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ABSTRACT: A size exclusion chromatography (SEC)-UV-refractive index (RI) method was developed to measure the 5-ethylidene-
2-norbornene (ENB) content across the molecular weight distribution (MWD) in ethylene—propylene—diene terpolymer (EPDM) at
room temperature. The ratio of the UV and RI signals at the same effective elution volume was converted to ENB content. The feasi-
bility of using this method to measure the ENB content across the MWD in EPDM at high temperature was also demonstrated. Prior
understanding was that ENB had insufficient UV absorbance relative to high-temperature SEC solvents to allow for useful measure-
ments. We demonstrated this by using high-boiling-point solvents, such as decalin, with a low UV absorbance in the UV wavelength
range of interest for ENB. These solvents also gave rise to a high enough specific RI increment (dn/dc) for EPDM that a suitable RI
detector response was obtained. Additionally, this methodology could be readily applied to other polymers soluble at high tempera-
ture as long as the polymers contained a UV chromophore. These include polymers containing vinyl, conjugated vinyl, aromatic ring,
carbonyl, or halocarbon groups. This UV-absorption-based detection concept might also be extended to high-temperature thermal-
gradient interactive chromatography-UV, high-temperature solvent-gradient interactive chromatography-UV (high-temperature liquid
chromatography-UV), temperature-rising elution fractionation-UV, crystallization analysis fractionation-UV, and crystallization elu-
tion fractionation-UV. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43911.

KEYWORDS: copolymers; elastomers; polyolefins; properties and characterization; separation technigues

Received 12 April 2016; accepted 12 May 2016
DOI: 10.1002/app.43911

INTRODUCTION

Ethylene—propylene—diene terpolymers (EPDMs) are commer-
cially important hydrocarbon elastomers. They have outstanding
resistance properties against ozone, oxidation, aging, weather, and
high temperatures.' EPDMs are used in many applications, for
example, automotive weather stripping, hoses, belts, roofing, foot-
wear soling, and general rubbers. 5-Ethylidene-2-norbornene
(ENB) is the most widely used diene in EPDM because it leads to
faster curing and higher productivity. Its current market share is
greater than 90%. The properties of EPDMs are affected by their
molecular weight distribution (MWD), comonomer content dis-

tribution, and the way these distributions are related to each other,
such as how the ENB content varies with the molecular weight.’

Size exclusion chromatography (SEC) determines the MWD and
the various molecular weight averages of polymers.* The molecu-
lar weight dependence of the comonomer content can shine a
light on the polymerization mechanism and provide a better
understanding of the structure-property relationships.” It is time-
consuming and sometimes it is even unpractical to do fractiona-
tion followed by spectroscopic analyses. On-flow SEC-"H NMR is
a good method for determining the molecular weight dependence
of the comonomer content,’ tacticity,” and end groups® of some
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polymer samples. The ENB distribution with respect to the molec-
ular weight of EPDM was shown with one EPDM, which was solu-
ble in chloroform (CHCI;) at room temperature, by stop-flow
SEC-'H NMR, however, because of sensitivity issues, only a few
fractions were studied.” SEC-UV—refractive index (RI) analysis
was applied to an EPDM sample at room temperature with tetra-
hydrofuran as the eluent to measure the overall unsaturation level,
but no ENB distribution information with respect to the molecu-
lar weight was obtained.’

A high-temperature SEC system was developed to measure the
molecular weights and MWDs of low-solubility, superengineering
polymers [e.g., poly(phenylene sulfide), poly(ether ether ketone),
poly(ethylene terephthalate)] and low-solubility polymers (e.g., poly-
ethylene, polypropylene). 1-Chloronaphthalene was used as a mobile
phase at 210°C. A UV detector/viscometer for poly(phenylene
sulfide) and a flame ionization detector/viscometer for polyethylene
and polypropylene were used as detectors. The column efficiency at
a superhigh temperature was also studied.'® 1-Cyclohexyl-2-
pyrrolidinone was compared with 1-chloronaphthalene as a solvent
for SEC of poly(phenylene sulfide). 1-Cyclohexyl-2-pyrrolidinone
had a weaker UV absorbance at less than 350nm compared to
1-chloronaphthalene and thus could be used to measure the MWD
of poly(phenylene sulfide) with a UV detector. However, the degra-
dation of poly(phenylene sulfide) occurred during sample prepara-
tion, and ionic interaction between poly(phenylene sulfide) and the
column packing occurred. These disadvantages were reduced by the
use of 1-chloronaphthalene in the sample preparation and by the
addition of LiCl to poly(phenylene sulfide). In this system, polysty-
rene standards could be detected by UV spectroscopy at 275 nm, and
the MWD of poly(phenylene sulfide) was measured."’ Anderson'?
developed a two-step methodology: derivatization with 2,4-dinitro-
benzensulfonyl chloride to add a UV-sensitive functional group to
the olefinic bonds and allow quantification of the olefinic bond dis-
tribution by the ratio of the UV and RI detector signals. This method
requires the knowledge of the averaged double-bond content (usually
determined by an independent technique) and works with the
assumption of quantitative derivatization of the polymer chains,
regardless of the molecular weight.

High-temperature SEC can also be coupled with IR to provide
ethylene and propylene incorporation along the MWD."> How-
ever, this method is not sensitive enough to provide ENB distri-
bution information. As most commercial EPDM products are
not soluble in organic solvents at room temperature, room-
temperature stop-flow SEC-'H NMR cannot be used. No commer-
cial high-temperature SEC-NMR instrument is available, although
an article about it was published.'"* The room-temperature SEC—
UV-RI discussed previously is also not applicable.”

A high-temperature UV detector was developed in the 1980s
through the separation of a heated cell from the optical and
electrical components of the UV detector.'”” Here we demon-
strate the feasibility of an SEC-UV-RI method that allowed the
measurement of the ENB content across the MWD in EPDM at
high temperature. This was shown by the use of high-boiling-
point solvents such as decalin, which were found to have a low
UV absorbance in the UV wavelength range of analytical interest
for ENB. These solvents also yielded a high enough dn/dc for
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EPDM that a suitable RI detector response could be obtained.
The ratio of the UV and RI signals at the same effective elution
volume provided the ENB content. In contrast, prior under-
standing was that ENB had insufficient UV absorbance relative
to high-temperature SEC solvents to make useful measurements.
The methodology reported here could also be readily applied to
other polymers soluble at high temperature as long as the polymers
contain a UV chromophore. This includes polymers containing vinyl,
conjugated vinyl, aromatic, carbonyl, or halocarbon groups. This UV-
absorption-based detection concept could also be extended to high-
temperature thermal-gradient interactive chromatography-UV;'®
high-temperature solvent-gradient interactive chromatography-UV
(high-temperature liquid chromatography-UV),'”'® temperature-
rising elution fractionation-UV,"® crystallization analysis fractiona-
tion-UV,*° crystallization elution fractionation-UV,>" and other high-
temperature hyphenated techniques-UV.

EXPERIMENTAL

Chemicals

The following were used: deuterated chloroform (CDCls; purity
D = 99.8%; Cambridge Isotope Laboratories, Inc.), 1,1,2,2-tetra-
chloroethane-d, (TCE-d,; purity D = 99.5%; Cambridge Isotope
Laboratories), 1,1,2,2-tetrachloroethane (TCE; purity > 97.0%;
Sigma-Aldrich), TCE {purity (purum) >98% [gas chromatogra-
phy (GC)]; Fluka}, decahydronaphthalene [mixture of cis and
trans (decalin); purity (anhydrous) >99%; Sigma-Aldrich], ben-
zene (thiophene-free; purity = 99 mol %; Fisher Chemical), bro-
mobenzene  [purity >99.5%  (GC);  Aldrich], methanol
[purity = 99.9% (Optima liquid chromatography/mass spectrom-
etry); Fisher Chemical], ethylidenecyclohexane (purity = 99.8%;
Aldrich), acetone [purity =99.7% (Optima); Fisher Chemical],
anhydrous dodecane (purity >99%; Aldrich), and decane
(purity > 99%j Acros). Polymers EPDM A and EPDM B were pre-
pared with Insite Technology by Dow Chemical Co. Their compo-
sitions were obtained with '>*C-NMR, and the results are listed in
Table I. Detailed NMR data and the methods used for the calcula-
tions are listed in the Supporting Information.

Gas-Phase UV Simulation

All UV computational results were obtained with the Gaussian
09 program package.”> The optimization of geometries was per-
formed with density functional theory with the three-parameter
hybrid Becke exchange and Lee—Yang—Parr correlation method.”?
For carbon and hydrogen atoms, the double-& basis function
6-31G* was used consisting of a polarization d function on car-
bon atoms. Optimized molecular structures were then used in
the calculation of the UV spectra. The allowed electronic transi-
tions and excited state energies were calculated with the Zerner-
modified semi-empirical intermediate neglect of the differential
overlap method®; these were incorporated into the Gaussian
software. The spectra were simulated by the assumption of the
mixed Gaussian (90%) and Lorentzian (10%) line shapes cen-
tered at the calculated excitation energies.

UV Measurements

The UV measurements were done on a Shimadzu UV-3600
series spectrometer. The absorbance wavelength of the samples
fell in the region between 220 and 300 nm. The UV experimen-
tal parameters used to acquire the data are listed in Table II.
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Table I. Chemical Compositions of EPDM A and EPDM B (E: ethylene;
P: propylene)

Sample ENB (wt %) E (wt %) P (wt %)
EPDM A 52 50.4 44 .4
EPDM B 1.1 46.1 52.8

GC-UV Analysis

The GC-vacuum ultraviolet (VUV) analysis of ethylidenecyclo-
hexane was performed with an Agilent 7890A GC instrument
connected to a VUV GC detector (VGA-100).>> Ethylidenecyclo-
hexane was eluted around 3 min under the instrumental condi-
tions listed in Table III. Dark and reference scans were collected
at the beginning of each chromatographic analysis.

SEC-UV-RI Measurement

Three samples of EPDM polymer, EPDM A, EPDM B, and their 1:1
w/w blend, were prepared in CHCI; at a concentration of about
10 mg/g and shaken on a mechanical shaker at ambient temperature
overnight to bring the polymer into solution. Polymer solutions
were filtered with 0.45 um polytetrafluoroethylene filters into auto-
sampler vials. Some resistance was observed during filtration.

SEC separations were carried out on a liquid chromatograph
consisting of an Agilent model 1100 isocratic pump and injector
(Waldbronn, Germany), an Eppendorf CH-430 column oven
(Madison, WI), and Waters 486 and 410 UV and RI detectors
(Milford, MA) connected in series. The UV detector wavelength
was set at 250 nm. System control, data acquisition, and data
processing were performed with Cirrus software (version 3.1,
Polymer Laboratories, part of Agilent, Church Stretton, United
Kingdom). SEC separations were performed in CHCl; (certified
grade; Fisher) at 1 mL/min with two PLgel columns (300 X 7.5-
mm inner diameter) packed with a polystyrene—divinylbenzene
gel (mixed C pore size and 5-pm particle size; Polymer Labora-
tories, part of Agilent, Church Stretton, United Kingdom). A
volume of 100 pL of sample was injected for the SEC separa-
tion. The following components were used for the SEC separa-
tions with decalin as the solvent: Waters 2695 pump, Shimadzu
SIL-20AC autosampler, three PL-Olexis (7.5 X 300mm) col-
umns, Shimadzu SPD-20A UV detector, and Shodex RI-101 RI
detector. The flow rate was 1.0 mL/min. The other conditions
are given in the figure captions.

Table II. UV Experimental Parameters

UV-visible experimental Parameter value/

parameter description

Spectral range 220-900nm
Integration time 10s

Blank DI water

Interval 1nm

Path length 1 cm (quartz cuvette)
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Table III. GC-UV Experimental Conditions

GC Agilent 7890A

Column Agilent HP-5MS,
30mx 0.25mm,
0.25 pm film

Oven 60°C, held for 2min,

Carrier/flow

Inlet (split/splitless)

ramped at 8°C/min to 290°C,
held for 5min (total run time =
35.75min)

Hydrogen, 0.8 mL/min,
constant flow

250°C, 200:1 split ratio

43911 (3 of 11)

Injection volume 0.2uL

Wash solvent Methanol

VUV detector VUV Analytics VGA-100
Transfer line temperature  275°C

Flow cell temperature 275°C

Makeup gas pressure 5.0 psi

11 ms scan time,
100 averages

Dark scan parameters

Reference scan
parameters

11 ms scan time,
100 averages

Absorption scan 11 ms scan time,

parameters 20 averages
Wavelength range 125-240nm
scanned

RESULTS AND DISCUSSION

Gas-Phase Theoretical UV Simulation

of the Model Compounds

Our goal was to find a fast, easy to use, inexpensive, and safe
method to measure ENB incorporation as a function of the
molecular weight. One of the more sensitive measurement techni-
ques is UV absorption spectroscopy. The ENB monomer has a
double bond but not a conjugated double bond. Before this study,
it was unknown whether the ENB double bond would have suffi-
cient absorbance in the 200-300 nm range to allow quantification
in common SEC solvents. It is well known that ethylene has a UV
absorbance around 170 nm, but most common SEC solvents also
have significant absorbance in this region. However, three protons
on the double bond in ENB are substituted by carbons. To under-
stand the substitution effect on the UV absorbance, the gas-phase
theoretical UV simulation of ethylene, propene, 2-methyl-2-
propene, cis-2-butene, and 2-methyl-2-butene were conducted
(Figure 1). There were two absorbance peaks for each chemical;
these corresponded to 6—c* and m—n* transitions. It was quite
clear that the transitions moved to a longer wavelength with the
substitution of a proton with a carbon, and the greater the num-
ber of substitutions was, the greater the redshift in the UV spec-
trum was.

To explore whether the ENB unit had a UV absorbance in the
range 200-250nm, UV spectra of ethylidenecyclohexane and
ENB units were calculated (Figure 2). Ethylidenecyclohexane
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Figure 1. Gas-phase UV simulation of ethylene, propene, 2-methyl-2-propene, cis-2-butene, and 2-methyl-2-butene. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

was chosen for the simulation because its double-bound struc-
ture was the same as that of ENB. It was also commercially
available, and its calculated spectra could be verified with
experiments. ENB (with a protonated double bond on the ring)
was considered for the UV experiments. However, it was not
commercially available, and it was difficult to synthesize to high
purity. As shown in Figure 2, the ENB absorbance spectrum
was similar to the one for ethylidenecyclohexane. There was a
substantial UV absorptivity from 200 to 250 nm.

UV Spectroscopy of the Solvents and Model Compounds

As discussed previously in this article, the ENB structure might

generate enough UV signal in the range 200-250 nm, but to

observe it, we need to have solvents with a very low UV absorb-

ance in this range. Therefore, the UV absorbances of some sol-
10000 -
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20000 -+
15000 -

Molar Absorbtivity

vents were tested. CDCl; and CHCIl; were chosen because a
couple of EPDM elastomers with nearly equal ethylene and pro-
pylene contents could be dissolved in these two solvents at
room temperature. The UV absorbances at 250 nm for CDCl;
and CHCIl; were 0.253 and 0.331 AU, respectively, with deion-
ized (DI) water as a UV blank (Figure 3). For CDCl;, the UV
cutoff was 244 nm (UV absorbance = 1.021 AU at 243 nm). For
CHCl3;, the UV cutoff was 245nm (UV absorbance = 1.072 AU
at 244nm). These two solvents could be used for room-
temperature SEC-UV analysis with a UV wavelength of slightly
less than 250 nm and at 250 nm or greater. It is worth mention-
ing that a very small isotope effect was observed here.

TCE has a boiling point of 147 °C, is a good solvent for most of
EPDM polymers, and could be a potential solvent for high-

ethylidenecyclohexane

Protonated-ENB

50 150 250

350

Wavelength (nm)

Figure 2. Gas-phase UV simulation of the ENB structure and ethylidenecyclohexane. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Figure 3. UV spectra of CHCl; and CDCls. DI water was used as the

blank. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

temperature SEC-UV. The UV spectra of TCE-d, and proto-
nated TCEs are shown in Figure 4. TCE-d, was tested first, and
the UV absorbance for TCE-d, at 250 nm was 0.210 AU. So,
TCE-d, can be used for high-temperature SEC-UV experiments
at 250 nm, although it was expensive. However, the protonated
TCEs with the highest purity available from Sigma and Fluka
had a significant UV absorbance at 250 nm. This strong UV
absorbance at 250 nm was not expected to come from an iso-
tope effect on the basis of the results shown in Figure 3. Impur-
ities with UV chromophores were suspected in the protonated
TCEs. GC/mass spectrometry (MS) was conducted, and the
results are shown in the Supporting Information. Indeed, several
chemicals that had a high UV absorbance at 250 nm were found.
These two solvents could only be used in high-temperature
SEC-UV around wavelengths of 250nm and higher when the
impurities responsible for the high UV absorbance at 250 nm
were removed.

Decalin had a boiling point of 187°C and was a good solvent
for all of the EPDMs. Figure 5 shows the UV spectrum of deca-

6.9
59 1]
49 |
3.9 X
| —TCE-Sigma
—TCE-Fluka
——TCE-d2

29

1.9

UV Absorbance (AU)

0.9

220 2;0 2:.10 2:50 2;50 2;0 2 25.)0—3'00

Wavelength (nm)

Figure 4. UV spectra of the TCE-d, and protonated TCEs. DI water was
used as the blank. [Color figure can be viewed in the online issue, which

-0.1

is available at wileyonlinelibrary.com.]

Maﬁ‘i& WWW.MATERIALSVIEWS.COM
1

43911 (5 of 11)

[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

lin with DI water as a blank. The UV absorbance at 220 nm was
0.683 AU, and that at 230 nm was 0.292 AU. Decalin is a good
potential solvent for high-temperature SEC-UV at slightly less
than 220 nm and at 220 nm and greater.

Decane and dodecane both have high boiling points (174 and
214°C, respectively) and are potential solvents for high-
temperature SEC-UV. However, as shown in Figure 6, decane
had a strong UV absorbance at wavelengths of less than 242 nm
(most likely because of impurities) and could only be used at
wavelengths of 242 nm or greater. Dodecane had a much lower
UV absorbance at 220nm and higher wavelengths (Figure 6);
this should be a good solvent for high-temperature SEC-UV at
slightly less than 220nm and at 220nm and greater, although
dodecane had some low-level UV chromophores, as shown by
the GC-MS studies detailed in the Supporting Information.
Decane could only be a potential high-temperature SEC-UV
solvent if the impurities could be removed.

As mentioned previously, ethylidenecyclohexane had the same
double-bond structure as ENB did in EPDM. Its UV absorbance
was investigated experimentally, and the result is shown together
with the potentially good high-temperature SEC-UV solvent

——Decane-H20
——Dodecane-H20

4.75

3.5

UV absorbance

225

025230 225 230 235 240 245 250
Wavelength (nm)

Figure 6. UV spectra of decane and dodecane. DI water was used as the
blank. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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Figure 7. UV spectra of ethylidenecyclohexane and decalin. DI water was used as the blank. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

decalin in Figure 7. In the range 220-280 nm, ethylidenecyclo-
hexane had a strong UV absorbance. Although the trend was
consistent with the gas-phase UV simulation shown in Figure 2,
another possibility could be that there were some impurities
that contributed to the strong UV absorbance. The low concen-
tration of benzene (188 ppm), bromobenzene (121 ppm), and
ketones (ca. 177 ppm) in ethylidenecyclohexane were detected
(see the GC-MS and GC-flame ionization detector results in
the Supporting Information). To understand the effects of these
impurities, they were spiked into decalin at a slightly greater
concentration then that measured by GC-MS: benzene
(207 ppm), bromobenzene (128 ppm), and acetone (194 ppmy;
the sample preparation procedure was listed in the Supporting
Information), and their UV spectra were compared with those
of decalin and ethylidenecyclohexane (Figure 8). We observed
that these impurities contributed little to the strong UV absorb-

6.9 4

UV Absorbance (AU)

220 240 260
Wavelength (nm)

ance in the range 240-280nm (bromobenzene did contribute
some in the range 220-240 nm, but it did not account for all of
the UV absorbed with ethylidenecyclohexane).

GC-UV of Ethylidenecyclohexane

Figure 9 shows the UV absorbance spectrum of ethylidenecyclo-
hexane in the gas phase. We noted that this was an absorbance
spectrum (i.e., concentration dependent), not an absorption
cross section. The absorbance around 220nm was clearly
observed. On the basis of the results discussed previously, we
observed the UV absorbance around 220 nm with the double-
bond structure in ENB in EPDM. In the following sections, we
explored the UV absorbance of the EPDM polymer samples.

UV/SEC-UV of the EPDM Polymers in CDCl; and CHCI;
The UV absorbance of 1 wt % EPDM A and EPDM B in CDCl;
was studied first (Figure 10). The blank used was CDCl;. Because

——Ethylidenecyclohexane
——Decalin-Bromobenzene
- Decalin-Benzene
——Decalin-Acetone

~——Decalin

300

Figure 8. UV spectra of ethylidenecyclohexane, decalin, and decalin spiked with benzene, bromobenzene, and acetone. DI water was used as the blank.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 9. GC-UV spectrum of ethylidenecyclohexane. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]

of the strong UV absorbance of CDCl; itself at wavelengths of
less than 240nm, irregular peaks were observed at less than
240 nm. The UV absorbance at 250nm for EPDM A and EPDM
B were 0.589 and 0.372 AU, respectively. The ENB content in
EPDM A was about five times that of the content in EPDM B
(Table I). The discrepancy shown here at 250 nm could have
been caused by different amounts of additives in the EPDMs.

To remove the effects of additives and other small molecules,
SEC-UV-RI was explored. Figure 11 shows RI, UV at 250 nm
and the ratio of UV/RI of the EPDM A. The UV intensity was
multiplied by 40 times to match the RI signal. As UV signal
was from the double bond in the ENB structure, the UV/RI
ratio gave the ENB content along the MWD (elution time). We
observed that for EPDM A, the ENB content was constant along
with the molecular weight.

EPDM B was also studied with SEC-UV-RI. Figure 12 shows the
RI, UV at 250 nm, and the UV/RI ratio of the EPDM B. The UV
intensity was multiplied by 200 to match the RI. On the basis of
the UV/RI ratio, the ENB content in EPDM B was also constant
across the MWD. From the retention time shown in Figure 12, the
molecular weight for EPDM B was higher than that of EPDM A.

Both EPDM A and EPDM B had an ENB content that did not
vary with the molecular weight, although it was not surprising

6.9
59 4
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3.9 1

——1wt% EDPM A
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1.9 A

0.9 A
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220 225 230 235 240 245 250 255 260
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Figure 10. UV spectra of the polymers EPDM A and EPDM B in CDCl,.
CDCl; was used as the blank. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Elution time (min)
Figure 11. SEC-UV-RI of EPDM A at room temperature. The mobile
phase was CHCl;. The sample concentration was 10mg/mL (injec-
tion = 100 pL, flow rate = 1 mL/min). The UV intensity was multiplied 40
times. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

as they both were made with a single-site catalyst. To demon-
strate the use of the UV/RI ratio for studying the ENB content
in a heterogeneous system, a blend of EPDM A and EPDM B
(1:1, w/w) was studied, and the results are shown in Figure 13.
As discussed before, the EPDM B with a lower ENB content
had a higher molecular weight, and the EPDM A with a higher
ENB content had a lower molecular weight. The results in Fig-
ure 13 are consistent with expectations; that is, the ENB content
increased as the molecular weight decreased. In other words, a
blend of these two polymers was expected to produce an ENB
content that varied across the MWD in the fashion observed in
Figure 13. So far, the UV/RI ratio was used as an indication of
the ENB content as a function of the molecular weight. To cal-
culate the ENB content from the UV/RI ratio, the following
method was developed.

Calibration of the UV and RI Detectors with EPDM
Standards of Known Compositions

EPDM A and B were dissolved in CHCI; at a concentration of
10 mg/mL. The standard solution (100 pL) was injected into an

700 - - 3
600 1 L 2.5
500 1
L2
3 400
° 15 £
5 2 —RI
= 300 1 =
> . 5 ——UV (x 200)
200 1 ———UV/RI
100 | L 0.5
] - 0
8 10 12 14 16

Elution time (min)
Figure 12. SEC-UV-RI of EPDM B at room temperature. The mobile
phase was CHCl;. The sample concentration was 10mg/mL (injec-
tion =100 pL, flow rate =1mL/min). The UV intensity was multiplied
200 times. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43911



http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

Applied Polymer

IENCE

Table V. Kyy and Kg; Values

Kriens (MV s/mg)
278,680

Krigp (MV s/mg)
61,660

Kuv.ens (MV s/mg)

Under a constant flow rate and constant data-collection

Ag1= minjz Kri,; Wi (4)
i

ARTICLE WILEYONLINELIBRARY.COM/APP
200 - 0.02
700 4
5004 0.015
=R 34,970
S 400 - =
E 0.01 ;‘ =——RI
Z 300 - 2
35674 frequency
100 0.005
0 T T T T T T T
9 10 1 12 13 14 15 1B
-100 “ o

Elution time (min)
Figure 13. SEC-UV-RI of a 1:1 w/w blend of EPDM B and EPDM A at
room temperature. The mobile phase was CHCl;. The sample concentration
was 10 mg/mL (injection = 100 pL, flow rate = 1 mL/min). [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]

apparatus composed of a pump, an injector, an SEC column, a
UV detector, and a RI detector. The RI and UV signals were
collected as a function of time to generate the RI and UV chro-
matograms, respectively. The peak between 9 and 16 min in the
RI chromatogram was integrated to generate a peak area
[refractive-index peak area (Agy)]. The peak between 8 and
16min in the UV chromatogram was integrated to generate the
peak area [UV peak area (Ayy)]. The integration was done with
Cirrus software (version 3.1) from Agilent. The peak areas of
two standards are listed in Table IV.

Each standard had a known composition predetermined by "*C-
NMR (Table I). Under a constant flow rate and constant data
collection frequency, the total Ayy under the curve was equal to

Apv= KUV, chromophore Minj Wchromophore ( 1 )

where my,; is the injected mass of the polymer in the column
(m;nj = Sample concentration X Injection volume), Kuv, chromo-
phore 18 the UV response factor of the comonomer with the
chromophore in the polymer (see Table V), and Wromophore 1
the weight fraction of the comonomer with the chromophore in
the polymer (here, the chromophore was from ENB in the poly-
merized form). Equation 1 can be rewritten as follows:

Auv gppm = Kuv exs Min Wens (2)

where Ayyeppy is the UV peak area of the EPDM standard and
Wens is the weight fraction of ENB in EPDM (Table I). There-
fore, Kyyenp can be determined from the UV peak area of the
standard (see the results in Table V for Kyygnp; nhote that
Kuvea =0 and Kyves; =0 and C, and Cj; represent the ethylene
and propylene monomers, respectively):

Ayv gppM
Minj WeNB

3)

Kuyveng=

Table IV. Ag; and Ayy Values of the Two Standards from the SEC-UV-RI
Experiment

Ari (MV ) Auv (MV s)
EPDM A 73,120 1850
EPDM B 63,940 340

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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where m;,; is the injected mass of polymer into the column
(min; = Sample concentration X Injection volume), Kgy; is the
RI response factor of ith type monomer, and W; is the weight
fraction of ith type monomer in the polymer. For the case of
EPDM, eq. 4 can be expanded to eq. 5 as follows:

Arreppm = Krr,c2 inj Wea + Kri,cs 1inj Wes + Kri eng 70 Wens— (5)

where Agyrppy is the RI peak area of the EPDM standard; Kgyco,
Ky e3> and Ky pnp represent the RI response factors of ethylene, pro-
pylene, and ENB monomers, respectively; and We, We; and Weng
represent the weight fractions of ethylene, propylene and ENB
monomer in EPDM, respectively. Kg;; is a product of a constant (K')
and dn/dc of the homopolymer of monomer 7 (dn/dc;) as follows:

KRLi:K/dH/dCi (6)

where K is a constant for the same RI detector and the same experi-
mental conditions. The dn/dc of polyethylene and the dn/dc of poly-
propylene had the same value.”® Therefore, Kric2 = Krics- Note,
the dn/dc value for a particular monomer (polymerized) could also
be measured with the standard homopolymer of that monomer,
and an RI detector at the same eluent and temperature (7)) as that
used for the unknown polymer sample of interest. The first two
terms on the right side of eq. 5 could be combined, as follows:

AryeppM = Kr1 £pMini (1= Weng ) + Kri ens Minj Wens (7)

where Ky gp is the RI response factor of either ethylene or propyl-
ene monomer. The weight fractions of the ethylene and propylene
monomers in EPDM were equal to 1 — Wgyg. For the two stand-
ards EPDM A and EPDM B, two equations were obtained from
eq. 7 as follows:
ArpeppM A = KR1EP Minj EpDM A (1 — WENB EPDM A)

+ KR1,ENB Minj,EPDM A WENB,EPDM A (8)
AryeppM B = Kruep Minj gppM B (1 — WeNB EPDM B)

+ KR1,ENB Minj, EPDM B WENB,EPDM B 9)

Equation 8 can be rearranged to move Kyigp to the left side of the
equation with Ag;rppm A, the injected mass of EPDM A (3 gppm A)»
and ENB content of EPDM A (Wgngrppm a)- as follows:

Ar1eppM A — Kr1,ENB 7inj EpDM A WENB EPDM A

Kgipp= (10)

Minj.epDM A (1 — WENBEPDM A)

Krigp of eq. 10 was plugged into eq. 9 with Agy gppMm B> the
injected mass of EPDM B (%, gppm 5)> and the ENB content
Of EPDM B (WENB,EPDM B)) as fOHOWS:

ArpeppM B=S * (Ar,EPDM A — KR1LENB 7linj EPDM A WENB EPDM A )

(11)

+ KR1,ENB Minj, EPDM B WENB,EPDM B

where S is as follows:

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43911
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Figure 14. ENB content of a 1:1 w/w blend of EPDM B and EPDM A at
room temperature. The mobile phase was CHCl;. The sample concentra-
tion was 10 mg/mL (injection = 100 puL, flow rate = 1 mL/min). [Color fig-
ure can be viewed in which is available at

the online issue,

wileyonlinelibrary.com. |

5= inj zpoM B (1 — WeNB EPDMB)

(12)
inj EpDM A (1~ WENB EPDM A)

Equation 11 is rearranged to move Krygpnp at the left side of
equation, as follows:

AR1, EPDM B — SARLEPDM A

Krieng= (13)

Minj EPDM B WENB,EPDM B~ S71inj EPDM A WENB EPDM A
Therefore, Kgygnp is determined from the injected mass, the
Agy values, and the Wgynp values of the two standards. When
Kgrieng 18 known, Kgppp can be determined from eq. 10. After
this calibration step, the Kyy and Kg; values, Kyveng Kriep
and Kgppnp, were determined and are listed in Table V, shown
later.

Measurement of the ENB Content at Each Elution Time

The ENB content at each elution time i (Wgnp,;) was deter-
mined from the UV signal at elution time i and the RI signal at
elution time 7+ Ai, where Ai is the time interval between the
UV and RI detectors. Ai was calculated from the difference in
the peak retention time of a polystyrene standard with a poly-

7.5
6.5
5.5

4.5
- UV, 220nm

— UV, 230nm
— UV, 240nm

3.5 / \

25 /

1.5 \

UV Absorbance (mAU)

Elution time (min)
Figure 15. SEC-UV of EPDM A in decalin at 45°C. The sample concen-
tration was 2.7 mg/mL (injection =100 uL). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]
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viewed in the online issue, which is available at wileyonlinelibrary.com.]

dispersity of less than 1.1 (peak molecular weight ~ 200,000 g/
mol). The polystyrene standard was run with the same condi-
tions as those used in the previous calibration. After the adjust-
ment of the time interval, the UV/RI ratio at each elution time
was calculated. See Figure 11 for an example with the UV/RI
ratio overlaid on the RI and UV chromatogram. From egs. 2
and 7, the following equation can be derived through the
replacement of Ayy and Ag; with UV and RI signals at elution
time 7 as follows:
uv;

RIi+ai  KriepinjWeppm,i (1 — Weng, i) T KriENB Pinj WepDM,i WENB, i

(14)

Kuv gng MinjWeppM, i WENB, i

where wgppn,; 1s the weight fraction of the polymer at elution
time i. The weight fraction and my,; terms can be cancelled
because each is present in both the numerator and the denomi-
nator as follows:

Uv; _ Kuv exg Wens, i

Rl Krepp(1—Wens,i) + Kriens Wens, i

(15)

Equation 15 is rearranged to move Wgyp; to the left side of the
equation as follows:

UV,
RIitai KRI"EP

WeNg,i= (16)

0V, — oV,
Kuvens+ g Kriep — jry; KriENB

With the Kyy and Ky values obtained in the calibration step,
Wens,; is calculated at each elution time with eq. 16. The ENB
content by weight percentage is converted from a weight frac-
tion by the following equation:

WT%ENB,':WENB‘,'X 100 (17)

The ENB content across the MWD for the 1:1 w/w blend of
EPDM A and EPDM B previously shown in Figure 13 is quanti-
tatively described in Figure 14.

SEC-UV-RI of EPDM A in Decalin

It is clear from the previous discussion that ENB in EPDM had
enough UV absorbance at 250 nm in CHCI; to study the ENB
content across the MWD. However, most commercial EPDM
products are not soluble at low temperatures, so the use of dec-
alin, a high-boiling-point solvent, as the eluent was explored.
We were initially surprised when we found that no UV absorb-
ance at 250 nm was observed for EPDM A in decalin, even on
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Figure 17. SEC-UV-RI at 220 nm of EPDM A in decalin at different tem-
peratures. The sample concentration was 2.7 mg/mL (injection = 100 pL).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

different instruments. We found this to be related to the solvent
polarity.”” The polarity of CHCl; relative to that of water was
about 0.26, but the polarity of decalin relative to that of water
was almost zero. In alkenes, among the available 6—c* and n—
m* transitions, the m—m* transitions are of the lowest energy.
The transition energy depends on the solvent polarity. For
example, in case of m—m* transitions, the excited states are more
polar than the ground state, and the dipole—dipole interactions
with solvent molecules lower the energy of the excited state
more than that of the ground state. Therefore, a polar solvent
decreases the energy of m—m* transitions and the absorbance
maximum appears redshifted. This means that the UV absorb-
ance wavelength of ENB in decalin could be lower than 250 nm;
this was the wavelength used for SEC-UV-RI with CHCls.
SEC-UV of EPDM A in decalin at 220, 230, and 240nm at
45°C was then explored, and the results are shown in Figure 15.
A strong UV absorbance was observed at 220 nm, and the UV
absorbance was weaker at 230 and 240 nm. Because the boiling
point of decalin was 187 °C, it was possible to study the ENB
content in all of the EPDMs along the MWD with high-
temperature SEC-UV-RI with decalin as the eluent. Other sol-
vents, such as dodecane, as discussed earlier, were also possible.
As for TCE and decane, impurities with a strong UV absorbance
needed to be removed before the material was used as an elu-
ent. Long alkyl chain alcohols, such as 2-octanol, might also be
potential solvent candidates, and alcohol might give a UV
absorbance redshift because of its polarity.

For high-temperature SEC-UV-RI with decalin and the other
potential solvents discussed previously, one may be concerned
with the specific dn/dc of a solution, which is defined as
follows:

dn/dc= (n—m)/c

where 1, n;, and ¢ are the indices of refraction for the solution
and solvent and the concentration of solute (g/mL), respectively.
Chiang®® studied the temperature dependence of the specific
dn/dc values of polyethylene in various solvents, and reported
that dn/dc increased with increasing temperature [d(dn/
do)dt=2.43 X 10" %], and dn/dc was 0.0917 at 80°C in n-dec-
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ane. To explore this temperature effect, the RI of EPDM A in
decalin at different temperatures was studied (Figure 16). The
RI areas were 294, 309, and 316 mV s at 35, 40, and 45°C,
respectively. So, the dn/dc of the polymer with decalin at high
temperature was significant enough to monitor EPDM with a
differential refractometer on SEC-UV-RI.

Another concern of the high-temperature SEC-UV-RI of
EPDM is the effect of the temperature on the UV absorbance.
Strong UV absorbance was observed at room temperature (Fig-
ure 15), and it is desirable to have a positive effect of the tem-
perature on the UV absorbance. That is, the UV absorbance is
stronger at higher temperatures. Fahr and Nayak® studied the
temperature dependence of the UV absorbance of 1,3-butadiene
in the gas phase and found that the UV absorbance in the range
220-240nm increased with increasing temperature. A similar
phenomenon was observed with propylene.”® SEC-UV of
EPDM A at 35, 40, and 45 °C was explored, and the results are
shown in Figure 17. The Ayy values at 35, 40 and 45°C were
1149, 1171, and 1196 mAU s, respectively. The UV absorbance
appeared to increase with increasing temperature, so the detec-
tion of UV of ENB at high temperature is not expected to have
issues.

CONCLUSIONS

In this article, we revealed that the double bond in ENB had a
reasonable UV absorbance at 220-250 nm with UV simulation.
We found that solvents, such as decalin and dodecane, had a
low UV absorbance in this UV range. These solvents had high
boiling points, and these are essential for high-temperature
SEC-UV-RI. We proved the UV absorbance of the ENB double-
bond structure with a model compound that had the same
double-bond structure and demonstrated the feasibility of
obtaining ENB content as a function of the molecular weight of
EPDM with SEC-UV-RI. These findings should enable the
simultaneous determination of the EPDM MWD and ENB con-
tent as a function of the molecular weight for a wide range of
EPDM polymers when applied with a high-temperature SEC—
UV-RI. This UV absorption-based detection concept could also
be used for other polymers that contain a UV chromophore
and require high temperatures for dissolution, including the
quantification of additives with a UV chromophore in poly-
mers. This includes polymers containing vinyl, conjugated vinyl,
aromatic, carbonyl, or halocarbon groups. This concept may
also be extended to high-temperature thermal-gradient interac-
tive chromatography-UV, high-temperature solvent-gradient
interactive chromatography-UV (high-temperature liquid chro-
matography-UV), temperature-rising elution fractionation-UV,
crystallization analysis fractionation-UV, crystallization elution
fractionation-UV, and other high-temperature hyphenated tech-
niques-UV.
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