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Abstract The Lewis acid, titanium (IV) butoxide [15%
(w/w; catalyst/reactants)], was used to catalyze the con-
densation of 0.05 mol glycerol with 0.10 mol of succinic
acid, glutaric acid, and azelaic acid to produce oligomers.
The reactions were refluxed in dilute solutions of dimeth-
ylsulfoxide (DMSO) or dimethylformamide (DMF) for
24 h. The oligomers were obtained, on average, in 84%
yield and were soluble in polar organic solvents. Analysis
by gel permeation chromatography determined that the
oligomers had a number of average molecular weights (M,,)
ranging from 2,118 to 3,245 g/mol, with degrees of poly-
merization (DOP) ranging from 12.2 to 13.4 repeat units.
The oligomers had low polydispersities (M,/M,) that
averaged = 1.33. Degrees of branching were determined by
one-dimensional and two-dimensional "H NMR and '*C
NMR and varied from 25 to 80%. Like M, and the DOP
values, the degrees of branching were dependent on the
aliphatic chain length of the diacid. MALDI-TOF mass
spectrometry was used to detect ionated species that were
unique to branched molecules. It was also used to validate
NMR studies that suggested that some diacids were ter-
minated with dimethylamine, generated from the hydroly-
sis of DMF, by as much as 36%.
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Introduction

The principle co-product from the transesterification
process by which biodiesel is made is crude glycerol. For
every 9 kg of biodiesel produced, about 1 kg of crude
glycerol is formed [1, 2]. According to the National
Biodiesel Board, biodiesel production in the United States
increased dramatically from 500,000 gallons in 1999 to
over 700 million gallons in 2008. Commercial grades of
glycerol suitable for applications in the food, drug,
cosmetic, and tobacco industries are available but there is
no additional need for glycerol in those markets. It is
therefore important to find new outlets for biodiesel-
derived glycerol in an effort to curtail glycerol waste and
decrease biodiesel production costs by adding value to the
glycerol co-product [3-7].

Glycerol-based polymers could serve as an outlet for
excess glycerol if appropriate uses can be identified. One
benefit to synthesizing polymers from glycerol is that
several molecules of glycerol will be consumed at once.
However, very little literature on producing polyglycerols
with glycerol-derived repeat units is available because
glycerol is not as popular as some other multifunctional
acyl acceptor reagents, such as glycidol, as a major prop-
agating unit [1, 8].

Since glycerol is a trifunctional monomer, it can be used
to synthesize hyperbranched polymers. Hyperbranched
polymers are related to the family of highly branched
molecules known as dendrimers. Dendrimers are highly
branched monodispersed macromolecules typically pro-
duced by multi-step syntheses whereas hyperbranched
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polymers are randomly branched macromolecules typically
prepared by a simple one-step reaction. Hyperbranched
polymers commonly exist as AB, branched polymers
where A and B represent different functional groups
[9-13]. AB, monomers are not readily available but kinetic
calculations show that the first condensation reaction
between A, and B; monomers produces an AB, dimer that
is functionally equivalent to an AB, monomer. This con-
densation is faster than subsequent polymer propagation;
therefore, the remainder of the reaction progresses as
polycondensations between AB, type species prior to the
gel point.

One of the earliest studies on hyperbranched polymers
was performed by Flory [14], in which he described the
critical gel-point for AB, hyperbranched polymers pro-
duced from AB, monomers. Since that time, several
methods have been employed to avoid gelation in direct
condensation reactions between of di-functional (A,)
monomers such as diacids and tri-functional (B3) mono-
mers such as glycerol by performing the reactions in dilute
solutions [9, 12, 13] or by reacting them in the absence of
solvent while monitoring the viscosity of the system [10].
Others have shown that gelation, branching, and molecular
weight can be controlled by lipase-catalyzed, bulk
polycondensations [11].

We have reported results supporting the production of
linear and branched poly(diacid—glycerol) oligomers. Pre-
vious research, including results from our laboratory, has
been reported on the neat synthesis of diacid—glycerol
oligomers [10, 15]. Further research in this area is currently
ongoing in our laboratory in a continuing effort to find new
uses for glycerol. This paper describes reactions that were
performed in aprotic polar solvents (DMSO or DMF) to
determine if increased branching and elongation of the
propagating chains could be achieved before the gel point
was reached [9, 12, 13]. Esterification reactions between
glycerol and diacids are typically run above 150 °C.
Accordingly, these solvents were chosen because they have
boiling points that are high enough to facilitate esterifica-
tions and are sufficiently polar to dissolve the reactants.
Aprotic polar solvents such as these are also generally not
expected to participate in acid-catalyzed nucleophilic
substitution reactions because they are unable to form
hydrogen bonds with the nucleophile.

Glycerol-based polymers are expected to render new
surgical materials that are useful in orthopedic and oph-
thalmic applications, reconstructive surgery and as drug
delivery agents [16-18]. These biocompatible polymers
also are of interest for their potential uses as cosmetics,
food additives, surfactants, lubricants, and azeotropic phase
separators [19]. Previous research, including results from
our laboratory, has been reported on the neat synthesis of
linear and branched oligo(glycerol—diacid)s [10, 15]. This
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study is intended to provide an additional demonstration of
the potential for using monomeric glycerol as a propagat-
ing monomer by synthesizing polyesters in a polar solvent
with the intent to reduce or eliminate the production of
crosslinked polymers.

The advantage of making oligomers by the method
described here is two-fold. It addresses the need for co-
product (glycerol) utilization while producing oligomers
that are not crosslinked. In the absence of crosslinks,
oligomeric products have the ability to be further processed
for use in many applications. Because non-crosslinked
resins are soluble, they can be used as additives in such
things as paints and varnishes or they may be further
polymerized or functionalized for use as adhesives, rub-
bers, and foams. Toward this goal, a series of diacids was
reacted with glycerol in polar solvents and the character-
istics (yields, molecular weights, degrees of polymeriza-
tion, degrees of branching) of the polymers obtained.

Materials and Methods
Materials

Azelaic acid (98%), glutaric acid (99%), and reagent
grades of glycerol (99.9%), titanium (IV) butoxide
[Ti(OC4Ho)4] (97%) and N,N-dimethylformamide (DMF
>99.9%) were purchased from Sigma-Aldrich (St. Louis,
MO). HPLC grades of acetone, chloroform, and acetoni-
trile were purchased from J.T. Baker (Phillipsburg, NJ).
Spectroscopic grade dimethylsulfoxide (DMSO 99.9%)
and succinic acid (99%+) were from Aldrich Chemical Co.
(Milwaukee, WI). Deuterated nuclear magnetic resonance
(NMR) solvent, dimethylsulfoxide-ds, was ordered from
Cambridge Isotope Laboratories (Andover, MA). Polysty-
rene standards (Easycal A) were obtained from Polymer
Laboratories (Amherst, MA) and a series of mono-, di-, and
tri-oleins and palmitates were obtained from Nu-Chek
Prep, Inc. (Elysian, MN).

Polymerizations in Dilute Solutions

A diacid (0.10 mol) was added to DMF or DMSO (90 mL)
and stirred at room temperature until the solid was com-
pletely dissolved. DMSO or DMF (45 mL), glycerol
(0.05 mol) and 0.15% w/w (titanium IV) butoxide (catalyst/
reactants) were placed in a 3-neck 250-mL round bottom
flask and heated to 150 °C. Heat was provided by an oil bath
wrapped with a heating strap controlled by a variable AC
transformer. The diacid mixture subsequently was added
drop-wise over a 2-h period and once it was all added, the
mixture was allowed to react for another 22 h at 150 °C. The
solvent was removed from the crude reaction products by
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rotary evaporation. Qualitative solubility studies using var-
ious solvents revealed that chloroform could be used to
extract the oligo(glycerol-azelaic acid) from unreacted
azelaic acid. Once the unreacted azelaic acid was filtered off
and weighed, the filtrate solution was condensed via rotary
evaporation. The resulting product was washed three times
with water to remove residual catalyst and glycerol, lyoph-
ilized and weighed. Qualitative solubility studies did not
reveal solvent systems suitable for the extraction of the
oligo(glycerol-succinic acid) and the oligo(glycerol—
glutaric acid) products from the starting materials. There-
fore, the DMF or DMSO was removed from the product via
rotary evaporation, lyophilized and weighed.

Gel Permeation Chromatography

Gel permeation chromatography (GPC) was performed on a
Polymer Laboratories (Amherst, MA) PL-GPC 120 high
temperature chromatograph equipped with a refractive index
detector. Succinic acid—glycerol, glutaric acid—glycerol, and
azelaic acid—glycerol oligomers were dissolved in THF in
concentrations of approximately 10~* mg/mL, and
20-30 mL were injected onto a Polymer Laboratories
(Ambherst, MA) PLgel 5 uM guard (50 x 7.5 mm) and two
Polymer Labs PLgel 3 pyM MIXED-E (300 x 7.5 mm)
columns. A Holland spark Midas auto-sampler was
employed. Data were collected and processed on a Windows
98 Micron Pentium 2 computer running Cirrus GPC online
GPC/SEC software, version 1.11. Chromatographic runs
were made using an isocratic flow rate (1 mL/min) of tet-
rahydrofuran at 40 °C. All parameters, including M,, M,,,
and PDI, were calculated by the Cirrus software using a third
order polynomial derived from a standard curve. The stan-
dard curve was generated from a series of polystyrene
molecular weight standards and a series of mono-, di-, and
tri-oleins and palmitates.

Mass Spectrometry

Matrix-assisted laser desorption/ionization with time of
flight (MALDI-TOF) mass spectra were acquired with a
4,700 Proteomics Analyzer mass spectrometer (Applied
Biosystems, Framingham, MA) in the positive reflector
mode with a 200-Hz Nd-YAG 355-nm laser. Spectra were
obtained by averaging 1,000 acquired spectra in the MS
mode. An aliquot (1 pL) of polymer solution (1 mg/mL in
H,0) was mixed with 24 pL of 2,5-dihydroxybenzoic acid
(DHB) matrix solution (10 mg/mL, acetonitrile—water
50:50 v/v) and 0.5 pL of the resulting solution was spotted
on the MALDI plate for analysis. The TOF analyzer in the
reflectron mode can provide a resolution between 15,000
and 20,000 full width half-maximum (FWHM) with error
in the mass determination below 50 ppm.

Nuclear Magnetic Resonance

All solution-state NMR spectra were recorded at 9.4 Tesla
on a Varian (Palo Alto, CA) INOVA NMR Spectrometer
operating at 27 °C, using a 5-mm indirect-detect probe with
Z-axis pulsed field gradient. All samples were dissolved in
de-DMSO and referenced to the residual solvent. The 1D
proton ("H) spectra (400 MHz) were acquired with a spec-
tral width of 6,000 Hz, a 90° pulse angle and a 2.5-s relax-
ation delay. The '*C spectra (100 MHz) were acquired with
a spectral width of 25-30 kHz, a pulse angle of 45°, a
relaxation delay of 20 s, 128 k data points, and 6-18 k
transients. To allow for accurate integration of '*C signals,
these 1D-'3C spectra were recorded with proton decoupling
only during the acquisition periods (“inverse-gating”), to
avoid non-uniform enhancement of carbon signals from
proton NOE effects. In addition, a delay of 20 s (greater than
5 times the longest carbon T), and a small excitation angle
of 45°, were employed to ensure that virtually all '*C atoms
returned to their equilibrium states after each excitation.

Resonance assignments utilized the distortionless
enhancement polarization transfer (DEPT) spectra, as well as
2D-NMR. A fully edited DEPT experiment was run using the
standard flip angles of 45°, 90°, and 135°, followed by
mathematical manipulation to generate separate CH, CH,,
and CH; '°C spectra. The 2D-NMR studies included gradient
enhanced versions of correlation spectroscopy (COSY),
Heteronuclear Single Quantum Correlation (HSQC) or Het-
eronuclear Multiple Quantum Correlation (HMQC), Hetero-
nuclear Multiple Bond Correlation (HMBC) (8 and 16 Hz
coupling) and Total Correlation Spectroscopy (TOCSY) (80-
ms mixing time). The proton homonuclear COSY and
TOCSY (80-ms mixing time) 2D experiments were recorded
with spectral widths of 6 or 8 kHz in both dimensions, using
4,096 points in the directly detected dimension, and 512
increments in the second dimension; 16 transients per fid were
collected with a 2-s delay between scans.

The 'H-'>C heteronuclear experiments, HSQC, HMQC,
and HMBC (8 and 16 Hz coupling), were recorded using 4,096
data points and spectral widths of 6 or 8 kHz in the proton
dimension (directly detected). For the carbon (indirectly
detected) dimension, 512 increments were acquired with a
spectral width of 25 or 30 kHz, a 2-s delay between scans, and
32 or 64 transients per fid. All 2D spectra were analyzed using
SPARKY 3 [20] NMR assignment and integration software.

Results and Discussion
Polymerizations in Dilute Solutions

Oligomers resulting from the copolymerization of glycerol
with diacids having three different carbon chain lengths
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Fig. 1 Hyperbranched oligomers produced from the condensation of
diacids with glycerol n = 2 oligo(succinic acid—glycerol), n = 3
oligo(glutaric acid—glycerol), n = 7 oligo(azelaic acid—glycerol).
X=H or Ester linkage to glycerol, R=H or Ester linkage to diacid

were synthesized (Fig. 1). Consistent with previous studies
of this type [10, 15], gelation was controlled by reaction
time and/or reactant concentration. Purification and char-
acterization of the oligomers were performed based on the
solubility differences of the individual oligomers. Quali-
tative solubility studies were performed for the neat glu-
taric acid—glycerol product to determine the most effective
method for product extraction and characterization by
spectroscopic analysis. As expected, the glutaric acid—
glycerol product conformed to the previously reported
solubility trend for oligo(glycerol-succinic acid) and
oligo(glycerol-azelaic acid) [15]. Water solubility of the
oligomers decreased with increasing chain length of
the diacid monomers used in preparing the oligomers. The
glutaric acid—glycerol product was soluble in polar solvents
such as acetonitrile and methanol but insoluble in non-
polar solvents such as toluene.

The reactions conducted in dilute solutions gave poly-
mer yields, on average, of 84% based on the weights of the
starting materials and final product. The mass balance is
likely due to the loss of small volatile anhydrides and the
loss of water. Additionally, up to 6% of unreacted starting
material was recovered by extraction of the azelaic acid
product with chloroform. It was difficult to remove the
solvent from the dark, tar-like DMSO-derived oligomers;
whereas, DMF-derived products were amber in color and
did not have any odor due to residual solvent. Therefore,
further analysis was focused on DMF-derived products.

Attempts to perform analogous neat reactions for the
purpose of comparison resulted in solid materials that
were insoluble and; therefore, could not be analyzed by
MALDI-TOF mass spectroscopy or GPC. The neat-
derived products swelled in the presence of solvent and
were characterized by NMR showing significant increases
in degrees of branching. This data will be included in a
forthcoming paper that will compare the physical and
mechanical properties of neat and solvent-derived hyper-
branched polyesters. Previously published molecular
weights for neat-derived hyperbranched oligo(diacid—
glycerol)s [15] were inappropriate for comparison here
because significantly longer reaction times were used in
these experiments.
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Table 1 M, as determined by gel permeation chromatography (GPC)
data for glycerol-based oligomers

Co-monomer M, DOP PDI
Succinic acid 2,118 12.2 1.06
Glutaric acid 2,402 12.8 1.09
Azelaic acid 3,245 134 1.84

M, number average molecular weight, PDI polydispersity index,
DOP degree of polymerization

GPC Analysis

Table 1 lists the number average molecular weight (M,,),
polydispersity and degree of polymerization for each oli-
gomer as determined by GPC. The average molecular
weights, M,,, for the reactions performed in dilute solutions
ranged from 2,188 Da for succinic acid-derived oligomers
to 3,245 Da for azelaic acid-derived oligomers with rela-
tively low polydispersities. Owing to the differences in the
molecular weights of the diacid monomers, the best way to
determine the extent of reaction is to normalize the
molecular weights by determining degrees of polymeriza-
tion. Such comparisons show that the degrees of poly-
merization for the three diacids with glycerol were similar,
ranging from 12.2 (succinic acid-derived oligomers) to
13.4 (azelaic acid-derived oligomer). This trend suggests
that the length of the aliphatic unit of the diacid chain has a
positive affect on the degree of polymerization.

MALDI Analysis

MALDI-TOF mass spectroscopy was used in these exper-
iments to prove the presence of branched species. If
branched products are formed as the result of esterification
at the primary and secondary glycerol hydroxyl groups, the
spectrum of the branched trisubstituted oligomers will
show characteristic ion masses that differ from those of the
linear disubstituted structures (Tables 2, 3, 4, 5). The
addition of glycerol at the terminal carboxylic acids of
branched structures will produce isomeric structures
indistinguishable by mass spectrometry from the linear
polymers. However, the presence of some branched species
is easily detectable because their molecular weights cannot
be duplicated by linear structures. Structures having more
than two free acid functionalities at the end-terminals can
occur only after branching.

Previous MALDI-TOF spectra of polymer samples
produced after reacting succinic acid or azelaic acid as a
copolymer with glycerol, produced masses that matched
the calculated weights of branched and linear oligomeric
species [15]. These masses were separated by 174 and
244 Da, respectively. The mass differences were consistent
with the elongation of oligomeric chains with repeating
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Table 2 Calculated nominal masses for the glutaric acid (A)-glycerol (G) linear polymerization
n A-G—(A-G),~A A-G—(A-G),~A-G G—(A-G),~A-G

M + Na)*™ M + K)* M + Na)™ M + Kt (M + Na)™ M + K)*
1 531.17 547.14 605.21 621.18 491.17 507.24
2 719.24 735.21 793.27 809.25 679.24 695.31
3 907.30 923.28 981.34 997.32 867.31 883.37
4 1,095.37 1,111.35 1,169.41 1,185.38 1,055.38 1,071.44
5 1,283.44 1,299.41 1,357.48 1,373.45 1,243.45 1,259.51
6 1,471.51 1,487.48 1,545.55 1,561.52 1,431.51 1,447.58
7 1,659.58 1,675.55 1,733.61 1,749.59 1,619.58 1,635.65
8 1,847.64 1,863.62 1,921.68 1,937.66 1,807.65 1,823.71
9 2,035.71 2,051.69 2,109.75 2,125.72 1,995.72 2,011.78
Table 3 Calculated mass for the succinic acid (A)—glycerol (G) linear polymerization
n A-G—(A-G),~A A-G—(A-G),~A-G G—(A-G),~A-G

M + Na)* ™M + K* M + Na)* ™M + K)* M + Nay* M + K)*
1 489.12 505.10 563.16 579.13 637.20 653.17
2 663.18 679.15 737.21 753.19 811.25 827.22
3 837.23 853.20 911.27 927.24 985.30 1,001.28
4 1,022.28 1,038.26 1,085.32 1,101.29 1,159.36 1,175.33
5 1,185.34 1,201.31 1,259.37 1,275.35 1,333.41 1349.38
6 1,359.39 1,375.36 1,433.43 1,449.40 1,507.46 1,523.44
7 1,533.44 1,549.42 1,607.48 1,623.45 1,681.52 1,697.49
8 1,707.49 1,723.47 1,781.53 1,797.51 1,855.57
9 1,881.55 1,955.58
Table 4 Calculated mass for the azelaic acid (A)-glycerol (G) linear polymerization
n A-G—(A-G),~A A-G—(A-G),~A-G G—(A-G),~A-G

(M + Na)* M+ K7t (M + Nay* M+ K" (M + Na)* M+ K"
1 455.24 471.21 773.39 789.37 603.30 619.27
2 699.37 715.34 1,017.53 1,033.50 847.43 863.41
3 943.50 959.47 1,261.66 1,277.63 1,091.56 1,107.54
4 1,187.63 1,203.60 1,505.79 1,521.76 1,335.69 1,351.67
5 1,431.76 1,447.73 1,749.92 1,765.89 1,579.82 1,595.80
6 1,675.89 1,691.87 1,994.05 2,010.02 1,823.96 1,839.93
7 1,920.02 1,936.00 2,238.18 2,254.15 2,068.09 2,084.06
8 2,164.15 2,180.13 2,482.31 2,498.29 2,312.22 2,328.19
9 2,408.28 2,424.26 2,726.44 2,742.42 2,556.35 2,572.32

units in the form —(A-B)—; where A represents a diacid unit
and B represents a glycerol unit.

New spectra of oligomers produced by the condensation
of glutaric acid with glycerol also showed characteristic
masses that were consistent with elongation of oligomeric
chains separated by 188 Da due to repeating units in the
form —(A-B)-. Masses determined with MALDI-TOF for

the individual oligomeric chains of diacid—glycerol prod-
ucts correlated, within experimental error, with the calcu-
lated mono-isotopic masses of the linear and branched
oligomeric structures reported in Tables 2, 3, 4 and 5.
MALDI-TOF mass spectral data are not valid below
500 Da due to matrix interference; therefore, the reported
masses only include oligomeric structural masses above
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Table 5 Suggested structures and predicted mono-isotopic masses of the sodium and potassium adducts for the branched form of co-oligomerized

diacids (A) with glycerol (G)

Entry Suggested oligomeric structure Succinic acid Glutaric acid Azelaic acid
M + Na)* M + Na)* M + Na)*
™M + K* M + K M + K
| A _ _ 625.33
A—G 641.30
AYN
2 A 589.14 645.20 869.45
A—G—A—G 605.11 661.17 885.43
AYN
3 A 689.16 759.23 1,039.56
A—G 705.13 775.20 1,055.53
A—G AN
AYN
4 /A 763.19 833.27 1,113.58
A—(G—A)—G 779.17 849.24 1,129.56
A
5 A 863.21 947.30 1,283.68
A—G 879.18 963.27 1,299.65
A—G—A—G AN
AYN
6 A 937.25 1,021.34 1,357.71
A—(G—A)—G 953.22 1,037.31 1,373.69
AYN
7 / A 963.23 1,061.33 1,453.79
A—G A
/ \ / 979.20 1,077.30 1,469.76
A—G A—G
AN AN
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Table 5 continued

Entry Suggested oligomeric structure Succinic acid Glutaric acid Azelaic acid
(M + Na)* (M + Na)* (M + Na)™
M + K)* M + K" M+ K"
8 / A 1,037.26 1,135.37 1,527.81
A—G 1,053.24 1,151.34 1,543.78
A—(G—A)—G AYN
A
9 A 1,111.30 1,209.40 1,601.84
A—(G—A)—G 1,127.27 1,225.34 1,617.82
Na

Only masses above 500 Da are reported

# Tons not detected by MALDI-TOF analysis of the oligomeric product

500 Da. Nonetheless, the most intense ions for these
oligomeric products were closer to the lower limit of
500 Da, while no ions were detected above 2,500 Da.
The mass spectra of the oligomeric products confirm the
presence of branched species. For example, the presence of
calculated masses (Table 5) that are unique to branched
molecules of the azelaic acid-derived product are detected by
he MALDI-TOF spectrum for oligo(azelaic acid—glycerol)
(Fig. 2). There was evidence of crosslinking as shown by
some species differing by 18 Da, indicating the loss of one
water unit. However, given the reaction conditions and ease of
solubility, the degree of crosslinking is assumed to be mini-
mal. Large cyclic cavities in the middle and the ends of

64H.31

100

80 1
= ] g
g g
o 5 b
: 8 b g
40 A g «
R ks
18
[i=]
20 4
B
w
1 8
o LML L |
800 1000 1400

oligomer chains, as seen in the synthesis of iminodiacetic
acid—glycerol oligomers [15], were not observed.

NMR and Degree of Branching Analysis

The diacids may react with the glycerol at any of its three
different alcohol positions. Depending on which combi-
nations of primary and secondary alcohols react, the hy-
perbranched structure may consist of glycerol units which
are trisubstituted dendritic (D), disubstituted linear (L), or
terminal (7). Each of these general categories may be sub-
categorized as depicted in Fig. 3. While MALDI-TOF
mass spectroscopy can prove the presence of branched

1800 2200 2600

Mass [miz)

Fig. 2 Representative MALDI-TOF mass spectrum of K* and Na™ adducts of oligo(azelaic acid—glycerol)
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species, it is not a reliable method for determining the
percentage of a molecule that is branched [21]. NMR
spectroscopy, however, can determine how many glycerol
units have reacted and at which of the primary or secondary
alcohol positions the diacids are located. Therefore, it can
characterize the types of branching patterns and measure
their relative occurrence. This information can be sum-

marized as a degree of branching ratio (DB%).
L(1,2): L(1,3): D: )
y¢=0 y¢=0
0 o OH o o 0

C-O-CH;-CH-CHy-OH  -C-O-CHp-CH-CHp-0-C-  -C-O-CH,-CH-CHp-0-C-
X a b ¢ x a b c z X a b c z
T(1,3): TG:
y6=0
0 0 OH
HO-CH,-CH-CH,-OH -C-0-CHy-CH-CH,-OH
a " b c X a b c

Fig. 3 Substitution patterns for the glycerol backbone after reaction
with one or more diacids. Carbons are labeled according to their NMR
spectral assignments, where a, b, and c refer to the carbons at glycerol
branch-points, and x, y, and z refer to diacid carbons

CH2 (a,c) —m

Succinic

76 74 72 70 68 66 64 62 60 58

Glutaric

76 74 72 70 68 66 64 62 60 58

Azelaic

78 76 74 72 70 68 66 64 62 60 58
3¢ (ppm)

Fig. 4 Expanded inverse gated '*C-NMR spectra of the indicated
diacid copolymerized with glycerol
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Determining the degree of branching (DB%) by NMR
relies upon the ability to distinguish between the different
glycerol units by accurately assigning the carbons at each
of the glycerol branch points and the terminal positions as
also shown in Fig. 3 (labeled C,, Cy, and C.). The 3¢
NMR resonance peaks for these units were then assigned
(Fig. 4), integrated, and used to calculate the degree of
branching according to Eq. 1 [10, 11, 22-26]:
2D

2D + <L172 + L173)

DB% = x 100 (1)
where D refers to the integrated NMR intensity of the
dendritic branching pattern, and L;, and L, 5 refer to the

intensities of the two types of linear substitution patterns
(Fig. 3).

Table 6 Experimentally determined NMR resonance assignments
for glycerol branching patterns shown in Fig. 3

D Ly Lis Tc T3
Succinic
H, 4.24 4.22 4.04 4.03 3.52
H, 5.23 4.99 3.92 3.69 4.77
H. 4.24 3.55 4.04 3.39 3.52
C, 62.05 62.50 65.16 65.94 59.75
C, 68.94-69.07 72.35 66.13 69.41 75.97
C. 62.05 59.45 65.16 62.70 59.75
C.=0 171.7 171.9 171.9 172.0 -
C,=0 171.4 171.3 - - NA
C.=0 171.7 - 171.9 - -
Glutaric
H, 4.25 4.22 4.05 4.03 3.52
H, 5.25 5.01 3.92 3.69 4.79
H. 4.25 3.55 4.05 3.39 3.52
C, 61.87 62.31 65.05 65.61 59.69
C, 69.10 72.27 66.56 69.43 75.68
C. 61.87 59.50 65.05 62.98 59.69
C= 172° 171.9 172% 172% -
Cy= 171.8 172.1 - - NA
C.=0 172° - 172° - -
Azelaic
H, 4.20 4.18 4.01 4.00 3.49
H, 5.21 4.97 3.89 3.66 4.75
H. 4.20 3.52 4.01 3.37 3.49
C, 61.88 62.35 64.86 65.57 59.92
Cp 68.93 72.00 66.31 69.48 75.52
C. 61.88 59.58 64.86 62.88 59.92
C=0 172.6 172.7 172.8 173.0 -
C,=0 172.3 172.4 - - 172.8
C=0 172.6 - 172.8 - -

NA Not assigned
4 Not all of the peaks are visible on the scale depicted in the Figures

® Spectral overlap inhibited more accurate resonance assignment



J Am Oil Chem Soc (2010) 87:1359-1369

1367

54 52 50 48 48
%81 HSQC %
D:Ch-Hb
70 1 70
E 72 : L(1,2):Cb-Hb 72
= 74 | 74 =
(&)
: -
76 | | T(1,3):Cb-Hb 76
| d
| l l
| ! !
172{ HMBC | | 172
- | )
§1“ ?@ %3 ' 174 O
~ i
o [
o D:Cy-Hb
° 176 y \ 178
LA2:CHHD 14 3ycyHo
178 178
54 5.2 5.0 48 48

H (ppm)

42 40 38 36 34

T(1,3):Cac-Ha,
HSQC L(1,2):Cc-Hc_(~)L AT
62 , 62
D:Ca,c-Ha,c
o Te:Cc-He

_ 64 ;ab—b‘L(LZ).Ca Ha L 64
§ L(13):CacHac " o
5 4 ® z

Tg:Ca-Ha

é’ -_;4.. L(1,3):Cb-Hb o

68 lq‘ 68

70 ! Te:Ch-Hb 70

|

72 | 72

172 : HMBC |17
g 174 L»L(1,3):Cx,z-Ha,c 174 O
~ 7 il
‘9 (&)

- 176 D:Cx,z-Ha,c Tg:Cx-Ha 176

L(1,2):Cx-Ha
178 178

42 4.0 38 36 34

Fig. 5 The 2D-gHSQC and gHMBC (8 Hz) of the azelaic polymer, demonstrating the carbon—proton correlations across the ester oxygen

In this work, the complete assignment of the resonances
was determined by analysis of the '*C-DEPT and 2D-NMR
spectra to determine the through-bond chemical connec-
tivities within the polymers. This approach is superior to
assignments based solely on chemical shift analyses, which
are less reliable and can be misleading. 'H- and '">*C-NMR
assignments for the glycerol region are listed in Table 6.
A review of the literature reveals that the exact assignment
of the carbons, and in particular, that of T versus L; »,
may be dependent upon the chemical composition of the
branched chains. Thus, the HMBC experiment was of
particular importance, as it definitively established the
chemical connectivity from the carbonyl carbons of the
diacid to the glycerol carbons, through the ester linkage
(Fig. 5). The resulting assignments are largely consistent
with those of the polymers studied by Kulshrestha et al.
[11], but differed from those studied by Stumbe and
Bruchmann [10].

It was observed that the amount of L;, branching
increased with increasing diacid length, and that shorter
diacids yield greater amounts of dendritic branching
(Table 7). The succinic and glutaric oligomers show two
peaks near 69 ppm (Table 6), which are attributed to
standard dendritic branching, as well as crosslinking, As
we could not distinguish between these two types, they
were integrated together for the purpose of calculating the
degree of branching. These extra peaks are not seen in the

Table 7 Relative amounts of dendritic, linear, and terminal units
present in oligo(glycerol-diacids) as determined from integrated
'3C NMR resonance peaks

Diacid D L] 2 L] 3 TG T] 3 DB%
Succinic 66 7 26 3 ND 80
Glutaric 32 17 37 13 ND 54
Azelaic 10 19 39 32 ND 25

Degree of branching (DB) is calculated using Eq. 1
ND Not determined

azelaic acid derivative. It is likely that such crosslinking
(and possible cyclization) occurs more easily with the
smaller diacids.

DMF Reactivity with Propagating Oligomer Chains

The NMR spectra revealed resonances that could be
attributed to the presence DMF that had reacted with the
oligomer chains, as well as of unremoved (free) DMF.
Analysis of the two-dimensional HMBC spectra indicated
that some chains terminated with —CH,—C(O)-N(CHs),.
This was evidenced in the HMBC spectra by through-bond
couplings between the methyls of the —-N(CH3), and the
adjacent diacid CH,, through the diacid carbonyl. DMF is a
useful common organic solvent because it is a resonance
stabilized molecule with a low dissociation constant.

&) Springer AOCS &
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Scheme 1 Proposed
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However, in the presence of water, DMF hydrolyses to
form dimethylamine (DMA) and formic acid. It is likely
that water produced from the esterifications caused the
hydrolysis of DMF, which enabled the production of these
DMA-terminated polyesters, as shown in Scheme 1.

The resonances of the bound DMA and free DMF were
determined by spiking the samples with a small aliquot of
pure DMF. It was possible to determine the extent of
overall DMA incorporation by comparing the integrated
areas of the —N(CH3), methyl protons to those of the
central CH, in the diacid chains. This ratio revealed that
only a small percentage of the azelaic acid-derived oligo-
mers reacted with DMF (~4%), while succinic acid-
(14%) and glutaric acid- (36%) derived oligomers showed
higher degrees of DMF reactivity to the polymer. This
putative chain-length dependence may be important in
future analyses, as they may correlate directly to the
esterification rate of each diacid with glycerol.

Analysis of the MALDI-TOF mass spectrometry data
also indicated that the masses detected for the ionated
polyester species represented molecules that were DMA-
terminated. This is observed in the MALDI-TOF mass

&\ Springer ANOCS &

spectroscopy as a net MW increase of 27 corresponding to
the replacement of the hydroxyl group from the diacid with
the dimethyl amine. Ionated species corresponding to for-
mic acid-terminated glycerols were not detected.

Summary

Oligo(diacid—glycerol)s were successfully synthesized in
DMEF. These oligomers were soluble in many polar sol-
vents which suggest that crosslinking was avoided or
present in negligible quantities for 24-h reactions.
Although not discussed in detail, neat reactions performed
under similar conditions gave solid, insoluble materials that
have characteristics consistent with crosslinked products.
Compared to DMSO, DMF was found to be a good solvent.
DMSO could not be effectively removed from the dark, tar-
like products that resulted when it was used as a solvent.
Conversely, DMF was easier to remove and produced
clear, amber, viscous, liquids. Increasing the diacid chain
length appears to be a primary factor in influencing
increased degrees of branching; however, explanations for
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this effect is beyond the scope of this work. The termina-
tion of the oligomers by the addition of dimethylamine
demonstrates the ability to stop chain propagation. In future
studies, this may allow added control of the physical and
mechanical properties of such hyperbranched polymers by
using the appropriate stoichiometric amount of a solvent or
monofunctional monomer to incorporate terminal func-
tionalities. The presence of DMA-termination observed in
these studies is an indication that DMF is being hydro-
lyzed. Therefore, the removal of water from the system (i.e.
by the use of molecular sieves) could eliminate or control
the incorporation of DMA into the product.

Acknowledgments The technical assistance of Pamela S. Fox here
at ERRC and Jill K. Winkler, Daniel A. Knetzer, and Kenneth Doll
from NCAUR (Peoria, IL) is acknowledged.

References

1. Gunstone FD, Henning MPD (2004) Glycerol—an important
product in the oleochemical industry. Lipid Technol 16:177-179

2. Dasari MA, Kiatsimkul PP, Sutterlin WR, Suppes GJ (2005)
Low-pressure hydrogenolysis of glycerol to propylene glycol.
Appl Catal A Gen 281(1-2):225-231

3. Brown DA, Bishop J, Halliwell SN (1999) Glycerine as an
alternative dielectric medium. IEE Colloq (Digest) 30:31-33

4. Demirbas A (2000) Conversion of biomass using glycerin to
liquid fuel for blending gasoline as alternative engine fuel.
Energy Convers Manag 41(16):1741-1748

5. Kochegarov VM, Belitskaya TB (1971) Electrodeposition of
indium-antimony alloys from chloride tartrate solutions in glyc-
erol. Zh Prikl Khim 44(2):452-454

6. Koller M, Bona R, Braunegg G, Hermann C, Horvat P, Kroutil
M, Martinz J, Neto J, Pereira L, Varila P (2005) Production of
polyhydroxyalkanoates from agricultural waste and surplus
materials. Biomacromolecules 6(2):561-565

7. Yang DF, Wei YT, Du LQ, Huang RB (2004) Advances in
production of 1,3-propanediol by pathway engineering. Mod
Chem Ind 24(11):24-26

8. Sunder A, Hanselmann R, Frey H, Mulhaupt R (1999) Controlled
synthesis of hyperbranched polyglycerols by ring-opening mul-
tibranching polymerization. Macromolecules 32:4240-4246

9. Lin Q, Long TE (2003) Polymerization of A, with B; monomers:
a facile approach to hyperbranched poly(aryl ester)s. Macro-
molecules 36:9809-9816

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Stumbe J-F, Bruchmann B (2004) Hyperbranched polyesters
based on adipic acid and glycerol. Macromol Rapid Commun
25:921-924

Kulshrestha AS, Gao W, Gross RA (2005) Glycerol copolyesters:
control of branching and molecular weight using lipase catalyst.
Macromolecules 38:3193-3204

Jikei M, Kakimoto MA (2001) Hyperbranched aromatic polya-
mides prepared by direct polycondensation. High Perform Polym
13:33-43

Fang J, Kita H, Okamoto K (2000) Hyperbranched polyimide for
gas separation applications. 1. Synthesis and characterization.
Macromolecules 33:4639

Flory PJ (1952) Molecular size distribution in three dimensional
polymers. IV. Branched polymers containing A-R-Bf-1 type
units. ] Am Chem Soc 74:2718-2723

Wyatt VT, Nufiez A, Foglia TA, Marmer WN (2006) Synthesis of
hyperbranched poly(glycerol-diacid) oligomers. J] Am Oil Chem
Soc 82:1033-1039

Frazza EJ, Schmitt EE (1971) A new absorbable suture. J Biomed
Mater Res Symp 1:43-58

Vert M, Li SM (1992) Bioresorbability and biocompatibility of
aliphatic polyesters. J] Mater Sci Mater Med 3:432-446

Shalaby SW, Johnson RA (1994) Synthetic absorbable polyesters.
In: Shalaby SW (ed) Biomedical polymers. Carl Hanser Verlag,
Munchen, pp 2-34

Seiler M, Kohler D, Arlt W (2003) Hyperbranched polymers:
new selective solvents for extractive distillation and solvent
extraction. Sep Purif Technol 30:179-197

Goddard TD, Kneller DG. SPARKY 3. University of California,
San Francisco. http://www.cgl.ucsf.edu/home/sparky/

Kuang JW, Odom RW (1998) Characterizing synthetic polymers
by MALDI MS. In: Analytical chemistry news and features,
pp 456A-461A

Rabiller C, Maze F (1989) Quantitative analysis and determina-
tion of the enantiomeric purity of glycerides by 13C NMR
spectroscopy. Application to the lipase-catalysed transesterifica-
tion of triacylglycerides. Magn Reson Chem 27:582-584
Halldorsson A, Magnusson CD, Haraldsson GG (2003) Chemo-
enzymatic synthesis of structured triacylglycerols by highly
regioselective acylation. Tetrahedron 59:9101-9109

Halldorsson A, Magnusson CD, Haraldsson GG (2001) Chemo-
enzymatic synthesis of structured triacylglycerols. Tetrahedron
Lett 42:7675-7677

Magnusson H, Malmstrum E, Hult A (2001) Influence of reaction
conditions on degree of branching in hyperbranched aliphatic
polyethers from 3-ethyl-3 (hydroxymethyl)oxetane. Macromole-
cules 34:5786-5791

Holter D, Burgath A, Frey H (1997) Degree of branching in
hyperbranched polymers. Acta Polym 48:30-36

&) Springer AOCS &


http://www.cgl.ucsf.edu/home/sparky/

	The Lewis Acid-Catalyzed Synthesis of Hyperbranched Oligo(glycerol--diacid)s in Aprotic Polar Media
	Abstract
	Introduction
	Materials and Methods
	Materials
	Polymerizations in Dilute Solutions
	Gel Permeation Chromatography
	Mass Spectrometry
	Nuclear Magnetic Resonance

	Results and Discussion
	Polymerizations in Dilute Solutions
	GPC Analysis
	MALDI Analysis
	NMR and Degree of Branching Analysis
	DMF Reactivity with Propagating Oligomer Chains

	Summary
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


