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Renewable resin acid-substituted polycaprolactone is prepared for characterization of
physical properties of polymers. Six samples of dehydroabietic acid-substituted polycapro-
lactone (PCL-g-DAPE) with various molecular weight were synthesized by a combination of
ring-opening polymerization and click chemistry. These polymers were characterized by
on-line two angle light scattering and differential pressure viscosity. The values of dn/dc,
average molecular weight, intrinsic viscosity, hydrodynamic radius, and radius of gyration
were determined. Mark-Houwink double logarithmic relations of intrinsic viscosity and
weight average molecular weight as well as Stockmayer-Fixman plots were established
to scale the dimensions and conformation of PCL-g-DAPE chains related to their molar
mass. The results indicated that PCL-g-DAPE is a flexible-coil polymer, similar to
poly(methyl acrylate). Such properties were somewhat unexpected, considering the bulky

group in the polymer side chains.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Biodegradable polymers have gained much attention
due to their potential applications in biomedical areas
and utility as environment-friendly disposable packaging
materials [1,2]. One important source of these polymers
comes directly from natural biomass or can be synthesized
by microorganisms [3]. Another scope of biodegradable
polymers is classified as petroleum-derived synthetic poly-
mers such as polycaprolactone [4]. By combining degrada-
bility of synthetic polymers and sustainability of
renewable resources, biodegradable polymers based on
natural resources have been developed, with new emerg-
ing properties originating from renewable resources [5].
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Rosin is a renewable natural resource from the exuda-
tion of pine and conifer trees or from waste pulp in paper
industry [6]. Its major components are resin acids, which
have a bulky hydrophenanthrene group that can render
hydrophobicity to any substrates it attaches. We have
recently developed a platform of sustainable polymers
and composites based on renewable rosin [7,8]. These
materials include (meth)acrylic polymers by controlled
polymerization [9], semi-degradable [10] or degradable
polyesters by ring-opening polymerization [11], and lignin,
cellulose composite polymers by surface-initiated poly-
merization [12,13].

These materials exhibit interesting properties including
enhanced hydrophobicity, good thermal stability, fluores-
cent property and antimicrobial activities [12,14-16]. All
polymers with rosin at the side chain are amorphous. How-
ever, most polymers are brittle, most likely due to the pres-
ence of the bulky hydrophenanthrene, which could result in
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a high entanglement molecular weight of polymers. One of
intuitive questions is whether these polymers adopt a rigid
conformation due to the bulky group or still exhibit a ran-
dom-coil conformation. An in-depth understanding of their
conformation would facilitate macromolecular design
toward favorable mechanical properties. The influence of
side chain groups on the physical properties of polyethylene
chains is well documented [17]. In the case of polyacrylates,
interests have been focused on the changes induced by
altering the length of alkyl ester group [18] or identity of
the ester linkage such as phenyl with alkyl substituent in
various positions [19]. The methods of evaluating configu-
rational properties are usually sought after two parameters
theories, such as Mark-Houwink-Kuhn-Sakurada (MH) and
Stockmayer-Fixman (SF) [20,21] relationships to viscosity
and molar weight to estimate conformational properties
including Flory’s characteristic ratio (C..) [22-24].

Herein we present a case of model study to investigate
some physical properties of a rosin-containing polyester by
intrinsic viscosity and molar mass relationship based on
MH and SF methods. We hope this study could shed light
on many other types of polymers containing rosin moiety.
This polyester is based on rosin-substituted polycaprolac-
tone. Specifically, we prepared six samples of dehydroabi-
etic acid-substituted polycaprolactone (PCL-g-DAPE) with
different molecular weight via a click reaction between
propargyl ester of dehydroabietic acid (DAPE) and an
azide-substituted PCL.

All samples were characterized via a combination of on-
line measurement of intrinsic viscosity, refractive index,
and two-angle light scattering in a size exclusion chroma-
tography [25]. The advantage of this method is that a single
measurement could simultaneously yield characteristic
parameters of macromolecules including weight-average
molecular weight (M,,), number-average molecular weight
(M,,), polydispersity (M,,/M,,), intrinsic viscosity [#], radius
of gyration (Rg), hydrodynamics radius (Rs), and dn/dc of
samples in solution.

2. Experimental
2.1. Materials
Standard calibration samples of polystyrene with nar-

row molecular mass distribution were purchased from
Sigma-Aldrich; tetrahydrofuran (THF) was purchased from

(0]
O
/PW ‘]~m +
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[¢]
P(aN3eCL) DAPE

Fisher Scientific. Other solvents and reagents were pur-
chased from the above mentioned companies and used
without further treatment.

2.2. Synthesis of PCL-g-DAPE polymers

PCL-g-DAPE samples with different molecular weight
were prepared according to our previous report [11]. The
synthetic route is shown in Scheme 1. Propargyl ester of
dehydroabietic acid (DAPE) and o-azide substituted
poly(caprolactone) (P(aN3eCL)) with different molecular
weight were first prepared. Through a copper-catalyzed
(with  Cul/DBU  (1,8-diazabicyclo[5.4.0]lundec-7-ene))
cycloaddition reaction between the azide group and the
alkyne group, DAPE was grafted onto P(aN3€CL), resulting
PCL-g-DAPE as our sample. The product was first purified
by passing through a basic aluminum oxide column. The
concentrated solution was then precipitated into a solution
of ethylenediaminetetraacetic acid tetrasodium salt (EDTA)
in a mixture of H,O/CH50H, and washed with methanol
before drying under vacuum. 'H NMR spectra (Fig. 1)
confirmed the successful preparation of the polymers. Using
P(aN3eCL) with different molecular weight, six samples of
PCL-g-DAPE with various molecular weight were prepared
and named as samples A-F, in the trend of decreasing
molecular weight.

2.3. Characterization

'H NMR (300 MHz) spectra were recorded on a Varian
Mercury spectrometer with tetramethylsilane (TMS) as
an internal reference. The dilute solution viscosities were
measured by Viscotek (Houston, TX) GPC-MAX 303 using
various volume of the solution (15, 25, 35, 75, 95, 110,
130, 150 pL) of a given sample of PCL-g-DAPE in THF pre-
pared a day before use. The solutions were prepared gravi-
metrically by measuring mass of solvent and solute using a
Mettler-Toledo XS205 Dual-Range analytical balance with
an uncertainty of 0.02 mg.

The Viscotek (USA) TDA consists of a 18 pL cell with a
laser light at 760 nm, two-light scattering detectors, one
at right angle and the other at low angle (~7°), a refractive
index deflection type detector with reference cell volume
12 pL and light emitting diode (LED) at 660 nm wave-
length, and a four capillary, differential Wheatstone bridge
configuration viscometer with bridge volume about 72 pL.
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Scheme 1. Synthesis of PCL-g-DAPE polymers.
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Fig. 1. '"H NMR spectra of (A) DAPE, (B) P(atN5CL), (C) PCL-g-DAPE.

The viscometry shear rate at a flow rate 3.0 mL/min in THF
is ~3000 s7!. The flow rate of PCL-g-DAPE in THF samples
was 0.5 mL/min that results in a lower shear rate.

The Viscotek GPC-MAX autosampler uses a fixed 200 pL
volume sample loop with variable injection volume syrin-
ges. It was programmed for two washes after each injec-
tion, and purging RI and DP cells five minutes before
each injection. The standard 2 mL clear glass, screw cap
vials were filled with 1.8 mL of a sample, then located in
the corresponding vial rack number. Both detector and
autosampler are controlled by a Dell PC running Omnisec
4.2 software. The GPC is equipped with two Viscogel-I
series mixed bed columns (7.8 mm x 30 cm), [-lMBLMW-
3078 for low molar mass polymers (>20,000 g/mol)
and [-MBHMW-3078 for higher molar mass polymers
(>10,000,000 g/mol). The columns and all detectors are
housed in the same thermostat oven at 50 °C. Differential
scanning calorimetry (DSC) experiments were conducted
on a DSC Q200 (TA Instruments). The samples were heated
from 25 to 200 °C and then cooled to —70 °C at a rate of
10 °C/min. The data were collected from the second heat-
ing cycle (—70 to 200 °C). The sample weight was ~8 mg
for each test, and the nitrogen flow rate was 40 mL/min.

3. Results and discussion
3.1. Refractive index increment

One of the physical properties of a polymer solution is
refractive index increment (dn/dc). The accuracy of molec-
ular weight determination by light scattering depends on
the accuracy of dn/dc. This parameter indicates the change
of refractive index versus concentration of a solution at a
given temperature and a given wavelength of light. Typi-
cally higher increment values of refractive index indicate
improved signal/noise ratio of light scattering detector
and therefore more accurate molecular mass determina-
tion. Accurate dn/dc values can be obtained by plotting
the refractive index of a polymer solution versus solution
concentration or various volume of the same solution

Table 1
Molecular characterizations of PCL-g-DAPE in THF at 50 °C.

Parameter Sample
A B C D E F

M, (kDa) 82.84 53.80 2823 2590 16.88 16.30
M,, (kDa) 100.53 59.50 36.59 3147 2120 17.50

MM, 121 110 130 121 126  1.08
[7] (ml/g) 1329 1070 849 724 586 474
Ry (nm) 414 383 356 357 322 242
R, (nm) 4665 3862 NA NA NA NA

dn/dc (ml/g) 0.0435 0.0737 0.0880 0.1126 0.0997 0.0987

injected to SEC-TAD. The values of dn/dc obtained for each
sample of PCL-g-DAPE are tabulated in Table 1.

Typically the values of dn/dc for most homo-polymers
are nearly constant in a wide range of molar mass at a
given temperature and solvent, like polystyrene in THF.
However, our PCL-g-DAPE polymers in THF at 50 °C exhibit
molecular weight dependent behavior of dn/dc, as shown
in Fig. 2. Hence, it was appropriate to evaluate each sample

0.12
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Fig. 2. A function of dn/dc versus M,, for PCL-g-DAPE samples in THF at
50 °C.
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by its own dn/dc value, rather than taken an average value
of dn/dc for all PCL-g-DAPE samples with different molecu-
lar weight.

3.2. Molecular weight characterization of PCL-g-DAPE

The molar mass of polymer samples was characterized
by an on-line two-angle light scattering using the chro-
matograms utilizing the dn/dc value of each sample. In
Fig. 3, the chromatograms showed the variation of PCL-g-
DAPE concentrations versus retention volume as detected
by four different detectors: DP, RALS, LALS, and RI. All are
symmetric and clean of sparks. The dispersity of all
samples was lower than 1.30. The precursor polymers
P(aCleCL) were prepared by ROP, which is a controlled
polymerization method and thus can make polymers with

low dispersity. The molecular weight information is sum-
marized in Table 1.

3.3. Intrinsic viscosity and molecular weight

The intrinsic viscosity [#] of a polymer in a dilute
solution is a measure of its hydrodynamic size and
conformation [26]. The widely used relationship between
[#] and My is the Mark-Houwink-Kuhn-Sakurada (MH)
relationship [27-29]:

] = K\M,, (1)

where the parameter v is a measure of the thermodynamic
power of the solvent and K, is a measure of the coil volume
under unperturbed conditions.
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Fig. 3. DP, RALS, LALS, and RI chromatograms of PCL-g-DAPE (samples A-F).
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Double logarithmic plot of MH for the dilute solution
viscosity is a common method to obtain the dimensions
of a polymer. A least-square line was fitted well into the
PCL-g-DAPE experimental data with v=0.543 and
K, =0.0268 (cgs units) (Fig. 4). The v value for PCL-g-DAPE
polymers is close to that for poly(methyl acrylate) (PMA)
and poly(3,5-dimethylphenyl acrylate) (PDMPA) in tolu-
ene, indicating they behave as a non-ideal solution. Signif-
icantly, the PCL-g-DAPE solution behavior is different from
the parent backbone polymer PCL, as shown in Table 2.

2.7
n

2.4
= 2.1 "
c
—

1.8 1

n
1.5
9.6 10.0 10.4 10.8 11.2 11.6
LnM,,

Fig. 4. The double logarithmic plot of intrisic viscosity versus M,, of PCL-
g-DAPE.

Table 2

Solution properties of PCL-g-DAPE. The same parameters of polycaprolac-
tone (PCL), atactic polypropylene (aPP), poly(methy acrylate) (PMA),
poly(isopropyl fumarate) (PPF), and poly(3,5-dimethylphenyl acrylate)
(PDMPA) are included for comparison.

3.4. Dependence of Ry, on molecular weight of PCL-g-DAPE

For flexible polymers, the radius of gyration (Rg%)"? is
proportional to M,,'/? at a 6 condition. In a good solvent,
the polymer coil volume expands, thus the relationship
changes to (R.%)'? ~ aM,,'/?, with o being the expansion
factor that is molecular weight dependent. Overall the gen-
eral relationship is described by the following equation:

(R)Y? = Ik, M, (2)

In a good solvent, both k, and 7 are a function of the sol-
vent quality and chain dimension [33]. Fig. 5 shows the
double logarithmic variation of average of R, and R, versus
M,, of the samples. The R, data is well-described by the fol-
lowing power law:

Ry, = 0.2422M°%>! 3)

For monodispersed rigid spheres, R, and R, radii are iden-
tical. For sufficiently long flexible polymer chains in good
solvents, these radii are expected to differ from one
another but to vary with molecular weight in the same
way. Le Guillou and Zinn-Justin [34] predicted the propor-
tionality of the R,~ M,% for polystyrene under the
asymptotic range of strong excluded volume effects. For
PCL-g-DAPE that is a random flexible polymer, the R, expo-
nent was 0.251, which is lower than the predicted value for
PS due to chemical differences in structure and influences
of solvent. Unfortunately, we could only obtain two reli-
able Rg values, probably due to the limited range of molec-
ular weight of these polymers.

3.5. Evaluation of conformational characteristics

Flory characteristic ratio C,, and steric factor ¢ are two
factors used to evaluate the rigidity of a polymer in solu-
tion. The C,, relates to the freely jointed model, in which
only bond lengths are fixed, whereas the mutual orienta-
tions of skeletal bonds are random. Therefore, the C., is
the random-coil limit of the ratio of the unperturbed
mean-square end-to-end distance of the real chain ((R%)o)
to a hypothetical free random flight chain ((R%)oo). This
reflects restrictions on all directional correlations of skele-
tal bonds in the real chain.

e
3
LnRg

Polymer v K, x 103 Solvent T (°C)
PCL-g-DAPE 0.543 26.8 THF 50
PCL [30] 0.700 29 THF 25
aPP [27] 0.71 27 Benzene 25
PMA [21] 0.553 56.4 Toluene 30
PPF [31] 0.981 0.52 THF 30
PDMPA [32] 0.555 487 Toluene 40
1.5 1
°
ey
uc: 1.2 4 o
i
09
T T
9.5 10.0 10.5

LnM

11.0 1.5

Fig. 5. Radius of gyration (Rg) and hydrodynamic radius (Ry) as a function of molecular weight for PCL-g-DAPE.
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The o reflects the effect of hindrance to free rotation of a
bond around the main chain bonds, defined as:

5 1/2

o (<R2 )o> (5)
(R)o

where (R?)¢s reflects the freely rotating state of a hypothet-

ical state of a polymer chain in which the bond angle

restrictions are retained, but the steric hindrance to inter-

nal rotation is allowed. The mean-square end-to-end dis-

tance of the freely rotating chain that consists of only
one kind of bond of length [ is: [35]

2 (1 —cos0)

2 _
(Ro)or = nl (1+cos0)

(6)
For polymer chains in an ideal solution, the value of (R%),
may be obtained directly from the intercept of the MHKS
plot. For non-ideal solutions, such as the case of PCL-g-
DAPE in THF at 50 °C, the unperturbed dimensions are
characterized by extrapolation methods using a number
of plots based on theoretical or semi-theoretical equations
developed for this purpose, i.e., applications of the
excluded volume equations to the molecular weight and
intrinsic viscosity of homologues series of polymers in a
good solvent. Stockmayer-Fixman [20] proposed one such
relationship for treating data covering the usual range of
molecular weights encountered in experiments:

M2 = Ky + 0.3460,BM2, 0<o® <16 @)

@ is Flory’s universal viscosity constant. For infinite molar
mass when [#7] expressed in mL/g, the theoretical value of
@ is 2.87 x 102> mol~! (cgs) [23]. For narrow molecular
weight distribution, the value of ®y=2.7 x 10%* is used
[27]. The expansion factor, o, of PCL-g-DAPE in THF was
estimated by:

o = [n]/KeM,/? (8)

where K, was estimated from the intercept of SF relation-
ship. The values of o were below 1.6 for all samples, there-
fore, Eq. (7) was applicable to the data. The plot of [#]M~"/?
against (M,)"? is shown in Fig. 6. The value of K, is esti-
mated by fitting a least-square straight line into data
points (except the very lower My). Table 3 shows the
molecular parameters of PCL-g-DAPE.

The constant K, of S-F relationship is related to the
unperturbed dimension of the polymer:

3/2
Ky = @, <<§;V>V°> 9)

The dimensional parameters of poly(methyl methacrylate)
(PMA), polypropylene (PP) polycaprolactone (PCL),
poly(diisopropyl fumarate) (PPF), and poly(3,5-dimethyl-
phenyl acrylate) (PDPMA) are included for comparison.
The obtained K,=0.035cm’g 32 mol” is lower than
of PMA, PDPMA and PCL. Therefore, the unperturbed

0.060
|
0.045 - .
_-,_——'——/'
Q L ]
<5 0.030 1
£
0.015
0.000

120 160 200 240 280 320
12
Mw

Fig. 6. Stockmayer-Fixman plot for PCL-g-DAPE samples in THF at 50 °C.
Table 3

Dimensional parameters for PCL-g-DAPE and others polymers, including K,
((R*)o/Mw)', @, C. and B.

Polymer Ky (cgs) ((RHo/My)'?(A) © C. Bx10%
PCL-g-DAPE  0.035 0.571 218 95 106
PCL 0.12 0.783 145 49  380°
a-PP 0.165 0.835 176 62 NJ/A
PMA 0.0948  0.706 213 9.0 289
PPF 0.0341 0502 326 106 191°
PDMPA 0.1040 0.728 314 197 191

¢ Calculated using reported intrinsic viscosity and molecular weight.

dimension of PCL-g-DAPE was smaller than other
mentioned polymers in THF, indicating that THF is a
good thermodynamic solvent for other polymers, and a
thermodynamically weak solvent for PCL-g-DAPE.

Another argument to justify the lower value of end-
to-end dimensions of PCL-g-DAPE in THF at 50°C is
concealed for the method of evaluation. Based on Eq. (7)
the plot of [5] M,,'? versus M,,"? should be linear only
for long enough chains (n > 10%), where the excluded vol-
ume parameter approaches its limit. A visual inspection
of Fig. 6 shows the lower-molecular-weight sample does
not meet these conditions. The data in general are scat-
tered; however, the plateau of the data at higher M,, is vis-
ible. Thus, precaution is necessary to evaluate dimensional
parameters based on the SF relationship under this condi-
tion. For an ideal solvent, the slope of the SF equation
should be zero. The slope observed for PCL-g-DAPE in
THF at 50 °C is not zero (2.7 x 1073). This corroborated
with the value of MH exponent (v =0.543), which indi-
cated the PCL-g-DAPE-THF system at 50 °C is near to an
ideal solution.

In the freely rotating model, rotation about the main
chain bonds is free. In this case, the conformation of
PCL-g-DAPE chains in THF can be characterized by the o
(Eq. (5)). The (R%), is obtained experimentally from of SF
relationship (Eq (9)). The value of ¢=2.18 for PCL-g-
DAPE-THF is tabulated in Table 3 along with PCL, other
acrylic and methacrylic polymers for comparison. The
higher ¢ value for PCL-g-DAPE-THF reflects the effect of
hindrance to free rotation, which falls in range of the o
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Fig. 7. DSC trace of PCL-g-DAPE polymer (sample F from Table 1).

values found for most of the acrylic flexible polymers
(1.5 < g < 2.5). For example, the ¢ value for PMA in tolu-
ene is 2.08. For more rigid acrylic polymers (PDMPA),
the o value is around 3 due to the effects of the orienta-
tion of the lateral groups. The ¢ value for PCL-g-DAPE in
THF was larger than the o value of PCL (1.45). This is
due to the effects of bulky lateral groups (DAPE) that
induce restrictions to the free rotation of main chain.

The value of C_, based on Eq. (4) for PCL-g-DAPE is also
tabulated in Table 3. The value of C,, =9.5 for PCL-g-DAPE
in THF at 50 °C falls within the C., values for atactic vinyl
polymers with aliphatic side chains, which are in the range
of 5<C,, <10. The value of C, of acrylic rigid polymers,
such as PDMPA in EA was found to be about 18.5-18.9;
therefore, the value of C,, of PCL-g-DAPE falls within flex-
ible polymers. The C, of PCL-g-DAPE in THF at 50 °C
(9.5) is larger than the C, of PCL (4.9). This reflects the
restriction induced by DAPE groups to the main chain of
PCL and corroborates well with the ¢ values of both
polymers.

One possible reason of the coil conformation of PCL-g-
DAPE may be due to the contribution from the flexible
spacer between the backbone and bulky substituted group.
In addition, differential scanning calorimetry analysis
(Fig. 7) showed that regardless of molecular weight, all
samples just exhibited glass transitions without the pres-
ence of melting, thus ruling out the possibility of crystal-
line (or liquid crystalline) properties from these polymers.

4. Conclusions

A series of resin acid-grafted PCL polymers (PCL-g-
DAPE) with different molecular weight were prepared by
a combination of ROP and click chemistry. The samples
were characterized by on-line two angle light scattering
and differential pressure viscosity to determine the charac-
teristic parameters of the polymer. The refractive index
increment dn/dc for PCL-g-DAPE samples was found to be
dependent upon the molecular weight of samples. The
PCL-g-DAPE system in THF at 50 °C was described well
with MH relationship, which indicates that PCL-g-DAPE

behaves similarly to the non-ideal solution of PMA in
toluene.

The steric factor ¢ (=2.18) of PCL-g-DAPE in THF at 50 °C
falls within the values of random flexible polymer chains
such as PMA. However, the ¢ Value of PCL-g-DAPE was lar-
ger than PCL due to restrictions to the polymer main chain
induced by bulky DAPE side chains groups. The Flory char-
acteristic ratio C,, (=9.5) of PCL-g-DAPE was also in the
range of the values for random coil macromolecules like
PMA. However, it is higher than more flexible polymers,
such as PCL, because the grafted DAPE side groups induce
restrictions to the free rotation of the main chain.
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