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Abstract

For semiconductor materials development and manufacturing, rapid characterization of polymer additives can
support formulation control and the evaluation of material stability and performance. Polymer additives may also
be relevant to the development and monitoring of polymer-based materials used in electronics applications. The
reverse phase liquid chromatographic (RPLC) separation of polymer additives with tetrahydrofuran (THF) as a
mobile phase can be a challenge for many LC systems and detectors. LC systems and detectors are not
commonly compatible with THF and other organic solvents used for dissolving polymeric samples. This
application demonstrates the separation of six polymer additives with two sets of known coeluting additives:
Tinuvin 327 and 328, also Irganox 1010 and 1076." The separation method for the six polymer additives is modified
from high performance liquid chromatography (HPLC) to ultra-high performance liquid chromatography
(UHPLC) and from UHPLC to UltraPerformance Liquid Chromatography (UPLC) using the columns calculator

tool and a family of Cqg columns. Evaporative light scattering detection (ELSD) is chosen for organic solvent
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compatibility, sensitivity, and ability to detect samples that may not be UV active.?3

Benefits
- A 3-minute RPLC separation of six polymer additives
System compatibility with THF
Robust and non-swelling BEH column technology
Columns calculator software tool for intuitive method development

ELSD for THF compatibility and without dependency on UV activity

Introduction

Polymers have long been subject to degradation from high temperature synthesis, processing, weather, and light
exposure.* The use of polymer additives to minimize polymer degradation is a common practice.? The first
chromatographic separations of polymers and polymer additive mixtures used large particles and required long
analysis times. Over the years, chromatographic technology has improved with smaller separation particles and
significantly shorter analysis times. Older separation methods using HPLC are commonly updated to more
advanced LC systems for higher quality or faster results. The polymer industry typically uses aggressive organic
solvents, like THF, to dissolve their samples, and many LC systems are not intended for use with these harsh

solvents.

This document presents a series of chromatographic methods to separate a blend of six polymer additives
demonstrating the ability to convert methods from an older HPLC technique to the more advanced UHPLC and
UPLC™ techniques using one solvent compatible system and one column family: the Waters™ ACQUITY™
Advanced Polymer Chromatographic™ (APC™) System with a polymer Quaternary Solvent Manager (p-QSM) and
ELSD, and the ACQUITY BEH™ C18 Columns.®’

Experimental
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This document includes three experiments that calculate a method from a 5 pm column to a 2.5 pm column, and

from a 2.5 ym column to a 1.7 um column. Each column experiment has a unique set of instrumental parameters.

The sample preparation contains six polymer additives listed in Table 1 that were dissolved in THF at 1.0 mg/mL
each, and then 100 pL of each solution was then added to a 2 mL LC vial (p/n: 186005660CV <
https://www.waters.com/nextgen/us/en/shop/vials-containers--collection-plates/186005660cv-truview-lcms-
certified-clear-glass-12-x-32-mm-screw-neck-vial-wi.html> ) and diluted with 600 mL of THF for a final
concentration of 0.5 mg/mL. Experiment 1, 2, and 3 used the same samples and sample tray with its
corresponding column. The gradient, injection volume, and flow rate were adjusted for each experiment based on

the results from the columns calculator software tool (Figures 1, 2).
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Sample name [ Manufacturer ‘ Part number ‘ Chemical structure

O L
5, .N.
Tinuvin 327 Aldrich 423327-5G o
Tinuvin 328 Aldrich 422746-50G
Tinuvin 360 Aldrich 407941-25G
Irganox 1330 Aldrich 413283-100G
Irganox 1010 Aldrich 441783-100G
S
Irganox 1076 Aldrich 367079-100G %}—\%
£ o

Table 1. Polymer Additive Samples.

Experiment 1. LC Conditions

LC system:

Detection:

Column(s):

Column temp.:

ACQUITY APC System with p-QSM

ACQUITY ELSD with Hexane/THF kit

XBridge™ Cqg 5 pm, 4.6 x 150 mm (p/n: 186003116)

25°C
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Sample temp.: 20 °C

Injection volume: 14 pL

Flow rate: 0.68 mL/min

Mobile phase A: THF (unstabilized)
Mobile phase B: Water (deionized)
Needle wash solvent: 50/50, v/v, THF/water
Seal wash solvent: Isopropanol

ELS nebulizer temp.: Cooling

ELS drift tube temp.: 60 °C

ELS gain: 500

ELS gas flow: 60 psi

Gradient Table 1

PR R
0.00 0.682 50 50 6 0.00
1.32 0.682 50 50 6 0.55
11.48 0.682 100 0 6 4,21
15.88 0.682 100 6 1.82
16.76 0.682 50 50 6 0.36
18.52 0.682 50 50 6 073
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After the first experiment was completed with the 5 um column, the column calculator tool was used to calculate

the parameters for the 2.5 pm column experiment (Figure 1).

& &

9) - 1O

Options  Pressure Units Reset Print Help
- v
From... To...
Describe your original method. Describe your target method.
Column Diameter (D): }‘WUU ‘ mm Column Diameter (D): 3.000 mm
Length (L): [150 ‘ mm Length (L) s mm
Particle Size (dp): ‘5 0 ‘ pm Particle Size (dp): 25 pm
Lrdp: 30,000 Lidp: 30,000
System T 0,000 O] System Dwell volume: [o000 E'NO)
High pressure limit: 15,000 ‘ psi
Method Injection volume: ‘“'ﬂ ‘ e Method Flow rate: ® Scaled: ( 0.580 mL/min)
e o . [1.000 i
Temperature: ‘25 | °c Custom: mL/min
Run time: ‘16-00 ‘ min
' = el i
B E wBE
| Time Flow %A %8 %C %D Column Time Bave %A %8B %C %D Column
H Rate (mL/ o Rate (mL/
(min) in) Water Methanal Water Water Volumes (min) i) Water Methanol Water Water Volumes
4 1588 0.682 0.0 100.0 00 00 182 ! 1 0.00 0.580 00 500 0.0 500 0.00 o}
5 1676 0682 00 500 0.0 500 036 2 033 0.580 0.0 500 0.0 50.0 0.55 |
g 1852 0.682 0.0 50.0 0.0 500 073 3 287 0.580 0.0 1000 Q.o 0.0 421 !
4 v 4397 0.580 00 1000 0.0 00 1.82 v
1,085 psi 4,339 psi 3.0 pL 4.00 min
Maximum pressure Maximum pressure Injection volume Run time

Figure 1. Columns calculator tool for converting the 5 um column method to the 2.5 um column

method.

Experiment 2: LC Conditions

LC system:

Detection:

Column(s):

Column temp.:
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ACQUITY APC System with p-QSM

ACQUITY ELSD with Hexane/THF kit

XBridge Cig 2.5 um, 3.0 x 75 mm (p/n: 186006034)

25°C
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Sample temp.: 20 °C

Injection volume: 3L

Flow rate: 0.58 mL/min

Mobile phase A: THF (unstabilized)
Mobile phase B: Water (deionized)
Needle wash solvent: 50/50, v/v, THF/water
Seal wash solvent: Isopropanol

ELS nebulizer temp.: Cooling

ELS drift tube temp.: 60 °C

ELS gain: 500

ELS gas flow: 60 psi

Gradient Table 2

e | ey | %8 | % | ce | Coum
0.00 0.583 50 50 6 0.00
0.33 0.583 50 50 6 0.55
2.87 0.583 100 6 4.21
3.97 0.583 100 6 1.82
419 0.583 50 50 6 0.36
4,63 0.583 50 50 6 0,73
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After the second experiment was completed with the 2.5 ym column, the column calculator tool was used to

calculate the parameters for the 1.7 pm column experiment (Figure 2).

e & 9) . 10

Options  Pressure Units Reset Pprint Help
- v
From... To...
Describe your original method. Describe your target method.
CQ| umn Diameter (D): 3.000 mm C0| umn Diameter (D): 2.100 mm
Length (L): 75 mm Length (L): 50 mm
Paticle Size (dp): 25 um Particle Size (dp) 17 itw
L/dp: 30,000 L/dp: 29,412
Syﬂem Dwell velume: 0.000 mL ® SYStem Dwell volume: 0.000 mL ®
High pressure limit: 15,000 psi
Method Injection volume: 30 HL Method Flow rate: ® scaled: (0.420 mumin)
Temperature: 25 °c ' custom; 1000 ml/min
Run time: 440 min
] — ]
- , B = uBE
Time Ra:;a(:\l..’ %A %8 %C %D Column | Time ka:l’(:u %A %8 %C %D Column
(min) iRy Water  Methanol  Water Water  Volumes (min) o Water  Methanol  Water Water  Volumes
1 0.00 0583 00 50.0 0.0 50.0 0.00 ~ 1 0.00 0420 0.0 50.0 0.0 50.0 0.00 ]|
|
2 033 0583 00 50.0 0o 500 0.55 2 015 0420 00 500 0.0 500 055 |
3 287 0583 00 100.0 0.0 0.0 423 3 1.30 0420 00 1000 0.0 0.0 423
4 397 0583 00 100.0 00 0.0 183 v 4 1.80 0420 00 100.0 0.0 0.0 183 v
4,360 psi 9,245 psi 1.0 pL 1.99 min
Maximum pressure Maximum pressure Injection volume Run time

Figure 2. Columns calculator tool for converting the 2.5 um column method to the 1.7 um column

method.

Experiment 3: LC Conditions

LC system: ACQUITY APC System with p-QSM

Detection: ACQUITY ELSD with Hexane/THF kit

Column(s): XBridge Cig 1.7 um, 2.1 x 50 mm (p/n: 186002350)
Column temp.: 25°C
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Sample temp.:

Injection volume:

Flow rate:

Mobile phase A:

Mobile phase B:

Needle wash solvent:

20 °C

1pL

0.42 mL/min

THF (unstabilized)

Water (deionized)

50/50, v/v, THF/water

Seal wash solvent: Isopropanol

ELS nebulizer temp.: Cooling

ELS drift tube temp.: 60 °C

ELS gain: 500

ELS gas flow: 60 psi

Gradient Table 3
e ol %A %B Curve oy
(min) (mL/min) volumes
0.00 0.42 50 50 6 0.00
0.15 0.42 50 50 6 0.55
1.30 0.42 100 6 4.23
1.80 0.42 100 6 1.83
1.90 0.42 50 50 6 0.37
2.10 0.42 50 50 6 0.73
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Data Management

The data management system used to control the ACQUITY APC System and to process the data was the
Waters Empower™ Chromatography Data System (CDS) 3, FR 5. The chromatograms and peak quality table
provided in the results and discussion section of this document were created in Empower CDS without the use

of a 3" party software.

Results and Discussion

The chromatograms from experiments 1, 2, and 3 are below in images 3, 4, and 5. The resolution for acceptable
chromatography should be greater than 1, and the Empower CDS generated table under each chromatogram
represents the quality of the data.? The first peak to elute in a reverse phase method is usually the marker peak,
and the data from the maker peak is not used for many of the peak quality calculations. A marker peak is not

used in this experiment. Therefore, the table spaces under Tinuvin 328 heading are blank.

Figure 3 displays the separation of the mixture of six polymer additives for experiment 1in under twelve minutes,
and the resolution values for six separate injections of the mixture is in Table 2. Note the separation of Tinuvin

328 and Tinuvin 327 are baseline resolved, as well as the separation of Irganox 1010 and Irganox 1076.

Advanced Polymer Chromatography Reverse Phase Method for Polymer Additives Using Tetrahydrofuran and

10

Evaporative Light Scattering Detection in Under Three Minutes per Sample



1600.00

2 o
4 ™ s,)
1400.00- £ < ©
— 3 ) -
: Sum = £ 5
1 j=2]
1200.00- = 8
= 2
§ -
1000.00- 5 8
] ) E %
] & 5 T
7 800.00- - £
- g
] =
600.00-
400.00
200.00-
000_ L J & L } L \ L i
Cil AN _A A‘D ﬂ A iy & 48 O
L PR TN I R B ER T —r % ] o0 & F 4 tF % ] %k
8.00 8.50 9.00 9.50 10.00 10.50 11.00 11.50 12.00

Minutes

Figure 3. Chromatogram from HPLC experiment 1.

- Tlnuvm Tlnuvm Tlnuvm Irganox Irganox Irganox
name 1330 1010 1-76
Pol add mix 1:1 1:A,1 4136 | 2.948 4.342 3.051 4,663
2 Pol add mix 1:1 2 | 1A 4444 | 2749 4307 | 3051 | 4638 {
3 Pol add mix 1:1 3| tA1 | | 4493 2.956 4.356 3.300 4622 |
4 Pol add mix 1:1 4| 1A | 4428 @ 2.883 4.392 3.268 4756 |
5 Pol add mix 1:1 5 | 1A1 | 4.283 | 2917 4.408 3.067 4547 |
6 Pol add mix 1:1 6 | TA1 | 4127 | 3.025 4.608 3.264 4.804 |
Mean | | 4289 | 2913 4.402 3.167 4672 |
- Std. Dev. : | 01530 00932 = 01073 | 01218 | 00935 |
% RSD | | 3.568 | 3.200 2.437 3.847 2,001 |

Table 2. Empower Peak resolution table for experiment 1.
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Figure 4 displays the separation of the mixture of six polymer additives for experiment 2 in under six minutes, and
the resolution values for six separate injections of the mixture is in Table 3. Note the separation of Tinuvin 328

and Tinuvin 327 are baseline resolved, as well as the separation of Irganox 1010 and Irganox 1076.
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Figure 4. Chromatogram from UHPLC experiment 2,
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Tinuvin | Tinuvin | Tinuvin Irganox Irganox Irganox

328 327 | 360 1330 1010 176
1 Poladd mixtl | 1 | TA,1 5115 | 6.243 | 7.420 5857 | 2.582

2 Poladd mixtl | 2 | TA,1 5142 | 6333 | 7784 5890 | 2523

3 | Poladdmixtl | 3 | TA1 | 5270 | 6629 | 7234 | 5592 | 2496

4 | Poladdmixt1 | 4 | TA1 4926 | 6381 | 7728 5.914 | 2439

5 l Pol add mix 1:1 5 LA 4,907 6.094 7.324 7 5.997 2,393

6 | Poladdmix®1 | 6 | TA,1 4900 | 6013 | 7227 5.684 | 2.318
Mean l 5.043 6.282 7453 5.822 2.458
Std. Dev. | 0.1542 0.2201 0.2458 0.1529 0.0949
% RSD ‘ 3.058 3.503 3.298 2.626 3.861

Table 3. Empower peak resolution table for experiment 2.

Figure 5 displays the separation of the mixture of six polymer additives for experiment 3 in under three minutes,
and the resolution values for six separate injections of the mixture is in Table 4. Note the separation of Tinuvin
328 and Tinuvin 327 are baseline resolved, and they are integrated with peak resolution values greater than one
which is the accepted criteria for quality chromatographic resolution. Although the separation of Irganox 1010

and Irganox 1076 is not baseline resolved, each peak resolution exceeds accepted criteria.
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Figure 5. Chromatogram from UPLC experiment 3.
Sample Ini Vial Tinuvin | Tinuvin | Tinuvin Irganox Irganox Irganox
name I 328 327 360 1330 1010 1-76
1 Pol add mix 1:1 1| A1 2.321 2.891 | 2464 | 1676 1.440
2 Pol add mix 1:1 2 1:A,1 2.410 2.577 2.611 1.672 1.391
3 Pol add mix 1:1 3| LA 2,401 2757 | 2495 | 1473 1,335
4 Pol add mix 1:1 4 1:A1 2,262 2.685 2,499 1.619 1.378
5 Pol add mix 1:1 5 | 1A 2322 | 2694 | 2499 | 1600 1,331
6 Pol add mix 1:1 6 | 1A 2.444 2683 | 2685 1.668 1.397
Mean | 2.360 2715 | 2542 | 1618 1.379
Std. Dev. 0.069 0.104 0.086 0.078 0.041
% RSD | 2.9 34 | 34 | 48 3.0

Table 4. Empower peak resolution table for experiment 3.
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Conclusion

The separation of a six-polymer additive blend was successfully developed from a 19-minute HPLC run time to a
3-minute UPLC run time increasing the number of injections per hour by a factor of five. The ACQUITY APC
System with a p-QSM, ELSD, and ACQUITY BEH Csg Column Technology enabled the gradient use of
tetrahydrofuran as a mobile phase due to the robust system, detector, and column particles. The ability to
develop the legacy HPLC method using a 5 um particle column into a 1.7 ym column method was intuitively
accomplished by using the column calculator software tool and a family of columns designed for a variety of LC
separation methods. The resulting method provides a rapid approach for characterizing representative polymer
additives under THF-compatible conditions. Such analytical capabilities may support method development for
polymer-additive characterization in semiconductor and electronics materials workflows, including formulation

assessment and investigations of material stability.
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