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ABSTRACT: Poly(lactic-co-glycolic acid) (PLGA) has garnered
considerable attention as a versatile platform for the delivery of
active pharmaceutical ingredients (APIs). In the field of API
delivery, the glass transition temperature (Tg) is widely recognized
as a fundamental predictor of drug release kinetics from PLGA
formulations. Despite making significant progress in understanding
the qualitative trends and general effects of multiple molecular
parameters on the glass transition properties of PLGA, accurately
predicting the Tg value of a PLGA with a specific molecular weight
and composition remains a challenge. One factor that has
previously been overlooked is the contribution of statistical
monomer sequence distribution to the Tg of PLGA. To address
this research gap, we employed a novel Feed Rate-Controlled
Polymerization (FRCP) technique to synthesize PLGA homopol-
ymers with a comparable molecular weight and varying degrees of repeat unit (lactate (L, repeat unit A) and glycolate (G, repeat
unit B)) sequence uniformity (uniform vs gradient PLGA) at different monomer compositions (lactide/glycolide (LA/GL) ratios).
This allowed us to systematically investigate the effect of LA/GL sequence distribution on the glass transition properties of PLGA.
We observed a significant negative deviation (<∼8 K) from the predictions of the Fox equation in the Tg vs copolymer composition
plot, suggesting the presence of a repulsive interaction between the LA and GL monomers. The experimental Tg data and the
measures of monomer sequence length obtained in our study exhibited quantitative agreement with the predictions of both the
Johnston theory (based on the free volume concept) and the Barton theory (based on the configurational entropy concept). Based
on our findings, we propose that by considering the copolymer composition and monomer dyad/triad distribution, it is possible to
reasonably predict the Tg of a PLGA material using the alternating dyad or tetrad glass transition values (TgAB or TgAABB, respectively)
obtained in our study, without the need for adjustable parameters.

1. INTRODUCTION
Poly(lactic-co-glycolic acid) (PLGA) has found widespread
applications in biomedical industry ranging from implant
devices1−3 to tissue engineering scaffolds4,5 to injectable drug
formulations.6−8 The popularity of PLGA is attributed to its
biodegradable, nontoxic nature, as well as the FDA compliance
of several PLGA-based formulations.8,9 In the field of API
(drug) delivery, recent efforts have been dedicated to
developing drug delivery vehicles with superior characteristics
such as high encapsulation efficiency, targeted drug delivery,
improved pharmacokinetics and sustained drug release
profiles.9−12 While the drug release kinetics are typically
controlled by modulating the molecular characteristics of the
polymer at the formulation composition level, there are
additional factors that significantly impact PLGA’s drug release
and degradation kinetics, such as the physicochemical
properties of the polymer-drug system, processing steps during
formulation development, and storage conditions of the
formulation.13−15 Unfortunately, the limited understanding of
how these factors influence drug release kinetics presents a

challenge in designing formulations with predictable release
behavior. Park et al. have highlighted the importance of the
glass transition temperature (Tg) as an investigative property
that can elucidate various aspects of drug release kinetics
including the commonly observed initial burst release from
PLGA formulations.15,16 It has been reported that the several
factors that influence the drug release kinetics have a direct
impact on the Tg value.15 Therefore, Tg analysis of PLGA
formulations provides a useful basis for understanding the
factors influencing the drug release kinetics. Consequently, Tg

can be effectively utilized to predict the drug release behavior
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and facilitate the development of suitable PLGA designs for
drug delivery applications.
Numerous studies have investigated the influence of various

molecular parameters, such as molecular weight, comonomer
composition, molecular architecture, end-group structure, and
crystallinity, on the Tg of PLGA copolymers.17−22 Despite
significant progress, accurately predicting the Tg of PLGA with
specific molecular weight and composition remains a challenge.
Moreover, the literature reveals significant variations in
reported Tg values for PLGA copolymers in a similar molecular
weight range, even with comparable compositional character-
istics.17,19,21,23,24 We propose that this discrepancy is due to
the often overlooked contribution of comonomer sequence
distribution to the glass transition properties of PLGA. The
limited progress in understanding the impact of monomer
sequence on the Tg of PLGA is primarily due to challenges
associated with synthesizing PLGA with precise control over
the monomer sequences. The substantial disparity in
comonomer reactivity ratios (rGL/rLA = 14.00 for the tin-
catalyzed copolymerization at 200 °C;25 rGL/rLA = 4.04 × 102
for the diazabicyclo[5.4.0]undec-7-ene (DBU)-catalyzed co-
polymerization at room temperature26) makes it difficult to
synthesize PLGA with controlled monomer sequences using
the conventional batch synthesis techniques.26 Meyer et al.
pioneered the synthesis of periodic/alternating PLGA and
demonstrated the effects of deterministic monomer sequence
on release and degradation kinetics. They employed a step-
growth segmer assembly polymerization (SAP) technique to
synthesize a wide variety of repeating sequenced PLGA with
deterministic sequence control.27 The same group also
reported a regioselective living chain growth technique for
ring-opening polymerization (ROP), which demonstrated
improved sequence control characteristics and molecular
weight distribution compared to SAP.28,29 Our research
group has examined the feasibility of utilizing a semibatch
synthesis technique with a nonlinear glycolide addition rate,
which can lead to the formation of highly statistically uniform
copolymers with a constant composition throughout the
polymer chain.26 Although the variable feed rate can be
achieved using a programmable syringe pump, executing the
concept becomes difficult for DBU-catalyzed copolymerization
as it requires maintaining a highly nonlinear glycolide feed rate.
To address the scalability issues encountered in the

previously described synthesis techniques, we have recently
introduced a simpler synthesis technique called Feed Rate-
Controlled Polymerization (FRCP).30 This technique enables
synthesis of statistically monomer sequence-controlled PLGA
with a low dispersity (Đ) via ring-opening copolymerization
(ROP) of lactide (LA, monomer AA) and glycolide (GL,
monomer BB).30 Further studies conducted on the synthesized
PLGA revealed the significant impact of statistical sequence
control on self-assembly behavior, drug distribution within the
polymer matrix and consequently, the drug release profile.30

However, despite recognizing the impact of monomer
sequence control in these aspects, there is a lack of research
exploring the fundamental properties, especially the glass
transition properties, of sequenced PLGA.
The impact of sequence control on the glass transition

properties of other industrial polymers has been recognized
early on and extensively documented. It has been demon-
strated that commonly used additive relations, such as those
given by Fox31 and Gibbs-DiMarzio,32 fail to accurately predict
Tg for various copolymer systems. This discrepancy arises

because these linear relations do not account for the steric,
polar and nonpolar interactions between dissimilar monomer
units. In numerous copolymer systems, negative deviations
from linearity are observed due to repulsive cross interactions
between the comonomer units. Examples include copolymers
of butyl acrylate-methyl methacrylate,33 vinyl chloride-methyl
methacrylate,34 butyl methacrylate-vinyl chloride34 and styr-
ene-methyl methacrylate.35,36 On the other hand, positive
deviations in Tg are relatively uncommon and have been
reported in a limited number of copolymer systems, specifically
vinylidene chloride-methyl acrylate37 and styrene-acryloni-
trile38 copolymers with isotactic dyad placements. The most
extensive body of data and approaches for accurately predicting
Tg is presented for styrene and vinyl-chloride-based copolymer
systems. Tonelli et al. employed the rotational isomeric state
model to estimate the conformational entropies of homopol-
ymer and random copolymer chains for both styrene and vinyl
chloride copolymer systems.37,39 Their investigation revealed
that the deviation of copolymer Tg from the Fox equation was
directly proportional to the difference in their configurational
entropy contributions. Several other researchers have utilized
the Johnston and Barton equations to incorporate, respectively,
the free volume and the nonzero configurational entropy
contributions arising from adjacent dissimilar comonomer
units.33,40,41 Drayer and Simmons employed molecular
dynamics simulations to estimate the decrease in Tg resulting
from repulsive interactions between the comonomer units in
poly(styrene-co-methyl methacrylate) systems.42 In the case of
a strictly alternating copolymer, they suggested a potential
decrease of up to 60 K in the Tg value compared to that of a
polystyrene homopolymer with an equivalent overall molecular
weight. While the Tg value for these copolymer systems has
been shown to be sensitive to the monomer sequence
distribution, the current reports lack quantitative experimental
measurements of sequential character necessary for the precise
determination of Tg deviations due to the sequential
architecture. In other molecular dynamics simulation studies
conducted by Liu et al. and Carbone et al., the calculated Tg
values for various sequential arrangements of cooligomers/
copolymers closely corresponded to experimentally deter-
mined Tg data.

43,44 For this study, Liu et al. synthesized distinct
trimers (comprising N-phenyl maleimide, indene, fumaroni-
trile, and dimethyl fumarate monomers) using the photo-
induced Reversible Addition−Fragmentation Chain Transfer
(RAFT) single-unit monomer insertion technique, while
Carbone et al. utilized different catalysts or varied experimental
conditions with the same catalyst to produce copolymers
(consisting of ethylene and norbornene monomers) with
unique sequences.43,44 While these synthesis approaches served
the purposes of these studies, there still is a need for a facile yet
systematic synthesis technique to achieve precise monomer
sequence control.
Therefore, the objective of this study is to employ rigorous

synthesis techniques and conduct experimental quantification
of PLGA sequences to systematically investigate the effect of
monomer sequence distribution on the Tg of PLGA. We
utilized the FRCP technique to synthesize PLGA copolymers
with varying degrees of sequence distribution for four different
comonomer compositions (LA:GL). Our results demonstrate
that the sequential architecture of PLGA significantly
influences its glass transition properties due to the interactions
between LA and GL monomer units. Furthermore, we show
that the Tg of PLGA can be reasonably predicted using the
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traditional Johnston and Barton theories. With knowledge of
comonomer dyad/triad fraction and composition of a random

PLGA, Tg can be determined feasibly without the need for
adjustable parameters. This is possible by leveraging the glass

Figure 1. (A) DSC curves for PLGA (LA/GL = 50/50 by weight (based on stoichiometry)) synthesized using the FRCP method at three different
comonomer solution feed rates (i.e., 0.10 mL/min for “P1”, 0.05 mL/min for “P2”, and 0.03 mL/min for “P3”). (B) 13C NMR spectra for P1 50/
50, P2 50/50 and P3 50/50. Measurements were performed using coaxial NMR with HFIP as the polymer (outer) solvent and DMSO-d6 as the
inner reference. The peak areas were estimated assuming a Lorentzian shape and were used to calculate the cumulative number-average lactate (L)
and glycolate (G) sequence lengths (LL and LG , respectively) using eqs 1 and 2
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transition values derived in our study for strictly alternating
PLGA materials (TgAB and TgAABB).

2. EXPERIMENTAL SECTION
2.1. Materials. Rac-lactide (LA), benzoic acid, dichloromethane

(DCM, anhydrous), and deuterated dimethyl sulfoxide (DMSO-d6)
were purchased from Sigma-Aldrich. Glycolide (GL), 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU), and hexafluoroisopropanol
(HFIP) were purchased from TCI America. Benzyl alcohol (BzOH
98+%, extra dry) was purchased from Acros Organics. Deuterated
chloroform (CDCl3) was purchased from Cambridge Isotope
Laboratories. Before initiating the synthesis reactions, monomer,
catalyst, and reagent purification was performed. The DCM solvent
was dried with activated molecular sieves (3 Å) overnight before use.
BzOH and DBU were purified by vacuum distillation from CaH2 and
subsequently stored with molecular sieves. Monomers were subjected
to vacuum purification and nitrogen purging at least three times (10−
15 min) before synthesis. Unless otherwise stated, other materials
were used directly as received.
2.2. Synthesis of Sequence-Controlled PLGA. Sequence-

controlled PLGA was synthesized using the FRCP technique.30 The
reactions were conducted under a nitrogen atmosphere at room
temperature. In a round-bottomed flask, a comonomer solution was
prepared by dissolving designated amounts of LA and GL
(comonomers) in 10.0 mL of DCM (solvent). Next, a DBU (catalyst)
solution was prepared by adding 20−30 μL (11−33 mM, depending
on the feed rate) of DBU to a 1.0 mL solution of DCM in a separate
vial. A round-bottomed flask, designated as the reactor flask, was
prepared by capping it with a rubber septum and adding a magnetic
stirring bar. To this, 20 μL (32.1 mM) of BzOH (initiator) dissolved
in 5.0 mL of DCM (dichloromethane) and the DBU solution were
injected. The comonomer solution was loaded into a 10 mL plastic
Norm-Ject syringe attached to a long needle. The initial LA and GL
monomer concentrations in the syringe were adjusted accordingly to
yield a copolymer with the specified target comonomer fraction. A
syringe pump setup was arranged for the injection of the comonomer
solution into the reactor flask at a constant feed rate. For each target
comonomer composition, the feed rates of 0.10, 0.05, and 0.03 mL/
min were used to obtain PLGA with different sequential architectures.
Excess benzoic acid (150−200 mg) was added to terminate the
reaction after the complete injection of the 10.0 mL monomer
solution. The polymer was precipitated using cold diethyl ether
(boiling point = 36 °C), centrifuged to collect the polymer product as
a precipitate, which was then dried in a vacuum oven overnight at
room temperature. Additional drying was carried out in vacuum-
operated Schlenk line to completely remove the solvents.
2.3. Synthesis of PLA and PGA Homopolymers. PLA and

PGA were synthesized using the batch synthesis technique as specified
by Qian et al.45 The reactions were carried out under a nitrogen
atmosphere at room temperature. In a round-bottomed flask, 1.19 g of
LA was dissolved in 5.0 mL of DCM. In another round-bottomed
flask, a solution of BzOH (15−40 μL, depending on the target
molecular weight) in 1.0 mL of DCM was added to a solution of DBU
(10.0 μL in 1.0 mL DCM). The monomer solution was immediately
injected into the initiator/catalyst solution. The solution was stirred
for 1 h, after which excess benzoic acid (200 mg) was added to
terminate the reaction. Similarly, for PGA synthesis, 480 mg of GL
was dissolved in 8.0 mL of DCM in a round-bottomed flask. In
another round-bottomed flask, BzOH (10−25 μL in 1.0 mL of DCM,
depending on the target molecular weight) was added to a solution of
DBU (5 μL in 1.0 mL DCM). The monomer solution was
immediately injected into the initiator/catalyst solution. The solution
was stirred for 1 h and then excess benzoic acid (200 mg) was added
to terminate the reaction. The polymer was precipitated by dropwise
addition of the polymerization mixture with stirring into excess cold
isopropanol (boiling point = 82.5 °C). The precipitate was then
centrifuged to collect the polymer product, which was subsequently
dried overnight in a vacuum oven at 50 °C. Additional drying was

carried out in a vacuum-operated Schlenk line to completely remove
the solvents.

2.4. 1H NMR Spectroscopy. 1H NMR measurements were
conducted on a Bruker AV-III 400 MHz NMR spectrometer.
Chemical shifts were recorded in ppm, relative to solvent signals.
CDCl3 was used as the solvent to record the 1H NMR spectra for all
the target comonomer compositions, except for PLGA with 40:60
LA:GL stoichiometric weight ratio. For the latter, a 3:1 mixture (by
volume) of CDCl3 and trifluoroacetic acid-d (TFAD) was employed.
In the 1H NMR spectra, the methylene peak for GL is observed at 4.8
ppm (4.95 ppm for the CDCl3 and TFAD mixture), the methine peak
for LA appeared at 5.2 ppm (5.32 ppm for the CDCl3 and TFAD
mixture), and the BzOH (end group) peak was found at 7.26−7.5
ppm.

2.5. 13C NMR Spectroscopy. 13C NMR measurements were
performed using a coaxial NMR tube setup. The polymer dissolved in
hexafluoroisopropanol (HFIP) was placed in the outer tube, while
blank dimethyl sulfoxide (DMSO-d6) was placed in the inner tube,
which also served as the internal solvent lock. The experiments were
conducted on a Bruker AV-III 800 MHz NMR spectrometer, with the
number of transients set to 1,000.46 Carbonyl peaks at around 168
ppm for GL and around 171 ppm for LA were integrated to determine
the cumulative triad concentrations (ILLL, ILLG, IGGL, and IGGG) (Figure
1(B)).

2.6. Differential Scanning Calorimetry (DSC). DSC measure-
ments were carried out using a PerkinElmer DSC 4000 instrument.
The measurement procedure involved heating a sample weighing 5−6
mg in a crimped aluminum pan at a heating rate of 10 °C/min, within
a temperature range of −20 to 100 °C, under a gentle nitrogen purge.
Before obtaining the second Tg scan, all samples were isothermally
heated at 100 °C for 30 min to erase any thermal history. Tg was
estimated using the half-height criteria in the DSC iPyris software. To
determine the Tg range, the Tg onset and Tg end point were calculated
as the temperatures at which the heat flow curve deviated by 1% from
the glass and liquid lines, respectively. The enthalpic relaxation peak
area was also measured using the DSC iPyris software.

2.7. Gel Permeation Chromatography (GPC). The molecular
weight dispersity (Đ) was determined using GPC, conducted with a
Waters Breeze HPLC system equipped with an isocratic pump,
Styragel HR 4 (104 Å pore size) and Ultrastyragel (500 Å pore size)
columns (7.8 × 300 mm per column), and a differential refractometer.
A 20 μL aliquot of a 3 mg/mL to 5 mg/mL polymer solution in
tetrahydrofuran (THF) was injected into the GPC system at 30 °C,
and the refractive index signal was recorded.

3. RESULTS AND DISCUSSION
3.1. Preparation and Characterization of the Poly-

mers. For this study, we prepared a total of 12 sequenced
PLGA copolymers with a targeted number-average molecular
weight (Mn) of 5 kDa using the FRCP technique. However, the
limited solubility of GL in the polymerization solvent, DCM,
imposed constraints on the composition range we could
explore. Consequently, we were able to synthesize PLGA with
a maximum of 60% GL stoichiometric weight percent. The
target comonomer compositions investigated for PLGA
included LA:GL stoichiometric weight ratios of 40:60, 50:50,
60:40, and 70:30. Within each composition, sequenced PLGA
copolymers were synthesized at three different feed rates. This
approach allowed us to achieve statistically sequence-
controlled PLGA with a broad range of sequential
architectures, ranging from uniform to gradient. Furthermore,
as part of our study, we synthesized a series of homopolymers,
including polylactide (PLA) homopolymers with target Mn
values of 3, 5, and 7 kDa, as well as polyglycolide (PGA)
homopolymers with target Mn values of 2, 3, and 5 kDa. The
homopolymerization reactions were conducted using a batch
synthesis process with continuous stirring.
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We adopted a naming convention for PLGA based on the
feed rates used for the synthesis. PLGA synthesized at feed
rates of 0.1 mL/min, 0.05 mL/min, and 0.03 mL/min are
designated as P1, P2, and P3 respectively. To specify PLGA
with a particular composition, we used the prefix PX (where X
= 1, 2, or 3) followed by the LA/GL stochiometric weight
ratio. For example, PLGA with an equal LA:GL stoichiometric
weight ratio, synthesized at feed rates of 0.1 mL/min, 0.05
mL/min, and 0.03 mL/min, are denoted as P1 50/50, P2 50/
50, and P3 50/50, respectively.
For accurate analysis, it was imperative to determine the Tg

for all the synthesized polymers at an identical Mn (5 kDa) due
to its dependence on molecular weight. However, the
molecular weights of the synthesized polymers deviate from
the target Mn (5 kDa), with some polymers showing up to a
20% deviation. Consequently, the experimental Tg values were
adjusted to account for these minor deviations in molecular
weight. To accurately determine the Tg of PLA at Mn = 5 kDa,
we established the Flory−Fox equation ( = +T TK

M gg
n

) for

BzOH-initiated PLA and PGA (Figure S1). Through linear
fitting analysis, we determined the relationship between Tg
(obtained in the second heating DSC scan) and Mn for PLA as

= +T K( ) 324.44
Mg
32, 016

(Da)n
a n d f o r P G A a s

= +T K( ) 311.24
Mg
12, 159

(Da)n
. The molecular weight-adjusted

Tg values of PLA and PGA homopolymers at Mn = 5 kDa were
found to be TgPLA = 318.18 K and TgPGA = 308.81 K,
respectively. Singh et al. also reported the Flory−Fox equation
for BzOH-initiated PLA, resulting in TgPLA = 318.84 K,47 which
is identical to the value obtained in our analysis. Considering
the distinct slopes for PLA and PGA, we determined the slope
of the Flory−Fox equation for all the PLGA synthesized in our
study. The Flory−Fox slopes for PLGA with different
comonomer stoichiometric weight ratios were approximated
as the harmonic mean of the individual of PLA and PGA
slopes; that is, +

K
w
K

w
K

1

PLGA

LA

PLA

GL

PGA
. This approximation is

based on the relationship =K N2

f

A (where ρ is the density, NA

is Avogadro’s number, θ is the contribution of a chain end to
the free volume, and αf is the thermal expansion coefficient of
the free volume),48 and αf PLGA ≅ wLAαf PLA + wαf PGA;

49,50 please
refer to Section S1 of the Supporting Information (SI) for
further details. The values obtained for Flory−Fox slopes are
presented in Table S1. In the present analysis, it was sufficient
to consider the effect of Mn on Tg rather than molecular weight
distribution (MWD) to obtain corrected Tg because according
to the Flory−Fox model, Tg is largely determined by the
concentration of chain end defects and thus by the Mn of the
polymer, rather than by the MWD. This assertion is supported
by the findings of a molecular dynamics (MD) simulation
study conducted by Li et al.51 Their results suggested that Tg is
dependent on local relaxation of polymer segments and thus
strongly correlated with the chain end concentration (number-
average chain length), rather than with chain end segregation
(polydispersity). Therefore, in our analysis, it was sufficient to
consider the effect of Mn on Tg to obtain corrected Tg.
For accurate molecular weight determination, we conducted

an analysis of 1H NMR data acquired using polymers dissolved
in CDCl3; PLA and PLGA with stoichiometric comonomer
ratios LA/GL = 50/50, 60/40, and 70/30 fully dissolved in
CDCl3. For PGA and PLGA with stoichiometric comonomer

ratio LA/GL = 40/60, 1H NMR data was acquired using
polymers dissolved in a 3:1 mixture (by volume) of CDCl3 and
TFAD, respectively. The Mn value was determined through
BzOH end group analysis (7.26−7.5 ppm). The comonomer
fraction was assessed by estimating the area under the relevant
LA (5.2−5.32 ppm) and GL (4.8−4.95 ppm) peaks (Figure S2
of the SI).
Molecular weight dispersity (Đ) measurements were

obtained using GPC, employing monodisperse polystyrenes
as calibration standards and THF (tetrahydrofuran) as the
mobile phase (Figure S3 of the SI). However, it is important to
note that the GPC samples of PLGA 40/60 and PLGA 50/50
(consisting of 3 mg/mL PLGA solutions in THF) exhibited
optical turbidity. This turbidity was attributed to the
incorporation of a high GL content, which diminishes the
polymer’s solubility in THF. GPC analysis was consistently
carried out using a solution sample that had undergone
filtration through a 450 nm PTFE membrane filter, which
likely excluded polymers that may have been incorporated into
large precipitates. Consequently, it is possible that the reported
Đ values for PLGA synthesized at these comonomer fractions
may be subject to some degree of inaccuracy, particularly a
slight underestimation of the Đ value.
For the evaluation of monomer sequence lengths, the

carbonyl peaks corresponding to LA and GL obtained in the
13C NMR measurements were integrated to determine the
cumulative triad concentrations: ILLL, ILLG, IGGL, and IGGG
(Figure S4 of the SI). The cumulative number-average lactate
(L) and glycolate (G) sequence lengths were calculated,
respectively, using the following equations:

+ = +L
I
I

I
I

2 2 2 2L

L

L

L
L

L L

L G

L

G (1)

+ = +L
I
I

I
I

2 2 2 2G

G

G

G
G

G G

G L

G

L (2)

where Iij is simplified dyadic notations for Iiij (where i, j = L or
G); the derivations of eqs 1 and 2 have been presented in
refs17, 27. Note that each LA monomer polymerizes into two
lactate (L) units, and each GL monomer polymerizes into two
glycolate (G) units. To quantitatively describe the uniform or
gradient nature of the synthesized PLGA, we introduced a
sequence “alternation fraction”, defined as follows based on the
description by Drayer and Simmons:42

=

= +

DP

Alternation Fraction
Number of Alternating Linkages

Total Number of Linkages

1

1

DP
L L

n

( ) / 2
n

L G

(3)

Here, DPn represents to the number-average degree of
polymerization of the entire chain. The value of the alternation
fraction ranges from 0 (indicating a pure homopolymer) to 1
(indicating a strictly alternating copolymer). Another param-
eter commonly used in the literature to define the comonomer
sequence characteristics of PLGA polymers is a quantity called
“blockiness”, which is defined as52−54

=
I

I
Blockiness GGG

GGL

( )

( ) (4)
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where I(ijk) (where i, j, k = glycolate (G) or lactate (L)) denotes
the 13C NMR peak area values; refer to Appendix A for further
details. The values of the alternation fraction and blockiness for
the PLGA samples studied in this work are summarized in
Table 1.
Following the ASTM D3418 Standard Test Method,55 the

analysis of glass transition temperatures (Tg) presented in this
study utilized the second heating scan of DSC measurements,
with the resulting Tg values reported in Table 2. Additionally,
the Tg values obtained during the first cooling scan (Tg cool) are
also provided in the same table. Further details on the Tg cool
analysis can be found in the SI (Figure S6). The width of the
Tg range for all synthesized polymers was determined by
analyzing both the second heating curve and the first cooling
curve of the DSC scans. This Tg range width offers insights
into the heterogeneity within the polymer material. Given the
varied sequential architecture of the synthesized PLGA,
different Tg range values were expected. Section 3.4 (Figures
S5 − S6) provides a detailed analysis of the range of Tg values
obtained for the sequenced polymers used in the study.
Immediately following the glass transition, a small enthalpic

relaxation peak was observed in the second heating curve. This
phenomenon is likely attributed to the heating of the sample
after the cooling scan.56 Enthalpic relaxation represents a

nonreversible kinetic transition, occurring as a result of
structural reconfiguration of the polymer below Tg to reach
thermodynamic equilibrium.56 In DSC, when the sample is
heated above Tg, there is a delay between molecular mobility
and heating rate, which, upon crossing the equilibrium line,
results in an overshoot in the heating scan. The area under the
enthalpic relaxation peak is commonly used as a measure of the
extent of physical aging in an amorphous material.56 To
examine potential correlations with sequence uniformity, we
calculated the enthalpic relaxation area (Figure S7). Detailed
discussion of the findings from this analysis is provided in
Section 3.4.
Comprehensive molecular characteristics and glass transition

data for all synthesized polymers in this study are presented in
Tables 1 and 2 respectively.

3.2. Glass Transition Temperature Analysis of
Sequenced PLGA. Figure 1(A) displays the DSC thermo-
grams obtained during the second heating cycle for the family
of sequenced PL2.5kGA2.5k polymers, denoted as PLGA 50/50.
In Figure 1(B), you can observe the 13C NMR spectra along
with the results of NMR peak fitting for these polymers. The
area analysis of the LL, LG, GL, and GG peaks reveals that as
the feed rates are lowered (from P1 to P2 to P3), the polymer
becomes more uniform, characterized by an increased

Table 1. Molecular Characteristics of the Polymers Used in the Study*

*PLGA copolymers were synthesized using the FRCP method at four different comonomer stoichiometric weight ratios (LA/GL = 40/60, 50/50,
60/40, and 70/30) and three comonomer solution feed rates (= 0.10, 0.05, and 0.03 mL/min). The FRCP reaction conditions used were: volume
of comonomer solution added into reactor = 10 mL, initial volume of initiator/catalyst solution in reactor = 6.0 mL, [BzOH]o = 32.1 mM
(reactor), solvent = DCM (for both comonomer and initiator/catalyst solutions), V × ([LA]o + [GL] o) = 1059 mg (feed stream), T = 25 °C.
aNumber-average molecular weight (Mn) determined by 1H NMR (shown as subscripts). bCumulative number-average lactate (L) and glycolate
(G) sequence lengths (LL and LG , respectively) determined by 13C NMR. cDispersity (Đ) determined by GPC; in the PLGA 40/60 and PLGA
50/50 cases, GPC samples (3 mg/mL PLGA solutions in THF) were optically turbid, so data may not be accurate.
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concentration of LG and GL dyads. This observation aligns
with the hypothesis of the FRCP method.30 All the sequenced
polymers within the PLGA 50/50 family exhibited a single Tg,
indicating the absence of microscopic phase separation
between LA- and GL-rich domains within the polymer.
Furthermore, despite having the same comonomer composi-
tion, the Tg of the polymers varied with their sequential
architecture. Similar observations were made from the DSC
curves of PLGA polymers prepared at other stoichiometric
comonomer ratios (LA/GL = 40/60, 60/40, and 70/30)
(Figure S8).
The compiled data on Tg vs comonomer composition

(Figure 2(A)) revealed negative deviations, where 1/Tg was
greater than the sum of the weighted reciprocals of individual
Tg values (∑wi/Tgi where wi is the weight fraction of
component i (= L (lactate) or G (glycolate)), in contrast to

the predictions of the Fox equation. These Tg deviations are
attributed to unfavorable interactions between the lactate and
glycolate units, as indicated by the differences in Flory−
Huggins interaction parameter values (χ) in DCM, where
χPLA/CHd2Cld2

≅ 0.188 and χPGA/CH d2Cld2
≅ 0.750. These interactions

result in incompatibility or “repulsion” between the lactate and
glycolate units, leading to increased free volume within the
copolymer material and subsequent Tg suppression. Copoly-
mers with higher alternation fractions, represented by lighter
squares in Figure 2(A), exhibited even lower Tg values due to
increased repulsive interactions between the comonomers.
This trend was also evident in the Tg vs alternation fraction
plot presented in Figure 2(B). (Similar plots have also been
generated using the Tg data obtained from cooling curves
(Figure S9)). However, Tg could not be simply predicted based
on sequence parameters alone. For instance, the lowest Tg was

Table 2. Glass Transition Temperature (Both Heating and Cooling Curve), Enthalpic Relaxation, and Tg Range Data for All
the Polymers Used in the Study

dTg from DSC second heating scans. eEnthalpic relaxation peak area from DSC second heating scans. fTg from DSC first cooling scans.
gHomopolymer samples were prepared by batch polymerization reactions. Note that while error estimation for each Tg value was not feasible due
to practical constraints, typical errors associated with DSC Tg measurements are estimated to be much less than 1 °C, as discussed in Section S4 of
the SI. The statistical robustness of our Tg data is also supported by the high-quality fits demonstrated in Figure 3 (discussed in Section 3.3).
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observed for P3 50/50, which had an alternation fraction of
approximately 0.20. P3 60/40 and P3 70/30 had even higher
alternation fractions but, due to the incorporation of a higher
lactate weight fraction, they also exhibited higher Tg values.
Therefore, in the case of PLGA copolymers, it is necessary to
consider both comonomer composition and sequence
distribution to obtain precise Tg predictions. Generally, for a
given comonomer composition, PLGA with lower mean
sequence lengths, i.e., a uniform PLGA, is expected to show
greater Tg suppression. However, in a gradient PLGA, we
anticipate the effect of sequence to be significantly reduced.
For instance, P1 40/60, which is the most gradient polymer

synthesized in our study (alternation fraction <0.1), exhibited
the highest Tg, nearly approaching the prediction of the Fox
equation. We would like to note that the scattered trends in Tg
seen in Figure 2 are real (statistically significant) effects; as
summarized in Section S4 of the SI, errors (standard
deviations) associated with DSC-determined Tg values are
typically very small (≤0.1 °C). Therefore, it is conclusive that
no clear correlations for Tg values are apparent against
composition alone or alternation fraction alone in these
figures. This lack of correlation underscores the inadequacy of
composition and alternation fraction as sole descriptors for Tg
predictions. Instead, detailed information regarding dyad or

Figure 2. Glass transition temperatures (Tg’s) of PLGA materials synthesized using the FRCP method at three different comonomer solution feed
rates (0.10 mL/min for “P1”, 0.05 mL/min for “P2”, and 0.03 mL/min for “P3”) and four different comonomer stoichiometric weight ratios (LA/
GL = 40/60, 50/50, 60/40 and 70/30). Experimental Tg data (discrete symbols) were obtained from DSC second heating scans. (A) Tg
represented as a function of weight fraction of lactate (wL). The color scale represents the alternation fraction defined in eq 1. The dashed curve
shows the prediction of the Fox equation. (B) Tg represented as a function of alternation fraction. The color scale represents the weight fraction of
lactate (wL). The horizontal dashed lines represent PLA and PGA homopolymer Tg at Mn = 5 kDa.
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triad distributions is necessary to quantitatively predict Tg
values, as will be discussed in Section 3.3.
When comparing our experimentally determined Tg values

for PLGA with the predictions of the Fox equation, we
observed deviations of up to 8 K in Tg. Notably, the largest
deviation in Tg was observed for P3 50/50. In the literature,
certain copolymer systems have exhibited even more
substantial deviations. For instance, copolymers of vinylidene
fluoride(VDF)-hexafluoropropene(HFP)41 exhibited pro-
nounced deviations of up to 55 K, and copolymers of α-2-
methylstyrene(αMS)-acrylonitrile(AN)57 also displayed sub-
stantial deviations of about 29 K. These significant deviations
could be attributed to two possible reasons. First, the strength
of comonomer interactions in these copolymer systems may be
greater compared to that of PLGA. Second, considering that
the reactivity ratios for all monomers in these copolymers are
relatively small rVDF = 2.45,rHFP = 0; rαMS = 1.7 × 10−1,rAN = 8.8
× 10−2),41,57 it is possible that these copolymers may contain
significantly shorter comonomer sequences, which could
contribute to the observed larger deviations in Tg. However,
the detailed sequence characteristics of these copolymers were
not reported in these papers. The theoretical maximum
alternation fraction for PLGA is 0.5 because PLGA is
synthesized through the ring-opening polymerization (ROP)
of LA and GL monomers; each LA or GL monomer results in
the incorporation of two lactate (L) or glycolate (G) repeat
units in the PLGA chain. Furthermore, it is important to
highlight that since our PLGA samples were synthesized at
room temperature using the DBU catalyst, it is expected that
transesterification reactions are absent, and their original
sequence characteristics are fully preserved postsynthesis, as
reported in the literature.58 The low polydispersity indices of
the polymers (≪ 2) further support this notion. In our study,
the highest alternation fraction achieved was only 0.22, despite
using the FRCP method for PLGA synthesis. This is attributed
to the relatively high reactivity ratio for GL (rLA = 3.37 × 10−2,
rGL = 1.36 × 101),26 which leads to the formation of longer
glycolate sequences.
3.3. Comparison of Experimental Data with Johnston

and Barton Theories. As a next step, we have conducted a
comprehensive comparison of our experimental data with well-
established theories presented in the literature. The literature
offers several theoretical relations for analyzing experimental
data, but we have chosen to focus on the Johnston34 and
Barton59 equations. These equations provide logical extensions
of the commonly used Fox and Gibbs-DiMarzio equations,
respectively. In a copolymer consisting of repeat units A and B,
there exist four distinct types of dyad sequences: AA, BB, AB,
and BA. Both the Johnston and Barton equations take into
account the contributions to Tg from AB/BA dyads, in addition
to the homopolymer Tg contributions arising from AA and BB
dyads. It is important to note that these two equations are
grounded in different theoretical foundations. The Johnston
equation considers the free volume contribution of various
sequential dyads, while the Barton equation takes into account
the configurational entropy contributions of different dyads
within the copolymer system. Other equations, such as the
Gordon−Taylor,60 Jenckel−Heusch,61 Kwei,62 and Brekner−
Schneider−Cantow (BSC)63 equations, have also successfully
described the nonlinear Tg vs composition behavior. However,
these equations do not establish a relationship between the
fitting parameters and the physical characteristics of the
copolymer. Therefore, we have determined that the Johnston

and Barton equations are the most suitable for our analysis.
Both the Johnston equation (Eq. 5) and the Barton equation
(Eq. 6) can be derived by equating the appropriate entropy
terms in the liquid and glassy states at the second-order
transition, which corresponds to the glass transition temper-
ature. A detailed derivation is presented in Sections S2 and S3
in the SI.
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Here, Tgp represents the glass transition temperature of the
copolymer composed of repeat units A and B. TgAA and TgBB
are the glass transition temperatures of homopolymers
consisting of repeat units A and B, respectively. TgAB refers
to the glass transition temperature of an alternating copolymer
consisting of AB/BA dyads exclusively. The weight fractions of
repeat units A and B are denoted as wA and wB, respectively.
The probabilities of dyads are represented by Pij, where i and j
are either A or B. These probabilities are normalized such that
Pii + Pij = 1. The mole fractions of rotatable bonds of type ij are
given by nij. We have utilized these equations in their linearly
arranged forms to fit the experimental data obtained for PLGA
copolymers, with TgAB serving as the fitting variable (Figure 3).
Although most copolymer systems adhere to the dyadic

Johnston or Barton equations, some systems, such as ethylene-
methyl methacrylate64 and ethylene-vinyl acetate,64 exhibit
significant triad effects. In such cases, an expanded version of
the Johnston equation in triad form, originally proposed by Liu
et al., can be expressed as follows:65
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Here, Pijk (where i, j, k = A or B) denotes the triad
probability, and P(ijk) = Pijk + Pkji. These probability quantities
are normalized such that Piii + P(iji) + Pjij = 1. Ham and
Uematsu extended the Barton equation in triad form as
follows:66

= + + +

+ + + +

T n T n T n T n T

n T n T n T n T

gp AAA gA BBB gB AAB gAAB ABB gABB

BAA gBAA BBA gBBA ABA gABA BAB gBAB

(8)

In this equation, nijk represents the mole fraction of rotatable
bonds of type ijk. For PLGA synthesized using the ROP
technique, the above equations can be further simplified. LA
and GL are cyclic dimers, and each monomer addition step in
the ROP of LA and GL results in the incorporation of two
repeat units in the copolymer. Thus, for PLGA synthesized
using the ROP method, A (lactate) and B (glycolate) units
always exist in pairs in the copolymer chain. Consequently, in
Eq. 7, we have PABA = PBAB = 0, and in Eq. 8, we have nABA =
nBAB = 0. Additionally, we can assume TgAAB = TgBBA = TgAABB,
as the AAB triad is part of the AABB sequence, and similarly,
the BBA triad is part of the BBAA sequence, which is
equivalent to the previous tetrad sequence structure. As a
result, the triad Johnston equation (Eq. 7) is simplified to

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.4c00106
Macromolecules 2024, 57, 4947−4962

4955

https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.4c00106/suppl_file/ma4c00106_si_001.pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.4c00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


= + +
+

T
w P

T
w P

T

w P w P

T
1

gp

A AAA

gA

B BBB

gB

A AAB B BBA

gAABB

( ) ( )

(9)

Due to the symmetry of triads, 13C NMR treats the
sequential structures AAB and BAA as equivalent, and
similarly, the sequential structures ABB and BBA are treated
as equivalent. Therefore, we can assume that TgAAB = TgBAA =
TgABB = TgBBA = TgAABB in Eq. 8. Furthermore, we have nAAB =
nABB and nBAA = nBBA because LA and GL are cyclic dimers.
Consequently, the triad Barton equation (Eq. 8) can be
simplified to

= + + + + +

= + + +

T n T n T n n n n
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n T n T n n T
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gp AAA gA BBB gB AAB ABB BAA BBA

gAABB

AAA gA BBB gB AAB BBA gAABB (10)

In these equations (eqs 9 and 10), the only undetermined
parameter is TgAABB. We have conducted a linear fitting analysis
of these equations with the experimental data, using TgAABB as
the fitting variable (Figure 3). The sequential probabilities, Pij
and Piij, were previously obtained using theoretical relations
based on copolymerization data and Mayo−Lewis relations.64

In our study, we have calculated the sequential probabilities Pij

and Piij using experimental 13C NMR data (see Appendix A).
The values of nij and niij were also derived from the 13C NMR
data, as described in Appendix A. It should be noted that in all
the equations presented above, the subscripts (e.g., A and B)
refer to the lactate and glycolate repeat units, and not the
lactide and glycolide monomer units.
The experimental data presented in Figure 3 exhibit

excellent agreement (R2 ≥ 0.99) with the Johnston and Barton
equations. The reciprocals of the slopes of the linearly
rearranged Johnston equations and the slopes of the linearly
rearranged Barton equations provide the Tg values for the
alternating polymers with AB and AABB repeating sequences
(TgAB and TgAABB, respectively). This plotting method,
demonstrated in Figure 3 and represented by eqs 5, 6, 9,
and 10), is the most straightforward and accurate approach for
conducting fitting analysis, as the adjustable parameters (TgAB
and TgAABB) are solely represented as the slope of a linear
relationship. This method has been previously employed by
other researchers.64,67 Fitting the triad and dyad Johnston
equations resulted in estimations of the alternating copolymer
Tg values, giving TgAABB = 299.5 K and TgAB = 285.82 K,
respectively. Similarly, fitting with the triad and dyad Barton
equations yielded TgAABB = 300.68 K and TgAB = 287.61 K,
respectively. These results are reasonable because the Tg of

Figure 3. Comparison of experimental PLGA Tg data with the (A) triadic and (B) dyadic Johnston theory formulas and the (C) triadic and (D)
dyadic Barton theory formulas. The dashed-dotted lines represent fits to the theories. The coefficients of determination (R2) for all plots are 0.99.
Experimental Tg data were obtained from DSC second heating scans. The dashed lines are parameter-free predictions of the theories based the
TgLLGG and TgLG values taken from ref 29 in the text.
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alternating PLGA with a repeating AB sequence is expected to
be lower than that of alternating PLGA with a repeating AABB
sequence, owing to the increased comonomer interactions in
the AB sequence. Despite their differences in mathematical
form (the Johnston equation is a weighted harmonic average,
while the Barton equation is a weighted arithmetic average),
both equations yielded nearly identical predictions for TgAABB
and TgAB. This observation holds true for copolymer systems
derived from various comonomer combinations, such as
styrene-butadiene,40 vinylidene chloride-vinyl propionate,40

and methylmethacrylate-acrylonitrile,40 where the differences
in predictions between the Johnston and Barton equations
were less than 1 K. It is worth noting that our linearized fit
does not perfectly align with the results of Meyer and co-
workers, who reported TgAABB = 318.15 K for Mn = 18.7 kDa
and TgAB = 317.15 K for Mn = 23.5 kDa).29 These values
translate into TgAABB = 315.57 K and TgAB = 314.38 K for Mn =
5 kDa using the PLA Flory−Fox equation discussed earlier
(also see Section S1 of the SI). The significant differences,
particularly in the TgAB value, may have arisen from variations
in synthesis routes involving different initiators, particularly the
stereochemistry of LA comonomers; Meyer and colleagues
utilized L-lactide for synthesizing poly(LG) and poly(LLGG)
alternating copolymers, from which the TgAB and TgAABB values
were determined,29 whereas in our study, we used racemic D,L-
lactide. Furthermore, differences in the specific Tg measure-
ment procedures and thermal histories might have impacted
the final Tg value. Nevertheless, our Tg estimates exhibit a
deviation of less than 8% from the experimentally determined
values reported by Meyer and colleagues.
In theory, the determination of Tg occurs during the cooling

process from an equilibrium state.68 Additionally, the presence
of enthalpic peaks in the heating cycle can exert an influence
on the Tg values. To thoroughly assess the Tg data, we
conducted further analysis using data obtained from the
cooling scan (Figure S10). The fitting results closely mirror
those derived from the heating scan, as per the Johnston
equation: TgAABB cool = 298.84 K (triad) and TgAB cool = 290.23 K
(dyad), and the Barton equation: TgAABB cool = 300.16 K (triad)
and TgAB cool = 293.17 K (dyad)). Therefore, in accordance
with established literature practice, we employed the
experimental Tg data from the second heating cycle for the
fitting analysis presented in Figure 3. Based on this
comprehensive analysis, it can be concluded that both the
Johnston and Barton equations effectively describe Tg in PLGA
with respect to copolymer composition and sequence
characteristics. However, it is important to note that these
models have limitations and are primarily applicable to
copolymers with a significant proportion of alternating dyad
fractions. Specifically, they are not suitable for phase-separated
block copolymers characterized by extended copolymer
sequence lengths. The criterion for microphase separation in
two-component multiblock copolymers is typically defined as
χN > 16.4, where χ represents the Flory−Huggins interaction
parameter between the two repeat unit types, and N = NA + NB
where Ni is the degree of polymerization of type i block (i = A,
B).69 In the case of the PLA/PGA system, the χ value varies
between 0.12 and 0.42, depending on the comonomer
composition ratio.70 For a 40:60 PLA:PGA weight-wise
composition (χ = 0.41), the phase separation limit corresponds
to N = 40. We have synthesized PLGA copolymers with a
maximum N = 5.73 (lactate) + 12.89 (glycolate) = 18.62 (P1
40/60), well below the phase separation limit. This reaffirms

the uniform nature of the copolymers synthesized using the
FRCP method and provides validation for the application of
the Johnston and Barton equations in their characterizations.
Lastly, we would like to note that the successful fitting with

both the Barton and Johnston theories suggests that both
configurational entropy (as described by the Barton theory)
and the free volume effect (as considered in the Johnston
theory) contribute significantly to the overall glass transition
behavior of the polymer. Previous studies have demonstrated
that there are certain copolymers, for which either only the
Johnston equation (e.g., poly(butyl methacrylate-co-vinyl
chloride),40 and poly(vinylidene fluoride-co-hexafluoropro-
pene)41) or the Barton equation (e.g., poly(vinylidene
chloride-co-acrylonitrile)40) is able to capture their behavior.
Conversely, there are others, like poly(styrene-co-butadiene),
poly(vinylidene chloride-co-vinyl propionate), and poly(methy
lmethacrylate-co-acrylonitrile),40 for which both models
successfully fit their data. Therefore, the conclusion drawn
from the successful fitting in the PLGA cases is that a
combination of the factors�the configurational entropy and
free volume�governs the glass transition temperature of
PLGA. This highlights the importance of considering multiple
theoretical frameworks (the Johnston and Barton theories)
when analyzing their Tg properties.

3.4. Correlations of Glass Transition Characteristics
with Comonomer Composition and Sequence Uni-
formity. We conducted a further investigation into the
relationship between experimentally observed glass transition
characteristics (Tg range and enthalpic relaxation peak) and
copolymer molecular parameters (comonomer composition
and alternation fraction) by calculating Pearson’s correlation
coefficients (r) (Figures S5 − S7). A positive correlation (r =
0.86) was observed between the Tg range obtained during the
second heating cycle and the alternation fraction (Figure
S5(B)). It is important to note that all polymers exhibited an
enthalpic relaxation peak during the second heating scan, likely
resulting from the prior cooling of the copolymer samples well
below Tg (approximately 50 K lower). This cooling may have
induced structural relaxation in the sample. Therefore, the
apparent increase in the Tg range with increasing copolymer
sequence uniformity in the second heating cycle is attributed
to the presence of an enthalpic relaxation event rather than the
direct effect of sequence distribution.
We also determined the Tg range from the cooling scan,

where no endothermic peak was detected. Interestingly, we
observed a negative correlation between the Tg range obtained
during the cooling scan and the alternation fraction (Figure
S6(B)). This finding aligns with previous studies that have
reported broader Tg ranges for copolymers with gradient
compositions compared to those with constant and uniform
compositions.71 In contrast, we did not find significant
correlations between comonomer weight fraction and the Tg
range (Figures S5(A) and S6(A)). On a different note, the area
of the enthalpic relaxation peak exhibited positive correlations
(Pearson’s r = 0.67) with both comonomer composition and
alternation fraction (Figure S7). It is worth noting that the
enthalpic relaxation peak becomes more elongated in
copolymers with more uniform sequence characteristics,
suggesting that uniform PLGA polymers exhibit faster aging
dynamics. This phenomenon can be attributed to the lower
density (higher free volume) of uniform PLGA, which
experiences less resistance to structural relaxation and
progresses more rapidly toward thermodynamic equilibrium.
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Lastly, it is worth noting that in the literature,72−74 it has
been demonstrated that even miscible block copolymers and
blends exhibit much broader DSC traces (with Tg ranges
typically around 40−60 °C) due to self-concentration,
particularly in systems with significant Tg contrast, compared
to PLGA materials (with Tg ranges typically less than 20 °C
(Table 2)). The self-concentration arises from chain
connectivity, causing the component with the lower Tg to
exhibit segmental dynamics in bulk similar to its own, while the
higher Tg component experiences an average of the blend.74 In
the case of PLGA, despite the unfavorable interactions
between LA and GL segments (χ = 0.12−0.42 > 0)70 due to
their low Tg contrast (∼ 8 K) and a short cooperative length
(in the limit where the concentration fluctuation may not be
detected by dynamic techniques like DSC),75 the DSC trace
remains relatively narrow and does not show broadening.
Additionally, we note that the degree of their incompatibility
between LA and GL sequences is insufficient to induce
microstructural heterogeneity in short-sequenced PLGA
materials, as discussed in Section 3.3.
3.5. Implications for Future Applications. By achieving

precise monomer sequence control in PLGA, we have opened
up a wide range of possibilities for tailoring copolymer glass
transition behavior and mobility. Uniform PLGA with a Tg
close to physiological temperature (37 °C), as demonstrated in
our study, holds promise in applications such as bone tissue
engineering. In this field, flexible and fracture-resistant PLGA
scaffolds are highly desirable, and achieving these properties
without the need for plasticizers is a significant advantage.17

However, when considering the potential applications of
uniform PLGA in drug delivery, we must also address how
variations in polymer dynamics resulting from different
sequence architectures impact the initial burst release in
PLGA formulations. Drug release kinetics are governed by the
dissolution and diffusion of drug molecules, processes that are
facilitated by the mobility of polymer chains.76 This implies
that the observed Tg depression in the case of uniform PLGA
might lead to unpredictable burst release and degradation
profiles. Interestingly, this finding contradicts some previous
studies in the literature.16,27 Yoo et al. have demonstrated that
the homogeneity of uniform PLGA microparticles enables the
even distribution of drugs throughout the PLGA matrix,
resulting in a sustained drug release profile.30 This conflicting
interpretation regarding the relationship between Tg and drug
release suggests that this relationship is more complex than
previously thought. There are likely other influential factors in
drug release kinetics that are not accounted for in our current
analysis. Polymer degradation, hydrophilicity/hydrophobicity,
swelling, and osmosis effects may all significantly contribute to
drug release kinetics but remain unaddressed in bulk polymer
Tg analysis. Additionally, the presence of the drug molecule
itself can significantly alter the Tg of the system. Therefore, it is
crucial to further investigate the impact of factors such as
polymer-drug miscibility, spatial drug distribution within the
polymer matrix, and other drug-dependent influences on the Tg
properties of the formulation. Understanding the true
contribution of comonomer sequences to drug release kinetics
is a complex task that requires a more comprehensive
evaluation of the glass transition properties of drug-loaded
formulations, especially in aqueous environments.

4. CONCLUSIONS
We conducted an extensive investigation to explore the impact
of copolymer sequence characteristics on the Tg properties of
PLGA, a commonly used pharmaceutical copolymer material.
To achieve this goal, we synthesized PLGA copolymers with a
wide range of alternation fractions, ranging from 0.096 to 0.22,
and varying comonomer stoichiometric weight ratios (LA/GL
= 40/60, 50/50, 60/40, and 70/30) using the Feed Rate-
Controlled Polymerization (FRCP) method. Subsequently, we
characterized their Tg properties using differential scanning
calorimetry (DSC). Our findings revealed that the sequence
architecture plays a significant role in influencing the Tg of
PLGA. Specifically, we observed that an increased uniformity
in comonomer distribution within PLGA led to a reduction in
its Tg due to the repulsive interactions between the LA and GL
monomers. We observed a quantitative relationship between
the Tg of PLGA and the distribution of monomer sequences,
which aligned with the predictions made by the Johnston and
Barton theories. By fitting the Tg data to these theories, we
were able to determine the Tg values of PLGA copolymers in
the strictly alternating limits. These limiting Tg values now
enable us to precisely predict the Tg of a PLGA material once
its molecular weight and comonomer dyad/triad fractions are
characterized. Consequently, this study highlights the
previously overlooked significance of incorporating statistical
monomer sequence distribution into the design and selection
of PLGA materials for pharmaceutical applications.

■ APPENDIX A: DERIVATION OF EQUATIONS FOR
CALCULATING SEQUENTIAL PROBABILITIES PIJ
AND PIIJ FROM EXPERIMENTAL 13C NMR DATA

Typically, 13C NMR measurements provide data on the
cumulative normalized triad mole fractions (nAAAcumu, nAABcumu, nABAcumu,
nABBcumu, nBAAcumu, nBABcumu, nBBAcumu, and nBBBcumu) for the final polymer
products, as these mole fractions are related to the relative
NMR peak areas as follows: I(AAA) = βnAAAcumu, I(AAB) = I(BAA) = β
(nAABcumu + nBAAcumu), I(ABA) = βnABAcumu, I(ABB) = I(BBA) = β (nABBcumu +
nBBAcumu)), I(BAB) = βnBABcumu, and I(BBB) = βnBBBcumu. Here, the
parentheses in the subscript indicate that flipping the triad
sequence around the center does not change the property, and
the constant prefactor β is introduced to ensure that the mole
fraction quantities are properly normalized, meaning:

=n 1i j k ijk
cumu

, , (where i, j, k = A or B). The value of β can
be calculated as β = I(AAA) + I(AAB) + I(ABA) + I(ABB) + I(BAB) +
I(BBB). In the following equations, nijkcumu is denoted as nijk for
simplification. Because of the dimeric nature of the LA and GL
monomers, we have nAAB = nABB, and nBBA = nBBA. For the same
reason, we have nABA = nBAB = 0. Additionally, in the limit of a
long chain, the quantities niij and niij become equivalent (i.e.,
nAAB = nBAA, and nBAA = nABB), since each block of repeat unit i
within the chain possesses two ends (iij and jii triads), except
at chain ends. Hence, with the NMR data available, we can
directly calculate all the triad mole fraction values, denoted as
nijk (where i, j, k = A or B).
Subsequently, the sequential triad probabilities, as defined in

the paper by Liu et al.,65 can be computed as follows:

=
+ + +

=
+

P
n

n n n n
n
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It is important to note that the definition of Pijk (where i, j, k
= A or B) differs from the conventional penultimate probability
definition typically used in textbooks,77 where the normal-
ization stipulates that =P 1k ijk (where k = A or B).
Cumulative normalized dyad mole fractions (nij) can be

represented in terms of triad mole fractions (nijk) as follows:
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Note that the dyad mole fractions are defined in a such way
that they satisfy the normalization condition: =n 1i j ij,

(where i, j = A or B). The dyadic probabilities, as defined in the
paper by Johnston,34 are expressed in terms of dyad mole
fractions, and they are given as follows:
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PBA can be obtained using the relation PAB = 1-PAA. Similarly,

=
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P
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PBA can be obtained using the relation, PBA = 1 - PBB. Using
eqs A.11, A.12, and A.15, we obtain
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Once again, due to the dimeric nature of the monomers,
nABA = nBAB = 0, allowing us to simplify eq A.17 as follows:
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where the final equality is a result of the fact that for long
chains niij = njii. Similarly, we find
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Therefore, additionally:
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The validity of eqs A.18 though A.21 can be confirmed as
follows. Note that the subscripts A and B refer to the lactate
(L) and glycolate (G) repeat units (not the lactide (LA) and
glycolide (GL) monomer units). Consequently, these repeat
unit dyad probabilities, denoted as Pij, can be derived from the
NMR data, as they are linked to the monomer dyad
probabilities, represented as Qij, through the following
relationships:
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In the equations above, the relationships between the
monomer dyad probabilities (Qij) and the NMR peak area
values (I(ijk)) have previously been derived in our earlier
publications:26,30
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