polymer  Polymers Set size  kmin®  AT,,: average
class T, prediction
error (K)

I All polycarbonates 100 7° 6.4
and polyarylates

I Poly(DTE-co-DT-co-PEG 13 7 53
carbonate)s

I Poly(I,DTE-co-1,DT-co-PEG 19 7 3.7
carbonate)s

DTE DT PEG 00 LDTE LDT PEG 00
85.85 0 14.15 82.63 0 17.37
73.72 10 16.28 70.22 10 19.78
61.59 20 18.41 57.81 20 22.19
49.46 30 20.54 45.41 30 24.59
37.33 40 22.67 33.00 40 27.00
25.20 50 24.80 20.59 50 29.41
13.07 60 26.93 8.18 60 31.82
0 70.78 29.22 0 66.59 33.41

* The minimum size of the construction set (in number of X,Y pairs) neces-
sary to obtain the best T, prediction (lowest AT,,) in that class.
® No asymptotic behavior, arbitrarily chosen value of .

M M M

fM] fM3 + fM] _ Tg_C

L R Y AV
S fu fuy Sy 4 Eiﬂ

where xyy; is the mass fraction of the polymer repeat unit i; M
is the molecular weight of the repeat unit (in g/mol); f is the
number of flexible bonds in the repeat unit; (M/f); is the
mass-per-flexible-bond of the repeat unit; T, is the targeted
glass transition temperature of the polymer (in K); and A
and C are polymer class specific constants.

This reverse approach will be illustrated with two specific
examples: the poly(DTE-co-DT-co-PEGgy, carbonate)s and
the poly(ILDTE-co-I,DT-co-PEG,(y, carbonate)s. First we
adapt Egs. (4a) and (4b) by replacing the subscripts 1, 2 and
3 by DTE, DT and PEGy,, respectively. Next, we substitute
appropriate M/f values of the monomers from Table 1 and
the fit coefficients A and C from Table 2 for these two polymer
classes. We then get Eqgs. (5a) and (5b) for the class II poly-
mers, poly(DTE-co-DT-co-PEG g, carbonate)s, and Egs. (6a)
and (6b) for the class III polymers, poly(I,DTE-co- [,DT-co-
PEG g carbonate)s,

XMy, = Xy

T, +66.374
XPEG 900 — 021294XDT + 1.8978 — (g22748) (Sa)
XprE = 1 — XDT — XPEG 009 (5b)
T, 4+ 130.02
XPEG 900 — 0.241 13)(12])”[‘ +1.3333 — (W) (63)
X,DTE = | — X,,DT — XPEG 00 (6b)

where x; prg is the mass fraction of the [, DTE monomer in the
terpolymer, x;pr the mass fraction of the I,DT monomer,
XPEG 00 the mass fraction of PEGggo, and T, is the main
glass transition temperature of the terpolymer (K). Egs. (5)—
(6) were used to calculate the different terpolymer composi-
tions that correspond to a target T,. A number of polymer
compositions for a target T, of 60°C are listed in Table 4.
In this specific example it is thus possible to smoothly change
the polymer composition from 86/0/14 to 0/71/29 (in mass%

DTE/DT/PEG ) for poly(DTE-co-DT-co-PEG oo carbon-
ate)s and from 83/0/17 to 0/67/33 (in mass% IL,DTE/I,DT/
PEG  gg0) for the poly(I,DTE-co-I,DT-co-PEG g carbonate)s
without affecting the T, of 60 °C. The fact that the stiffer
monomer, LDTE, increases the T, of the terpolymer is illus-
trated by the fact that this class can have a higher PEGggq
content than the corresponding non-iodinated polymer while
maintaining its T, of 60 °C. This makes it possible to tune
the degradation rate, water uptake, protein adsorption and
the cell—material interactions independent of the glass transi-
tion temperature by proper choice of polymer type and compo-
sition within these two polymer classes.

It should be noted that the predicted values are dry T,s,
plasticization by water of the hydrophilic PEG blocks is not
taken into account, and it is likely that the extreme polymer
compositions are beyond the predictive capacity of the current
method. However, it is evident that this method has broad
applications in polymer and (bio)material science in general,
as it allows for the decoupling of the thermal (and perhaps
mechanical) behavior of a terpolymer from its chemistry and
surface energy.

6. Conclusions

The mass-per-flexible-bond principle was used for the first
time to devise a semi-empirical T, prediction method that is
applicable to polymers with any number of comonomers. A
self-consistent set of rules for the assignment of bond flexibil-
ity, applicable to any polymer structure, were given, as well
as formulae for the calculation of the M/f values of co- and
terpolymers. The method was validated by applying it to
a 132-member L-tyrosine derived polymer library containing
a wide range of polymer structures. A plot of the experimental
T, vs. calculated M/f values yielded straight lines when the
polymers were divided into different classes. This division
was explained in terms of the different densities, steric hin-
drances and intermolecular interactions in each polymer class.
An a posteriori predictive accuracy evaluation showed that
average, absolute error between predicted and measured T,
ranged from 6.4 to 3.7 K for the three polymer classes inves-
tigated in this work. This accuracy is very good considering
the data scatter and the large variety of functional groups pres-
ent in this library, and it is better than most ab initio, molecular
mechanics, or (semi-)empirical prediction methods found in
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the literature. Furthermore, the current method has the advan-
tage of being considerably simpler to use than many of the ex-
isting methods. We showed that as little as seven T, values can
be used to accurately predict the Ts of other polymers in that
class. Additionally, it was shown that the proposed method can
be used in the reverse manner: to calculate polymer structures
that match a certain target T, value based on the linear fit co-
efficients of a polymer class. This enables keeping the thermal
(and perhaps the mechanical) behavior of a terpolymer con-
stant while independently choosing its chemistry and surface
energy.

In summary, we provided a simple, accurate, and universal
method for both T, prediction and polymer structure calcula-
tion from a few initial experimental T, values. This method
is likely to have broad applications in polymer and (bio)mate-
rial science.
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