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The development of sophisticated synthetic routes for polymeric materials and more complex formu-
lations used in current products require more advanced analytical techniques. As simple 1D experiments
do not suffice to provide the necessary information. The development of coupled techniques, especially
liquid chromatography (LC) in conjunction with molecular spectroscopy, is one promising approach to fit
these requirements. The focus of this article is the optimization of a medium resolution (MR), benchtop
"H-NMR spectrometer coupled to a SEC instrument, where the NMR acts as an on-line chemical selective
detector. The approach is to retain typical SEC selectivity while obtaining NMR on-line data with the
highest possible sensitivity through full optimization of the entire set-up, pulse sequence and numerical
data evaluation. A detailed description will be provided on how each part has been improved, including
instrumental demands e.g. custom designed flow cells. Application examples of a PS/PMMA blend and
Received 27th January 2019, PS-b-PMMA block copolymer are given to illustrate the potential of the hyphenated technique and the

Accepted 3rd April 2019 necessity of optimization. It is shown that the MR-NMR can be successfully hyphenated to SEC as an

DOI: 10.1039/c9py00140a information rich chemical detector, providing the average chemical composition (CC) as a function of
rsc.li/polymers molar mass distribution (MMD), for polymers at isocratic mobile phase conditions.
Introduction three main characteristics to consider: (1) molar mass distri-

bution (MMD), (2) chemical composition (CC) and (3) topo-
The on-line coupling of chromatographic methods to spec- logy, facilitating the need for 2D (or even 3D) analysis (Fig. 1).?
troscopy techniques, also known as hyphenated techniques,”* As the MMD is quantified by SEC, the chemical composition
has shown great potential for the analysis of complex samples
displaying a non-uniform distribution of chemical compo-

sition. Among these hyphenated techniques, liquid chromato- . L
Functionalization,

graphy coupled to Fourier transform infrared- (FT-IR), ———— 3D Distribution
quantum cascade laser- (QCL) and NMR-spectroscopy (LC-IR/

QCL/NMR), are versatile and powerful combinations."** High X *

performance liquid chromatography (HPLC) has become a /

powerful analytical tool for the separation of compounds since nvﬁ

its introduction in the 1960s.” HPLC consists of three main x

modes of separation, namely (1) liquid adsorption chromato-

graphy (LAC), (2) liquid chromatography at critical conditions

(LC-CC) and (3) size exclusion chromatography (SEC). SEC is py //

the most widely employed technique for the analysis of molar
mass distribution (MMD) of polymeric materials and is of Size, M
high value since molar mass information generally has a

direct correlation to the final mechanical properties. However, 2D Projection:

. . . Chemical
for the molecular analysis of polymeric materials there are 2D spectral chromatogram

Composition

Fig. 1 lllustration of the distribution of the three important molecular
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can be recorded using spectroscopic techniques, where infra-
red spectroscopy (IR), mass spectrometry (MS) and nuclear
magnetic resonance spectroscopy (NMR) are among the most
sought after methods.® Due to ever-evolving application
requirements, polymeric materials are no longer just simple
linear homo-polymers but are often functional polymers con-
sisting of different topologies such as branched systems and/
or different monomer units as either copolymers or polymer
blends, resulting in complex polymeric mixtures. There is
always a distribution with respect to the three main polymer
characteristics e.g. molar mass, chemical composition and
topology as there are no perfect polymer synthesis routes,
unlike e.g. protein synthesis in nature. The measurement of
single or all characteristics in individual, uncorrelated experi-
ments, is not always sufficient in providing a complete picture
of the material. To obtain a more in-depth understanding of
the molecular characteristics, correlated techniques are required.

The on-line hyphenation of NMR with liquid chromato-
graphy (LC) has been reviewed”® and the technique applied to
homopolymers,”*° and copolymers."*™* The use of high field
(HF) NMR spectrometers (e.g. magnetic field strength, B, =
7-21 T, 300-900 MHz, "H) is the method of choice for on-line
analysis due to the inherent problem associated to both NMR
and SEC. In general, NMR is lacking sensitivity, while provid-
ing superior selectivity, compared to other techniques," and
requires relatively large sample concentrations. For LC-NMR
the detection sensitivity can be improved by sample concen-
tration, i.e. to reach the highest possible sample concentration
in a minimum volume.'®"® Furthermore, the signal-to-noise
(S/N) ratio of an NMR spectrum is directly related to the mag-
netic field strength (B,), where S/N scales approximately as B,
raised to 1.5.'° High fields have been the hallmark of LC-NMR
couplings and the sensitivity is generally the main obstacle to
overcome using low- to medium-field (e.g. B, = 0.5-1.5 T,
20-60 MHz, 'H) magnets. As a result, the general trend is to
use high field magnets (400 MHz or higher).""'>"*™® The
drawbacks of employing high field instruments are that they
are costly in acquisition and operation and normally require a
vast amount of experience, making it a less feasible option for
industry and non-dedicated NMR research groups. Although
NMR is able to determine the composition of a copolymer frac-
tion (independent of its molar mass value), it can also provide
reliable molar mass estimates via end-group analysis of up to
20000 g mol ".>**' Furthermore, the hyphenation to SEC
results in the reduction of sample concentration after chroma-
tographic separation, with the intrinsic drawback that SEC has
a restriction to the maximum possible injected analyte concen-
tration. Due to the separation mechanism, SEC columns can
only separate dilute solutions without losing the integrity of
the chromatographic separation. For analytical (typically 300 x
8 mm internal diameter, i.d.) and semi-preparative SEC
columns (typically 300 x 20 mm i.d.) injected sample concen-
trations of 1 ¢ L™ and 3 g L™" (with 80 and 500 pL injection
volumes), respectively, are typically used. As a result, the
solvent-to-analyte ratio is in favor of the solvent by typically a
factor of 1000, resulting in a substantial unwanted solvent
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signals measured by the spectrometer in case protonated sol-
vents are used. The conventional way of overcoming such a
problem, was to perform a two-step analytical process, where
the fractionation was performed via SEC followed by the evap-
oration of the solvent, demonstrated for the combination with
IR spectroscopy.””® The principle of solvent evaporation is also
exploited in HPLC electro spray ionization-mass spectrometry
(ESI-MS), but is limited to the lower molar mass end (<5000 g
mol™") of polymers.*>? It also has the drawback of producing
complex mass spectra, making data evaluation challenging.
The second approach is to use so-called ‘spectroscopic-trans-
parent’ solvents, for example in NMR, the use of deuterated
solvents is a possibility for the on-line hyphenation of SEC to
NMR. However, the use of deuterated solvents is not an econ-
omically viable option as these solvents are generally expensive
and, therefore, are not suitable for routine analysis. Deuterated
solvents are normally ‘contaminated’ with small amounts of pro-
tonated solvents, which may cause false-positive results if they
overlap with polymer signals. Nevertheless, the hyphenation of
high field'®** and low field (based on permanent magnets with
low S/N)**'* NMR has been successfully attempted.

The high selectivity of NMR spectroscopy, resulting in the
elucidation of molecular-level structural information, has an
advantage over other common LC detectors. The first reported
on-line HPLC-NMR measurement recorded was by Watanabe
and Niki in 1978,%® where isomeric dimethylphenols were
investigated using a 60 MHz spectrometer, in a stop-flow NMR
experiment. The first recorded continuous-flow experiment
was reported by Bayer et al. in 1979.>* The following technical
aspects have contributed to the improvement of the SEC-NMR:
(1) low sensitivity is tackled using ultrahigh-field NMR spec-
trometers (>600 MHz for proton nuclei). (2) The use of deute-
rated solvents, especially for on-line hyphenation was
attempted, but not broadly used.**® Furthermore, protonated
solvents also overlap with regions of interest in polymer ana-
lysis. The use of protonated solvents is more accessible to use
due to effective solvent signal suppression techniques using
frequency selective pulses.>’*® (3) The optimization of on-line
flow cells for dedicated LC-NMR probes have made on-line
hyphenation more sensitive. (4) Improvements in computing
power has enabled the handling of large LC-NMR data sets by
sophisticated software and operating systems, which was once
not possible.

In this publication, the optimization of a MR-NMR spectro-
meter (62 MHz carrier frequency, benchtop, 1.45 T, Halbach
magnet array) hyphenated to SEC for improved S/N using
protonated solvents is presented. The basic idea of this on-line
technique was already presented,”® with improved results on
work previously conducted in our group on a low field
(20 MHz, benchtop) NMR spectrometer.'*'*3® Further optim-
ization with respect to sample concentration, chromatographic
columns, flow rates, flow cells, a pulse program (for solvent
suppression), the use of a 60 MHz spectrometer and data
evaluation will be described in full detail within this article.
The main idea is to obtain maximum chemical composition
information on the polymer eluent from SEC. In the first
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dimension, SEC separates the molecules according to their
hydrodynamic radius in solution,?**' from which molar mass
and molar mass distributions can be calculated (after appro-
priate calibration) and in the second dimension "H-NMR
detection provides the corresponding chemical composition of
the analyte. Numerical solvent subtraction and data processing
of SEC-MR-NMR measurements is performed on an in-house
written MATLAB™ script (Time-resolved nuclear Magnetic
Detection of Eluates, TMDE).

Experimental section

Materials

Polystyrene (PS) and polymethylmethacrylate (PMMA) cali-
bration standards were used as received from PSS GmbH
(Mainz, Germany). The PS calibration standards comprised of
the following weight-average molar masses (M,): 162, 685,
1470, 4700, 9130, 19 600, 34 800, 100 000, 238 000, 526 000,
851000, 1800000 g mol™'. Samples of PS-b-PMMA were syn-
thesized in-house by anionic polymerization. The eluents were
SEC-grade chloroform (CHCl;) stabilized with 2-methyl-2-
butene, and cyclohexane (C¢H;,) used as received from VWR
chemicals (Bruchsal, Germany). Tetrahydrofuran (THF) multi-
solvent GPC grade, ACS, stabilized with 250 ppm of butyl-
hydroxytoluol (BHT) used as received from Scharlau GmbH
(Hamburg, Germany).

Size exclusion chromatography (SEC)

An Agilent 1260 Infinity SEC system (PSS GmbH, Mainz,
Germany), consisting of an isocratic pump, in-line degasser,
manual injector (Rheodyne 7725i, 100 and 500 pL sample
loops, 6 ports) and differential refractive index (DRI) detector
was used for the SEC experiments (Fig. 2). The chromato-
graphic separations were performed with a PSS SDV linear M
semi-preparative column (300 x 20 mm i.d., 10 pm particle
size, mixed bed) and PSS SDV Linear M analytical column
(300 x 8 mm 1i.d., 5 um particle size, mixed bed). The sample
concentration for the SEC-MR-NMR measurements was 4 g L™"

Injector
valve

Fig. 2 Schematic illustration of the SEC-MR-NMR set-up, comprising
of a 62 MHz, *H-NMR spectrometer, see Fig. 4.
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and 1 g L' for the semi-preparative and analytical column,
respectively (unless otherwise stated). Injection volumes of
either 100 or 500 pL were employed [inj. mass = sample conc. x
inj. volume]. Measurements were performed in protonated
CHCI; or THF as mobile phase with a volumetric flow rate of
1 mL min~'. Unless otherwise noted, all SEC components
were connected by 0.25 mm i.d. polytetrafluoroethylene (PTFE)
tubing.

Medium resolution nuclear magnetic resonance (MR-NMR)
spectroscopy

The SEC instrument was connected to a medium resolution
62 MHz, 'H (1.45 T) Spinsolve 60 NMR spectrometer (Magritek
GmbH, Aachen, Germany) as an additional detector using a
flow cell inside the NMR spectrometer, before the DRI detector
(Fig. 2). To enable the use of protonated solvents, the instru-
ment is equipped with an external fluorine lock system and
allows for freely programmable pulse sequences. The spectro-
meter uses permanent magnets arranged in the Halbach array
set-up with 15 dedicated shims (up to the 3™ order).** To
increase sensitivity it is equipped with a single channel 'H
probe head, with the B, magnetic field oriented perpendicular
to the flow (x/y-plane) with a solenoidal radio frequency (rf)
coil®® (Fig. 2). The single channel version of the Spinsolve 60
was used in this study due to the factor 2 higher S/N compared
to the dual channel one, as indicated by the manufacturer’s
specification sheets. A typical 'H linewidth for CHCI; is
0.4-0.5 Hz (full width at half maximum, FWHM, at static con-
ditions) and 12-14 Hz at 0.55% of the peak height.”® Static
"H-NMR spectra were collected using standard 5 mm NMR
tubes. Before every injection, the magnet was usually shimmed
to a CHCI; or THF line width of 0.7 Hz or 0.9 Hz (FWHM, on-
flow), respectively. Additionally, the B; frequency was set to the
position of the (highest) solvent peak and the receiver phase
was adjusted. These settings were then kept constant over the
course of the chromatographic run.

The pulse sequence shown in Fig. 3 consists of a 90° read
pulse (12 ps at full power, 0 dB pulse damping and 100 ps

G Spoil

>t

Fig. 3 1-Pulse-spoil pulse sequence used to acquire data for
SEC-MR-NMR experiments in this work (the linear shim coils were uti-
lized as spoil gradients).

This journal is © The Royal Society of Chemistry 2019
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dead time), followed by free induction decay (FID) acquisition
(2k points for 409 ms, 200 ps dwell time), and a crusher gradi-
ent (20 ms duration at a strength of 5000 a.u. corresponding to
a strength of roughly 0.5 mT m™").>° The final delay is of vari-
able length in the order of 70 ms to adjust the constant time
for one cycle to 500 ms. Four scans with phase cycling of 90°
pulses were averaged and the results stored as one FID.
Consequently, an 85 min sample run consists of 2600 FIDs,
with 2k points each (1 FID every 2 s). The first dimension of
the data being NMR spectral dimension and the second the
SEC elution time (Fig. 1). The pulse sequence works by exploit-
ing the T;-relaxation difference between the polymer and
solvent: the polymer relaxes ca. 5-7 times faster than the
solvent, based on previous work.>®

NMR flow cells

The NMR flow cells were custom built in order to optimize
sensitivity (S/N) and residence time distribution. The flow
cell’s volumes were varied between 320-1010 pL, and were
built out of Duran glass capillaries. The following geometric
factors were varied: length, internal diameter, and the
entrance/exit geometry (or shape, Fig. 4). The flow cells had a

Actlveh-ﬂ\ow cel'l“reglon i

< et 7.l Cone shape
(A) S . % ‘;T' geometry
Bo d(active) 5‘—-5 L(active)

X I—»B, r‘—l A ——— MR coil
A

? & P Flow cell
< ; ; { Flush cut
(B) A geometry

p.. 1 ! >

Fig. 4 Two types of geometries for the diameter transition tested for
the flow cells. (A) Conical shaped- and (B) flush cut geometry. The most
important parameters are also listed on the figure as follows; d(cap.) —
capillary region diameter, d(active) — active region diameter, L(active) —
active region length and a — cone shape angle, see Fig. 2 and Table 1.
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total length of 500 mm (~5.0 mm outer diameter), with the
internal diameter of the capillaries being either 0.4 or 0.8 mm.
The capillaries are widened (2.6, 3.4 or 4.0 mm internal dia-
meter) at the coil region of the NMR, referred to as the active
flow cell region, with lengths of either 15 or 45 mm. The tran-
sition between the narrow capillaries and the active region
consisted of two types of geometries, with and without cones,
where the cones have approximately an angle of 30° (Fig. 4). A
series of nine different flow cells were compared to a standard
flow cell provided by Magritek (Table 1).

Benchmark experiments

As benchmark experiments, to test the residence time of the
analyte in each flow cell, a 20 pL solution of a cyclohexane in
chloroform (5/95 v/v%) was injecting into the SEC set-up,
using chloroform as mobile phase, without any column at a
volumetric flow rate of 1 mL min~'. The NMR and DRI data
were then recorded over the following five minutes, and a
three minute pre-recording for the NMR was also needed, to
ensure timely data recording and reproducible results.

The following NMR parameters were used: pulse width 90°,
dwell time 100 ps, data points 2k, recycle delay 270 ms,
number of transients 1 scan per spectrum, number of spectra
1650, conducted at room temperature.

Data evaluation

Data are stored as FIDs during measurement, since timing
interferences with the pulse sequence prevent an immediate
evaluation. Subsequently, the stored data are evaluated using a
custom written MATLAB™ script, Time-resolved nuclear
Magnetic Detection of Eluates (TMDE).

The evaluation steps are: (1) Fourier transform, (2) apodiza-
tion (e.g. Gauss) and zero-filling, (3) 0™ and 1% order phase
correction, (4) smoothing in the SEC dimension (e.g. Gauss),
(5) subtraction of a reference spectrum, (6) peak finding, and
(7) baseline correction in the SEC dimension (typically a 2¢
order polynomial) as detailed previously for the SEC-NMR
combination.?® The final step in the script reports, stores, and

Table 1 Performance of custom built flow cells compared to a commercially available flow cell, by a benchmark experiment. Flow cell (FC), FC9,

had the best performance

Flow Capillary i.d. Entrance/exit ~ NMR-active NMR-active region Viotal FWHM DRI TY DRI  FWHM NMR
cell [mm] shape length [mm]  i.d.[mm] Vactive [ML]  [RL] [min.] [—] [Hz]
No FC — — — — — — 0.05 1.06 —
FC1¢ 1.0 Cone 60 4.0 628 1013 0.25 3.01 7.33
FC2 0.8 No cone 15 2.6 80 323 0.19 3.46 7.08
FC3 0.8 No cone 15 3.4 136 380 0.19 3.12 6.89
FC4 0.8 No cone 15 4.0 188 432 0.18 3.31 7.21
FC5 0.8 No cone 45 4.0 565 794 0.27 2.48 7.24
FCe 0.8 Cone 15 4.0 188 450 0.17 3.73 7.16
FC7 0.4 No cone 15 4.0 188 250 0.51 1.53 7.67
FC8 0.4 No cone 15 3.4 136 197 0.63 1.44 8.03
FC9°¢ 0.8 Cone 15 4.23 211 496 0.08 1.63 6.87
FC10 0.8 Cone 18 4.24 226 516 0.08 3.46 6.96

“The standard Magritek flow cell. ? Tailing factor (7;) = (a + b)/2a, where a and b are the distances in mL of the peak edge relative to the mid-
point of the peak at 1/20™ of the peak height. ¢ FC9 was found as the best current flow cell for the intended use.

This journal is © The Royal Society of Chemistry 2019
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then visualizes data statistics for each peak. Variants of this
evaluation are noted in the main text. Signal-to-noise (S/N)
ratios are calculated from the ratio of the maximum peak
height of interest (S) to the standard deviation (o) of the noise
(6 =N) in a signal free region (typically —15 to —30 ppm) of the
spectrum after conducting the above described sequential
corrections.

Numerical solvent suppression

Numerical solvent suppression is conducted in two steps.
First, a reference spectrum containing the solvent signal
(including trace components in the eluent, e.g. stabilizer) is
calculated by averaging the spectra between 5 and 10 min
elution time, before sample elution. This reference is sub-
tracted from each spectrum after scaling it so that the highest
peak in both spectra match to account for small intensity fluc-
tuations (analog-to-digital converter, ADC, drift). In the second
step, an individual second order polynomial is fitted to the
baseline between 10 min and the system peak onset at ca.
72 min, excluding the peak region. This baseline is then sub-
tracted from the data to remove drifts in solvent, traces and
background noise. These two methods reduce the solvent
signal intensity by a factor of ca. 30 and 2, respectively.

The analyte peak regions must be identified prior to the
second solvent suppression step, this is completed using
MATLAB’s findpeak function. The number of peaks is limited
by a threshold (minimum intensity 6 times noise in peak free
region). The area of each peak is computed by searching for
the point where the peak intensity has decayed to within noise
level in both dimensions. The signal-to-noise ratio of each
peak is calculated as the maximum of the peak divided by the
standard deviation of the data in the signal free region of the
spectrum (e.g. —15 to —30 ppm). The peak shape is quantified
by peak full width at half maximum and full width at tailing
maximum corresponding to 1/10™ of the peak height (FWHM
and FWTM respectively).

Results and discussion

Flow cells

Flow cells used in SEC-NMR hyphenation need to fulfil both
spectrometric needs (the highest possible signal) as well as
chromatographic requirements (retained resolution, ie.
minimal peak broadening) and their optimization is highly
important. This required that the volume of the NMR flow cell
is as low as possible for minimal peak broadening, but still
fulfils long enough residence time for NMR spectroscopy, with
the inner geometry being fully optimized to the following con-
ditions. From an NMR perspective the flow cell requirements
are as follows; (1) it should be large enough to enable analyte
detection, with an increase in volume lowering the resolution
on the time axis of an on-line measurement, (2) long enough
analyte residence time compared to the recycle delay of the
pulse sequence to minimize in- and out-flow effects,”” (3)
maximum sample volume in the coil region for highest S/N,**

2234 | Polym. Chem., 2019, 10, 2230-2246
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but this can, to some degree, be offset by optimizing the recei-
ver ADC gain before acquisition. These requirements are
imperative as both the volume and the flow cell geometry can
lead to artificial peak broadening, e.g. due to excess dead
volume or backflow/back mixing. Magritek provides a flow cell
which is aimed at reaction monitoring (labelled as FC1 in
Table 1), however, the drawback of this flow cell is its large
volume (Vioc = 1013 pL), especially when compared to the
typical dead volume of a standard DRI detector, which is in
the range of 60 pL.> The main optimal specifications of the
flow cell for SEC are the following; (1) should not result in arti-
ficial peak broadening, (2) should allow for maximum sample
amount being delivered to the NMR and low B, magnetic field
interaction, and (3) should withstand backpressures of at least
three bars. A set of nine different flow cells were designed,
built and tested to obtain the best compromise between the
first two requirements. The results are given in Table 1
together with the standard Magritek flow cell (FC1). The
benchmark experimental approach was utilized here to quan-
tify parameters.

It was evident that in general, the larger the flow cell the
more pronounced was the undesirable peak tailing in the SEC
dimension. The FWHM for the NMR was in the same range
for all the flow cells, as expected due to strong apodization
being employed. Considering the FWHM of the DRI, three dis-
tinct groups appeared, (a) FC2-FC6 which all had the same
FWHM range as the Magritek flow cell. (b) FC7 and FC8 which
had a strongly increased FWHM, due to a reduction in the
capillary section of the flow cell to 0.4 mm i.d. This was done
to more closely match the PTFE SEC tubing used but has the
adverse effect. (¢) FC9 and FC10 which consist of the active
region with cone shape geometry and 0.80 mm i.d. capillaries,
produced improved results with respect to band broadening in
both the SEC and NMR dimension. As the smaller capillaries
did not match well with the active flow cell region of the flow
cell, resulting in the formation of so-called ‘analyte jets’ occur-
ring in the active flow cell region, producing poor results.
Therefore, flow cells with capillaries of >0.80 mm i.d. are pre-
ferred to minimize in- and out-flow effects. It is assumed that
the step increase (with respect to i.d.) from the SEC tubing
(0.25 mm 1i.d.) to the capillary region of the flow cell (0.80/
1.00 mm i.d.), assisted in minimizing undesired flow effects as
the analyte flowed through the larger active region of the flow
cell.

The FWHM in the spectroscopy dimension increased
slightly with larger flow cell volumes. This can be attributed to
less effective shimming. The S/N is a crucial parameter as
there is already a limitation regarding sensitivity, however, it
was not used as first estimate for flow cell performance as the
results may be misleading due to the nature of the analyte
being used in the benchmark experiment. The S/N is not the
only parameter that should be considered as the in- and out-
flow effects caused by the flow cells is just as important in the
SEC-NMR hyphenation. FC9 provided the best compromise
between peak broadening in both the chromatographic and
spectroscopic dimensions and was a close match to the case

This journal is © The Royal Society of Chemistry 2019
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where no flow cell is used. FC9 was chosen as the best design
for the current application with a factor of 1.5 to 2.1 improve-
ment in S/N depending on the sample dispersity (D). It must
be noted that due to the lack of a column and differences in
the longitudinal relaxation (7;) between polymer and solvent
these results are not directly comparable to SEC-NMR experi-
ments where polymeric species are used but provides an
optimization mainly in terms of S/N, related to the FWHM. To
validate the benchmark experiments, full SEC-NMR experi-
ments were performed using a polystyrene standard (M =
30300 g mol™', D = 1.03) in CHCl;. The influence of the total
volume and geometry of the flow cell on the SEC peak broad-
ening is illustrated in Fig. 5. The effect of the different flow
cells on the SEC traces were compared to the absence of an
NMR flow cell, as the best possible case with the set-up.

The results obtained are a measure of the actual peak
broadening because of excess volume and flow behavior in the
flow cell. The DRI response shown in Fig. 5(A) shows a clear
increase in FWHM and tailing factor as the flow cell volume
increases. The geometry with no cones caused more staghant
zones where (a) the analyte never reaches (low S/N) or (b) only
slowly diffuse and thereby causing tailing, resulting in
unwanted flow effects compared to the conical shaped geome-
try, which does not cause stagnant zones (Fig. 4). To quantify
the peak broadening, the chromatograms were fitted and
quantified via a Gaussian function. The signal intensity when
compared to no flow cell decreases with 20%, 14% and 6.0%
for FC1, FC3 and FC9, respectively. The FWHM increased
9.0%, 8.0% and 3.0% for FC1, FC3 and FC9, respectively. The
total injected mass of the PS sample was 1 mg, to illustrate the
relationship between the S/N more clearly. There is a 6.0% and
14% reduction in the S/N when using FC1 and FC3, respect-
ively, compared to FC9 (same integral area but lower peak
maximum). Furthermore, there is a 16% and 8.0% increase in
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the FWHM in the spectroscopic dimension compared to FC9
for FC1 and FC3, respectively. As expected, any additional
detector leads to an increase in the peak broadening. Initially,
the consensus was that a smaller flow cell would be a better
compromise between NMR sensitivity, chromatographic
resolution and peak broadening. It is clear that, the results fol-
lowed a different trend and emphasized the importance of the
flow cell geometry. The difference between the flow cells were
significant for a sample of very narrow D, and the increased
peak width (3.75%) for the best performing flow cell, FC9, was
acceptable considering the accuracy of SEC. For samples with
a broader molar mass distribution, e.g. P > 1.5, the effect of
the flow cell volume and geometry should be less pronounced.
In the case of static measurements (no flow), the cell size does
not influence the NMR results as severely as in constant flow
rate measurements, due to no in- and out-flow effects as well
as longer analyte resident times. For constant flow rate
measurements, increased peak broadening was accompanied
by a decrease in the signal intensity, resulting in a reduction of
the S/N. The deviation in the signal intensity is much larger
for the NMR signal than for the DRI signal, due to peak broad-
ening resulting in a localized reduction in analyte concen-
tration and should, therefore, be considered when hyphenat-
ing SEC with NMR detection. Note, the expected signal loss for
a sample with a broad P would be less severe than for the
sample illustrated here, since the localized concentration of a
sample with a broad P is considerably less than a sample with
a narrow b.

Optimization of the SEC conditions

As SEC performs best with dilute polymer concentration, a
contrast exists as spectroscopic sensitivity is better at higher
concentrations. The limit between overloading and acceptable
separation strongly depends on the sample; it is proportional

0.04 " .

e FC 3 (380 puL, S/N = 45)
---FC9 (496 ulL, S/N =68)
---FC 1 (1013 plL, S/N =53)|,

0.03

0.02

Intensity (a.u.)

-c
o
=9

Fig. 5 Performance of custom-built flow cells, based on chromatographic separation of a polystyrene standard (M,, = 30 300 g mol™, P = 1.03): (A)

DRI traces; (B) NMR traces (ortho-aromatic C—H protons, 6.6 ppm).
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to the concentration and MMD, as well as on the type of
column and its pore size distribution. The best combination
needs to be established for each hyphenated combination, but
approximations for similar samples are possible. Therefore,
two examples related to column diameter and loading will be
provided.

For the first example, the separations were conducted on a
semi-preparative (20 mm i.d.) and an analytical (8 mm i.d.)
column as comparison. Semi-preparative columns, while
allowing a larger injected mass, deliver the same analyte con-
centration to the detector as an analytical column. The reason
for this is that these columns are being operated at a factor
6.25 larger injected mass but also eluent volume. If both
columns are run at flow rates that differ by a factor of 6.25,
similar S/N in SEC-NMR experiments is found (see caption of
Fig. 6). The NMR flow cell affected the peak height and width,
resulting in a slight improvement for the semi-preparative
column.

The main advantage of using a semi-preparative column, is
the use of larger eluent volumes (factor 6.25). This is beneficial
regarding the flow cell, since the NMR flow cell volume is
much lower compared to the peak width. The custom build
flow cells have a total volume ranging from ~320-1020 pL,
which corresponds to a detection cell of 50-161 pL for analyti-
cal columns (factor 6.25 smaller), which is in the range of the
volume of standard SEC detectors (e.g. Vprr = 60 pL).
Therefore, while the size of the flow cell volume for the NMR
matches well with the size of the semi-preparative columns, it
would be at the limit for the analytical columns.

To show this, a PS-b-PMMA (64/36 mol%, M, = 230 000
g mol™', P = 1.07) with a concentration of 2 g L~" was measured

T

—PS-b-PMMA (64:36) - Semi-prep. col.

4l - PS-b-PMMA (64:36) - Analytical col.
;L W ~— FR=1mLmin? |
LFV = 0.32 cm min™
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‘"
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DRI response (mV)

0
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Elution time (min.)

Fig. 6
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on both the analytical and semi-preparative columns using
chloroform as solvent and an NMR flow cell with a volume of
496 pL (FC9, Table 1). The injection volume was 100 pL and
500 pL for the analytical and semi-preparative column, respect-
ively. It was only possible to have a factor 5 difference with
respect to injected volume, as this limit was imposed by the
available injection loops. Nonetheless, the effect of the volume
size difference of the analyte band will still be signified con-
siderably. The flow rate was selected in such a way that the
linear flow velocity (LFV, inside the column) is equal to
0.32 cm min~" for both columns (FR = 1 mL min™", semi-
preparative column and 0.16 mL min~", analytical column),
the flow velocity within the active region of the flow cell will be
slower. Fig. 6 illustrates how the column-to-flow-cell mismatch
affects both the DRI and NMR traces.

The semi-preparative column provides a better match to the
NMR flow cell, due to improved performance over the analyti-
cal column with respect to the peak height and peak width
(FWHM). This is due to the analytical column having an
analyte band with less volume than the semi-preparative
column. When this small analyte band®' from the SEC column
passes through the NMR flow cell, which has a much larger
volume, band broadening occurs, which is happening on a
volume scale and not a time scale, the peaks have the same
elution time but with more severe band broadening for the
analytical column. SEC statistics such as the number of theore-
tical plates, asymmetric factor and tailing factor, were calcu-
lated from the DRI traces. The number of theoretical plates
increased by 67% on the semi-preparative column, with a
reduction of 14% and 28% in the asymmetry and tailing
factor, respectively, when compared to the analytical column.**

——PS-b-PMMA (64:36) - Semi-prep. col.

8 < PS-b-PMMA (64:36)- Analytical col.
s
< 61 (B) 10 ]
= PMMA (O-CH,, 'H)
'ga_ \ o=3.6 ppm
£ y LFV=0.32 cm min™
z

0\

35 40 as 50 55 60

Elution time (min.)

Illustration of the effect of column-to-flow-cell mismatch and how it affects both the (A) DRI and (B) NMR signal. PS-b-PMMA (64 : 36 mol%,

230000 g mol™, © = 1.07), sample conc. = 2 g L™* with injected volumes of 100 and 500 pL for the analytical and semi-preparative columns,
respectively. This equates to an injected sample mass of 0.2 mg and 1 mg for the analytical and semi-preparative columns, respectively. FC9, with a
total volume of 496 pL was employed (see Table 1). The S/N for the analytical and semi-preparative columns were 21.3 and 25.8, respectively. Where
the FWHM were 6.02 min and 3.85 min in the SEC dimension and 5.5 Hz and 3.6 Hz in the spectroscopy dimension for the analytical and semi-

preparative columns, respectively.
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The latter is valid for the combination of the column and flow
cell under these specific conditions. These factors lead to an
increase in signal height of 27% for the semi-preparative
column. Therefore, the semi-preparative column was chosen
as the column of choice when working with larger flow cell
volumes, to avoid a column-to-flow-cell mismatch. The use of
the semi-preparative column resulted in an improvement of a
factor 1.5 in S/N.

In the hyphenation of SEC with NMR, sample concentration
is an essential part of the analysis, since larger signals and
improved S/N can be achieved by increasing the sample con-
centration or injected volume. In the case of NMR spec-
troscopy (or any other spectroscopic technique), ideally, the
largest possible sample concentration should be used as this
would increase the S/N ratio (almost linearly as a function of
concentration).">** However, this is not the case for SEC, since
larger sample concentrations prohibit accurate molar mass
determination. Since two different techniques are combined
with each other, it is of importance that an optimized compro-
mise with respect to sample concentration is established. It is
further important to note that the optimum concentration and
injection volume is highly sample depended. First, the molar
mass of the sample needs to be considered. A too high sample
concentration of a high molar mass species will lead to a
viscous injection band, which in turn will hinder the diffusion
process in the column due to stationary phase overloading.
This generally result in a shift to higher elution volumes, yield-
ing in lower measured molar masses (and increased dispersi-
ties) when a conventional calibration curve is utilized, as has
been described by Striegel et al®' As a second point, the
optimum concentration also varies for broadly distributed (e.g:
industrial samples) and narrowly distributed samples (e.g. refer-
ence standards), since the localized concentration in the
column is generally lower for broadly distributed samples and
overloading or viscous fingering®**'**> happens at much higher
concentrations. Generally, the injected mass can be higher for
low molecular weight and broadly distributed samples.

The injected mass affects both the elution volume (peak
position) and the peak shape. To establish the optimum con-
centration for a given sample, at a specific injection volume,
the sample concentration should be lowered until the peak
position and shape remain constant. Only the peak area
should change as a function of the injected mass or concen-
tration. If the detector signal becomes too small because of
the low concentration, the injected volume should be
increased.***"*°

Therefore, there is no universal limit before column over-
loading occurs. To obtain the best S/N for a specific sample on
a hyphenated technique, the best method for determining the
overloading limit can be conducted with the aid of a concen-
tration series, see Fig. 8 in ref. 3. In the present study investi-
gations with such a concentration series were conducted to
obtain the overloading limit of the column. Two PS standards,
narrow and broad dispersity indexes (P), were measured with
SEC and a DRI detector. It was found that 4 mg (D = 1.03) and
10 mg (P = 1.65) injected mass were the upper limit for the

This journal is © The Royal Society of Chemistry 2019
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narrowly and broadly distributed samples, respectively. It
should be noted that the values given here can only be used as
guideline, as these upper limit values are sample dependent.
However, by performing measurements at or close to the over-
loading limit an improvement in S/N of a factor 2 was obtained
within this work.

Flow rate and flow cell position

Another factor to quantify peak quality and separation in
chromatography is the linear flow velocity of the mobile phase.
According to the well-known Van Deemter equation®*?’ an
optimal flow rate exists for chromatography to achieve the
highest possible resolution (i.e. separation efficiency).
However, SEC resolution is less affected if compared to liquid
adsorption chromatography (LAC) by using low flow rates.”*>"
Therefore, lower flow rates in SEC should be exploited for
NMR, as this would enable longer residence times (RT) inside
the NMR flow cell, reduced in- and out-flow effects, higher
S/N, and improved resolution and solvent suppression.

In general, the NMR detection coil covers an active volume
of 60-120 pL. Depending on the flow rate (linear velocity)
employed, the analyte usually remains only for a small period
(<30 s) within this active volume.

In the on-line SEC-NMR measurements, the NMR peak
broadening depends on the flow rate. The effect of flow rate on
the S/N ratios are summarized in Table 2 as examined by the
benchmark experiment using FC3, as the same trend is true
for all flow cells. The resolution of the spectrum decreased
almost by a factor 1.3 after the onset of constant flow rate
measurements and then decreased slightly as the flow rate
increased up to 1 mL min~", followed by an increased broad-
ening of the peak at flow rates exceeding 1 mL min~". The S/N
ratio of the resonance decreased as a function of increased
flow rate, due to the reduction in the residence time of the
sample within the NMR active region of the flow cell before
signal detection as well as a reduction in the pre-polarization.
At flow rates >1 mL min~?, the S/N decreases to ca. 1/5" that
of that in a static measurement, mainly due to insufficient pre-
magnetization of the sample.

Table 2 Effect of flow rate on the *H-NMR signal of cyclohexane in
CHCls (5/95 v/v%) solution using FC3 with an active volume of ca.
136 pL, without the SEC column

Flow rate RTrheo * RTgy” FWHM® S/N

[mL min™"] [s] [s] [Hz] (6=1.43 ppm)
0.0 0o oo 2.36 273.3

0.1 81.6 60.0 4.43 214.8

0.2 40.8 34.2 4.29 194.5

0.5 16.3 24.6 4.19 179.8

1.0 8.16 17.4 4.45 179.7

2.0 4.08 7.80 6.02 48.9

“Residence time (theoretical) [= (detection volume)/(flow rate)].
b Residence time as determined experimentally by calculating the time
difference between the peak start and end. ‘Full width at half
maximum in the NMR dimension. ¢ Signal-to-noise ratio in the NMR
dimension.
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As illustrated, the geometry of the flow cell plays a pivotal
role in the S/N values obtained for each flow cell, mainly due
to flow effects. Ideally, a plug flow of the analyte would be pre-
ferred with no stagnant zones in the flow cell, since the
analyte would then pass the NMR coil in a more homogenous
fashion, resulting in better resolution. However, due to the
flow cell geometries, obtaining a plug flow is a highly improb-
able scenario. A laminar flow profile, however, would mini-
mize in- and out-flow effects. A stable flow profile develops
after some time in active flow cell region, due to the analyte
and solvent moving through the capillary region as a step func-
tion, e.g. from smaller i.d. tubing after the capillary diameter
changes and should be different at different positions in the
active area of the flow cell.

Therefore, the effect of the position of the flow cell relative
to the NMR coil was investigated for the optimum flow cell
FC9, see Table 1. The mid-point of the flow cell was taken as
the reference point of the measurements. The flow cell was
then moved in 1 mm increments up and down relative to the
coil, by first performing shims followed by an on-line measure-
ment without a SEC column and then SEC-NMR measure-
ments at both the optimum and midpoints as determined by
the first test. For the first tests, the NMR magnets were
shimmed at each incremental position under flow with a stock
solution of PMMA (M,, = 38100 g mol ™", conc. = 2 g L™") con-
tinuously pumped through the NMR spectrometer, followed by
an on-line NMR measurement at each increment. The S/N and
FWHM of the -OCH; peak (PMMA) was recorded to quantify
the effect of the flow cell position. To determine if the
optimum position (i.e. highest S/N and lowest FWHM) out per-
forms the midpoint position, a PMMA standard was analyzed,
with the SEC column connected, to evaluate the effect. It was
found that the S/N decreases significantly at the entrance and

50 .
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exit part of the flow cells. These effects can be attributed to
two main reasons: (1) inhomogeneity in the glass at the
entrance and exit positions of the flow cells accompanied by
possible magnetic susceptibility, and (2) magnetic field distor-
tions, which smear out the NMR lines, consequently reducing
S/N and possibly change their shape, too. However, the overall
improvement of the S/N at the optimum S/N position com-
pared to the midpoint position had no overall improvement in
a SEC-NMR measurement. For the -OCH; peak a slightly
higher S/N = 160 was achieved at the midpoint compared to an
S/N value of 157 at the optimum position. At the aliphatic
-CH,~ peaks (S/Ngp = 38.0, S/Npig = 37.7) and a-CH; peaks
(S/Nope = 61.7, S/Npia = 56.7) the S/N value at the optimum
position improved slightly over that of the midpoint position.
The midpoint position is an acceptable compromise between
the best S/N and reproducibility. Since the flow cell inner geo-
metry would vary from manufacturer to manufacturer, so
would the optimum point for the flow cell position. This
might require a new investigation for every flow cell. Thus, the
flow cell position relative to the coil is still subject to further
investigations.

To further illustrate the effect of the flow rate on the S/N of
both the DRI and NMR detector a flow rate comparison was
performed at flow rates of 1-4 mL min~" (0.32-1.3 cm min™")
for a full SEC-NMR experiments, see Fig. 7.

Both the NMR and DRI responses decrease as a function of
increased flow rate. This is due to the shorter residence time
within the NMR flow cell, resulting in a reduction in the acqui-
sition time for the specific peak. For the DRI detector, the
reduction in signal intensity is due the broadening of the
analyte band, as in- and out-flow effects are more severe at
higher flow rates for the specific flow cell under investigation.
In Fig. 7(A) the results were fitted with an empirical exponen-
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Fig. 7 Effect of flow rate on both the (A) NMR and (B) DRI response at the peak maximum of a SEC-NMR experiment. Sample: PS/PMMA blend
(18 000/48 000 g mol™), injected volume: 500 pL, NMR analysis only conducted on the PS component, DRI analysis on the entire blend, solvent:

THF, flow cell, FC9, see Table 1. The SEC flow rate were limited to not below 1 mL min
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tial function, to illustrate the reduction. In eqn (1) the idea of
the relation between the flow rate and the S/N is presented.

1
S =51 (1)
Noc\/Zoc\/i N Vi
v

where S is the signal, N the noise, ¢ the analyte residence time
and v the volumetric flow rate. A more in-depth view of this
pre-diction would have to consider the influence of the recycle
delay on the solvent suppression and amount of total noise,
which was not further investigated in this work.

The scattering is indicative of the variations in the flow
profile in the flow cell. The flow profile is an important factor
in obtaining good S/N, since it dictates how much of the
sample passes by the NMR coil per time unit. Furthermore, if
jets were formed within the active region of the flow cell this
would also reduce the S/N. Since a reduced flow rate increased
the quality of the NMR spectra and did not affect the SEC
resolution and is still within acceptable measurement time, a
flow rate of 1 mL min~" was selected for SEC-NMR hyphena-
tion. Furthermore, operating at ¥ = 1 mL min~" compared to
¥ =4 mL min~" had an increase of a factor 2.3 in S/N.

Optimization of NMR data acquisition

To improve NMR sensitivity in the most efficient way is to increase
the number of scans of the recorded spectra as the S/N ~ /n,
where n is the number of averaged transients. However, fast rep-
etition (time between the start of two scans) implies recording
shorter FIDs and decreases NMR selectivity. Hence, selectivity
and sensitivity must always be viewed together.***°

The pulse sequence including variable pulses and waiting
time is fixed for a given case. The 1-Pulse-spoil (Fig. 3)
sequence is the shortest NMR sequence possible; all other
solvent suppression techniques have much longer pulse trains.
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Shortening the FID acquisition results in both reduced selecti-
vity which can only partially be recovered by zero filling or an
appropriate apodization function, and a large residual magne-
tization in the x/y-plane after the end of acquisition. Therefore,
a crusher gradient from the shim coils is needed to dephase
the remaining coherences. The effect of the crusher gradient is
not visible in an individual spectrum but over the course of a
SEC-NMR experiment, mainly the solvent signal fluctuations
lead to strong solvent peak distortions. A final but possibly not
reproducible waiting period is needed for data transfer and
storage and is hardware dependent. The waiting time should
be as short as possible to allow fast cycling and solvent sup-
pression (see below) but this distorts the analyte signal intensi-
ties due to non-complete relaxation for each resonance with
potentially different 7, times, typically a factor 5 difference
between solvent and analyte."’

The effect of decreasing the repetition time was investigated
by a series of SEC-NMR experiments of PMMA (M, = 31000
g mol ™", D = 1.08) in CHCI; with constant SEC parameters where
the S/N and the width of the peaks were recorded (Fig. 8). The
expected trend shows a strong increase of S/N with shorter rep-
etition times while the peak width is also increasing but by a
lower factor. This is much more pronounced for the solvent
peak than for the analyte peaks as these are already broadened
by the isotropic dispersion of chemical shifts. As the focus is
on the analysis of polymers, typically the use of a short rep-
etition time of 0.5 s as NMR peak broadening is the smaller
concern, and amounts to an improvement factor of 1.12 in S/N.

As a second parameter, the receiver gain was adjusted to
match the FID intensity to the ADC window (16 bit) after the
first solvent suppression. The resulting S/N as a function of
gain in static and SEC-NMR experiments is shown in Fig. 9.

The S/N increased strongly up to a value of about 35 dB in
both cases, after this no pronounced effect is observed before
overloading occurs and the obtained spectra are severely dis-
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Fig. 8 The effect of recycle delay on the (A) S/N and (B) full width at half maximum of a PMMA sample (M,, = 31000 g mol™, B = 1.08), looking at

the —OCHj5 (5 = 3.58 ppm) and a-CHs (5§ = 0.85 ppm) NMR peaks, see Fig. 3.
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Fig. 9 Effect of the receiver gain on S/N on (A) static measurements of CHClz and (B) on-flow SEC-NMR measurements of a PMMA (M,, = 38100

g mol™, B = 1.06) sample.

torted. It is recommended measuring above a gain of 35 dB for
this specific instrument. Operating the instrument above 35
dB result in an increased S/N by a factor of 1.2 compared to
the previous standard receiver gain setting of 28 dB. It is worth
mentioning that this depends on spectrometer electronics.
This parameter and the interplay with solvent suppression
pulse sequences using gradients will be detailed in a forthcom-
ing publication. Furthermore, phase cycling was also explored,
to determine whether the removal of unwanted coherent signals
in the NMR experiments would assist in reducing noise and
avoid artifacts from an ADC zero point off-set and as a result
increase the S/N value. It was found that the phase cycling
improved the S/N by a factor of 1.03, which is not significant,
however, is useful in the SEC dimension for noise reduction.

Solvent suppression by pulse sequence

The solvent suppression within the 1-pulse-spoil sequence
exploits the large T, difference between the solvent and analyte
molecules, which in SEC are typical high molar mass polymers
with low T, relaxation times.>*® When a 90° pulse is used, the
residence time must be ca. 5 times larger than the longest T,
for a quantitative determination.”® This T, filter works with
two effects. First, the pre-magnetization of the solvent is
reduced due to the fast transport into the active region by the
capillary part of the flow cell. Therefore, small flow cells
without pre-magnetization regions are used (NMR flow cells).
Secondly, the fast repetition of the scans leaves the solvent in a
high degree of saturation, whereas the polymer can relax to a
large degree (suppression factors 5-7). Additionally, the
solvent is degassed through the SEC system, which minimizes
molecular oxygen from the air, a paramagnetic material which
significantly contributes to the relaxation of protons. With the
degassing of the solvent, it further assists in exploiting the T
difference between the solvent and the polymer, allowing for

2240 | Polym. Chem., 2019, 10, 2230-2246

more efficient solvent suppression. A working hypothesis is
that the remaining solvent signal arises mostly by the in-flow
of new solvent, as the solvent remaining in the flow cell is
magnetically saturated.

Obviously, the approach is limited to cases with large T}
differences, with respect to the spectral density, between
solvent and analyte of high molar mass polymers in low molar
mass solvents e.g. SEC-NMR and not HPLC-NMR for most
cases. A second drawback is the suppression efficiency via fast
repetition is linked to the accessible resolution by acquisition
time, which cannot be varied independently, due to distortions
of the spectra by T; weighing.

Optimization of data evaluation

As discussed, the S/N of the analyte’s NMR signals is a major
challenge. Therefore, a great emphasis was put on filtering the
SEC-NMR data in both dimensions (Fig. 1). The filtering is
done independently in both dimensions and at different
stages of the work flow. Here, we discuss first the filtering
along the SEC dimension.

Smoothing/filtering generally improves S/N but frequently
(not always) increases the peak width. As such, the objective is
achieving a maximum S/N while keeping the peak width
within a certain threshold. We define arbitrarily a threshold of
10% increase in peak FWHM (in SEC dimension) by filtering
as acceptable within this work to compare the effect of
different filters. Three different filters were tested on SEC-NMR
data by choosing a spectral resonance (PMMA/CHCI;, -OCH3,
5 = 3.58 ppm) and applying them along the time dimension of
the measurement: (a) boxcar averaging and fast Fourier trans-
form (FFT) filtering with a (b) Gaussian and (c) Tukey window
function, see Fig. 10.*"~** For the boxcar average of width N, at

. . N N
one-point n data points around |(n —5in +E the current
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Fig. 10 Illustration of different window functions used for data filtering.

data point are averaged with the same weight to obtain the
averaged data point. Then, the box of averaging is moved to
the next point in line and the process is repeated. Increasing n
leads to stronger smoothing. For the FFT filtering, the data is
folded with either a Gaussian or Tapered Cosine (Tukey)

window function as defined in eqn (2) and (3),
respectively.*>*?
_x2
= — 2
s =ew(5%) @)
0,0<x<u
1 T r
E{l‘i‘cos[z;( —E>j|},u§x<u+a
f)=< Lu+ta<x<n—-u—a
1
5 1+cos[2§(x71+%>]},n7u7a§x<n7u
oon—u<x<n
(3)
(n—1)

where; r is a real number between 0 and 1 and u =

The Gaussian window has one free parameter the standard devi-
ation, o, defining the width of the function. Increasing ¢ leads
to stronger smoothing. The Tukey window, while numerically
complex, is based on the straight forward idea of replacing the
flanks in a box window in a smooth way by half sides of a
cosine function. The Tukey function has two free parameters,
L and a, where L controls the base width of the window and «
the amount of tapering, ie. the cosine contribution to the
flanks, where n is the number of points in the smoothed data
set. The smoothing strength increases with L and a increases
the smoothing as well but also introduces wiggles into the
result and needs to be fine-tuned for the application.

The addressed window functions are applied to SEC-NMR
data of a PMMA calibration standard (M,, = 30 000 g mol ", b =
1.06) in CHCl;. The peak under investigation is the -OCHj;
resonance at 3.6 ppm, it was chosen as this peak is among the

This journal is © The Royal Society of Chemistry 2019
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Fig. 11 lllustration of the effect of the different filters on the FWHM
and S/N, determined on the —OCHs (5§ = 3.58 ppm) peak of a PMMA
(M, = 30000 g mol™%, B = 1.06) sample.

narrowest ones found in polymers and the influence of filter-
ing on such a peak is most severe. Additionally, this peak is
strong and well separated making S/N and FWHM calculation
straight forward and reliable. The results are shown in Fig. 11.
The characteristic function of a smoothing algorithm is
obtained by varying the free parameter for each smoothing
function (L and « in the case of the Tukey window) and record-
ing S/N and FWHM. In general, each increase in S/N leads to
an undesired increase in FWHM. For the Tukey window the
results of three fixed values of a are shown. The characteristic
function of the boxcar average is almost linear, while it is
curved for the Gaussian and Tukey window; a lower a leads to
stronger curving. With respect to the defined criterion of a
10% increase in width, see wide dashed line in Fig. 11, the
boxcar average shows the least S/N improvement. The
Gaussian window is slightly better, while the best results are
found for the Tukey function dependent on the a-value
chosen, where an a-value of 0.55 is the best for the current
application. The lower the a the better S/N at the given FWHM.
However, in the same direction wiggles (sinc function artifacts)
are more pronounced in the spectrum. In this case, the
wiggles became pronounced for « values below 0.55 and conse-
quently lower a-values were not further explored. In Fig. 11,
the Tukey window, with a = 0.55, shows an improvement of a
factor 1.2 in S/N over the boxcar averaging without a loss in
selectivity.

It must be noted that this result is dependent on the
threshold chosen as indicated in Fig. 11 by the crossing of the
characteristic functions. If a higher FWHMgg( is tolerated, e.g.
above 30%, then the Gaussian filter becomes the best option.
In the case of the FWHMywr, @ Gaussian filter is used as the
apodization function in the S/N dimension in this work, as dis-
cussed in previous work from our group.>’

To illustrate the achieved optimization of the system, a
PMMA calibration standard (M, = 28 700 ¢ mol™", P = 1.08)
was analyzed in CHCI; (Fig. 12), where the raw data, Fig. 124,

Polym. Chem., 2019, 10, 2230-2246 | 2241
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Fig. 12 SEC-NMR data set of a PMMA calibration standard (M, = 28 700 g mol™, P = 1.08) in CHClz at 1 mL min~* (A) before data treatment com-
prising of only the raw FFT data with the corresponding DRI and NMR traces. (B) After full data treatment of the optimized set-up, see text for

details.

after fast fourier transform (FFT) without any data treatment is
compared to, Fig. 12B, full data treatment. Without any data
treatment the NMR spectra is dominated by the large residual
eluent peak, however, with appropriate magnification the
polymer signals can still be observed. The S/N for the ~-OCHj;
peak (3.59 ppm) is S/N = 15 and S/N = 3300 for CHCl;. After
full data treatment, see the sections from Optimization of
NMR data acquisition to Optimization of data evaluation, the
S/N increased to S/N = 263 for the -OCH; peak and S/N = 935
for CHCIl;. Furthermore, the 2D data treatment of the data
result in a factor 16 improvement in S/N.

Application examples

Having NMR as a detector for SEC enables the identification/
structure elucidation of compounds as function of different
eluting species and/or molar mass. An example is the differen-
tiation between polymer blends*® and/or copolymers, where
the blend consists of two homopolymers with different hydro-
dynamic volumes. It should be noted that the technique
cannot differentiate between a blend and a copolymer in the
case that the blend has two homopolymers of similar hydro-
dynamic volume, as the result would be the same as a copoly-
mer, which co-elutes. Thus, in order to more accurately charac-

2242 | Polym. Chem., 2019, 10, 2230-2246

terize a binary blend and copolymer, more in-depth NMR
experiments must be conducted, e.g. end-group analysis. All
the SEC-NMR experiments in this section were performed
using a sample concentration of 2 g L™, injection loop of
500 pL, a semi-preparative column and a volumetric flow rate
of 1 mL min~". The concentration range was chosen to mini-
mize the risk of column overloading. If the material under
investigation was completely unknown, standard solution
NMR measurements could be performed, using higher concen-
tration samples to obtain high quality spectra and the integral
projection of the 2D data set. To illustrate how SEC hyphena-
tion can differentiate between overlapping peaks, a PS/PMMA
blend and PS-b-PMMA block copolymer were analyzed.”®
Fig. 13 displays the resulting 2D spectral chromatogram of the
PS/PMMA blend as a contour plot for the SEC-NMR
measurement.

Because the PS and PMMA had similar hydrodynamic
volumes, it resulted in the incomplete SEC baseline separation
between the two species (see DRI trace, Fig. 13C). However, the
deformulation of the blend, with respect to separation and
identification, can be achieved because the two polymers have
at least one unique proton resonance. The region of
6.3-7.3 ppm displays the aromatic protons of PS and the

This journal is © The Royal Society of Chemistry 2019
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signal at 3.6 ppm belongs to the -OCH; group of PMMA. By
extracting the 1D NMR slices at the two different elution
volumes, each spectrum was considered to be representative of
the respective compound with no detectable traces of the
other compound.

A unique advantage of using the hyphenated technique is
the ability to quantify the compositional changes as a function
of molar mass in a fast and reliable way. The optimized 2D
analysis was applied to determine the composition of a single,
non-blended block copolymer (PS-b-PMMA, 64 : 36 mol%, M,, =
230000 g mol™, as determined by HF-NMR), which elutes as
one peak. The total injected mass was 1 mg. Fig. 14A-D illus-
trates the SEC-NMR experiment of the block copolymer. It is
evident from Fig. 14 that the block copolymer elutes as one
main peak at 43.4 mL. Here, the "H-NMR spectrum is a com-

View Article Online

Paper

posite and shows both aromatic proton resonance of PS at
6.54 ppm and the methyl ether resonance at 3.57 ppm.
Consequently, the elugrams at these two resonance peaks
overlap with the DRI trace. The molar mass of the PS block of
the copolymer can be determined by using the SEC-NMR on-
flow data of the PS calibration. The main advantage of
SEC-NMR is to provide the individual concentrations of both
monomer units. Thus, it is possible to determine the chemical
composition (CC) of the copolymer without using calibration
standards. Based on the on-flow runs in Fig. 14B, the average
CC can be determined at different elution volumes. The indi-
vidual NMR elugrams are presented as a solid line for the PS
and as a dashed line for the PMMA blocks.

The simultaneous detection of the PS and PMMA allows for
the determination of the average CC of the block copolymer

1 . ' .
. —Spec @ 49.4 mL (PS) |
0.8 —Spec @ 53.2 mL (PMMA)

: : v| |---Elu @ 6.54 ppm
46 : : | aglu| |---Elu@ 3.59 ppm|.
: : '| |—DRI
8r B : 481 |
i W : '
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Fig. 13 SEC-NMR data of a 1: 1 wt% PS/PMMA blend (54 000/23 000 g mol ™). (A) 1D NMR data extracted from the 2D data at the peak maxima for
each component. (B) A contour map (1-20 steps, 0.05 intensity increments) of the SEC-NMR data in the region of interest, two signal groups can be
identified at 49.4 mL and 53.2 mL for the PS and PMMA components, respectively. (C) The corresponding elugram cuts as illustrated on figure B for

two chemical shift regions in the NMR, overlayed with the DRI trace.?®
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Fig. 14 SEC-NMR of a block copolymer, PS-b-PMMA (64 : 36 mol%), with a M,, = 230 000 g mol™, P = 1.07, and injected mass of 1 mg. (A) 1D data
extracted from the 2D data at the peak maximum of the sample. (B) Chemical composition of the block copolymer vs. elution volume, with repre-
sentative NMR elugrams of the PS ortho aromatic peaks and the PMMA —OCHj3 peak. (C) A contour map (1-10 steps, 0.02 intensity increments) of
the SEC-NMR data in the region of interest, one group of signals can be identified at 43.4 mL for PS and PMMA components. (D) The corresponding
elugram cuts for the ortho aromatic and —OCH3z chemical shift regions in the NMR, overlayed with the DRI trace.

dependent on the retention volume. The SEC-NMR elugrams
and CCs were obtained by normalizing the ortho aromatic
protons and -OCH; protons to one proton and then applying a
correction factor to extrapolate acceptable CC information, the
approach used was similar to what has been described by
Hiller et al.** As is evident from Fig. 14B, the composition in
mol% of the two blocks differs slightly from the HF-NMR
results of 64:36 mol% with a PS and PMMA mol% of 69%
and 31%, respectively. This is within the margin of error of the
experiment and can be ascribed to the lower magnetic field
strength being employed as well as the T, differences of each
copolymer. In Fig. 14B, the increase in the mol% for the
PMMA at higher elution volumes and decrease in mol% for PS

2244 | Polym. Chem., 2019, 10, 2230-2246

can possibly be explained based on the following assumptions;
(1) for living polymerization the PS anions has a Poisson distri-
bution and (2) every PS anion has an equal probability to
‘consume’ MMA monomers. Working on the premise of these
two assumptions the PS-b-PMMA, has a macro chain length
distribution for the PS chains, with a micro chain length distri-
bution of PMMA chains on every chain (length) of PS. This
results in a distribution on a distribution, with the assumption
that the smaller chain lengths of PS is rich in PMMA, ie.
longer chain lengths of PMMA, and vice versa.

The separation and identification were achieved by consid-
ering the individual resonances, which appear over the
different chemical shift ranges. The result was plotted against

This journal is © The Royal Society of Chemistry 2019
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Table 3 Summary of important optimized parameter for the SEC-NMR hyphenation. The optimization parameters were based on a PMMA (M,, =
28700 g mol™, P = 1.08) calibration standard, looking only at the —OCH3 peak

Increase in S/N during

Optimization parameter Choice and/or recommendation optimization
SEC: Injected mass Close to overloading limit, sample dependent 2
SEC: Flow rate 1 mL min~* 2.3
SEC: Column Semi-preparative, 300 x 20 mm i.d. 1.5
Flow cell: Geometry & dead volume Conical shaped in- and out-lets, 0.80 mm i.d. capillaries, 2.1
4.2 mm i.d. active region, <500 pL
NMR: Recycle delay 500 ms 1.12
NMR: Receiver gain As high as possible, before ACD overflow 1.2
NMR: Phasing x/—x only 1.03
Data processing: Noise region & fitting Gaussian convolution 1.2
Data processing: Denoising (2D, filter in Combination of Tukey window function and Gaussian 16
SEC & NMR dim.)
Overall increase in S/N 385

the DRI traces to illustrate the extracted elugrams of each reso-
nance peak. The spectrum of the compound was extracted at
43.4 mL (Fig. 14A) and exhibits all the resonance peaks for
both PS and PMMA, indicating that the sample is a copolymer
or two homopolymers with the same molecular mass distri-
bution. Even when working with medium resolution NMR all
the resonances for PS and PMMA, could easily be detected.
This illustrated that SEC-MR-NMR could successfully be used
for analyzing homo- and copolymers. In particular, the CC of
copolymers can be determined with this technique, with the
advantage of having the possibility of detecting each mono-
meric species simultaneously without the need for calibration
and additionally information on the polymer microstructure.
Table 3 summarizes the progressive increase in S/N, for the
-OCH; peak, as each parameter was improved. The overall
gain in S/N during the method development described in this
work was a factor of 385. This allows for performing SEC-NMR
below the overloading limit of the SEC column, thus retaining
chromatographic integrity, with all sample chromatograms
having a S/N above the limit of detection (LOD, S/N > 3) and
limit of quantification (LOQ, S/N > 10).

Conclusions

In this publication, a detailed description on the optimization
of all aspects regarding the hyphenation of a MR 62 MHz
"H-NMR spectrometer to SEC as a chemically sensitive detec-
tor, to obtain the best system performance was provided. Due
to the unique design of the NMR spectrometer, cost and ease
of use, it has the potential to be applied as a standard SEC
detector, not only in academic institutions but also in indus-
try, allowing for fast and accurate quality control and material
development. Due to the intrinsic constraint for different con-
ditions when hyphenating NMR to SEC, the specific require-
ments and modifications for the NMR and SEC and full optim-
ization to fit the desired application are discussed in detail. By
employing shorter recycle delays for the pulse sequence and

This journal is © The Royal Society of Chemistry 2019

adjusting the receiver gain to match the FID intensity to the
ADC window an improvement in the S/N (factor ~2-3) was
achieved. To further improve S/N a modified Tukey window
function was applied for filtering the data in the SEC dimen-
sion in combination with a Gaussian filter in the NMR dimen-
sion. The modified Tukey window function shows an improve-
ment of ~30% in S/N over the boxcar averaging without a loss
in selectivity. The improvement in the design of the custom-
built flow cell minimized in- and out-flow effects associated
with on-flow NMR measurements and allowed for a better
match to optimum chromatography conditions. This resulted
in an improvement in S/N by ~26%, and a reduction in band
broadening by ~6%. The product of the overall improved
optimization parameters amounted in a factor of 385 improve-
ment in S/N, with a final S/N of the -OCH; (3.58 ppm) equat-
ing to S/N = 263. It was illustrated that the hyphenation of the
MR 'H-NMR to SEC, although medium field strength, is a
powerful technique to analyze homo- and copolymers. The
method was tested on a PS/PMMA blend and a PS-b-PMMA
block copolymer. The technique provided sufficient sensitivity
and chemical shift resolution and was able to differentiate
between the blend and block copolymer, because there was a
difference in hydrodynamic volume of the respective homopo-
lymers. With the S/N being sufficient for both quantitative and
qualitative analyses at typical SEC concentrations (<0.5 g L™
after separation) in protonated solvents, e.g. CHCl; or THF.
After appropriate molar mass calibration of the setup, in a
single on-flow experiment (ca. 85 min) of a block copolymer,
information on the MMD and CC of the bulk sample could be
obtained. Model samples, having low D and complexities were
employed for the method development to be realized. Further
studies are planned to apply the technique to more complex
samples, to generate a better understanding on the abilities
and limitations of the hyphenated technique. In a forthcoming
publication, the focus will be on employing more sophisticated
pulse sequences for an improvement in suppression of the
solvent signal, which will include the comparison of a 43 MHz
Spinsolve spectrometer equipped with a power PFG.

Polym. Chem., 2019, 10, 22302246 | 2245
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