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Intr oduction
Randomcopolymers are heterogeneous with respect to
molar mass and chemical composition. The chemical
composition distribution (CCD) is a result of thedifferent
reactivities of the monomersin the polymerization pro-
cess, the different sequence of incorporation into the
polymer chain, and the different chain termination reac-
tions.TheCCD canbedeterminedefficiently by gradient
high-performanceliquid chromatography(HPLC). In a
fundamental paper Teramachi et al. separatedcopolymers
of styrene and methyl acrylate according to chemical
composition using an adsorption-desorption mechanism
andthe gradientelution technique.[1] Sincethen, gradient
elution hasbeenappliedto several typesof copolymers;
anexhaustive overview on differentapplicationshasbeen
given by Glöckner several years ago.[2] It hasbeenfound
that in many cases the molar masseffect is negligible
when an adsorption mechanism is responsible for the
separation.

Quantitative information on thechemicalheterogeneity
is obtained by calibrating the chromatographic system
with chemically narrow-distributedlow-conversioncopo-
lymers. By determining the retention time at the peak
maximum for differentsamples of known composition, a
calibration curveof retention time versuscomposition is
constructed.This calibration curveis usedfor calculating
the CCD. Therefore,the determination of the CCD of a
particular sample necessitates the synthesis of a set of
calibration samples which makes the whole procedure
rathertime consumingandlaborious.

A much more feasible procedure would be the direct
monitoring of the chemical composition across the elu-
tion curve. This is possible when the liquid chromato-
graphicseparation is directly coupledto a spectroscopic
detectiontechnique, preferably 1H NMR. The combina-
tion of liquid chromatography with NMR has been
attempted numeroustimes. Early experiments of coupled
SEC/1H NMR were conducted in a stop-flow mode or
with very low flow rates.[3–5] This wasnecessary to accu-
mulatea sufficient numberof spectrapersample volume
in order to improve the signal-to-noise ratio. For exam-
ple, Hatadaet al. describedtheanalysisof isotacticpoly-
methyl methacrylate by on-line LC/NMR using a flow
rateof 0.2mL/min.[6] Problemsassociatedwith theimple-
mentationof on-lineHPLC/NMR haveincluded theneed
for deuteratedsolvents,inadequate solvent suppression
techniquesandlow sensitivity.

However, recent rapid advancesin HPLC/NMR pro-
vide evidencethat manyof the major technicalobstacles
havebeenovercome.[7, 8] With the developmentof more
powerful NMR spectrometerscombined with new NMR
techniquesfor solventsuppression it became much easier
to obtain well resolvedspectrain the on-flow mode.In
particular, the solvent suppressiontechnique developed
by Smallcombeet al.[9] significantly improvesthespectra
during the HPLC/NMR run. This experimentwhich is
basedont theWET solventsuppressiontechniqueof Ogg
et al.[10] combinesshapedrf pulses, pulsed-field gradients
(PFG),andselective13C decoupling,andallowsto aquire
high-quality spectraat on-flow conditions as has been
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chromatographicpeaksare directly transferredinto the
NMR spectrometerandanalysedon-flow. Informationon

the chemicalcompositionandthe chemicalheterogeneity
of copolymers with high conversion is obtained. The
experimentshave been carried out using conventional
HPLC-gradesolventsandno deuteriumlock. The results
of the on-line HPLC/1H NMR investigation have been
correlatedwith a HPLC procedurebasedon calibration
with narrow-distributedcopolymerstandards.

Macromol.Chem.Phys.2000, 201, No. 14 i WILEY-VCH Verlag GmbH, D-69451 Weinheim2000 1022-1352/2000/1409–1662$17.50+.50/0

Macromol.Chem. Phys.2000, 201, 1662–1666



On-linecouplingof gradient-HPLC and1H NMR for theanalysisof randompoly[(styrene)... 1663

shown for the analysis of the chemical composition of
polyethylene oxides[8] and the tacticity of oligostyre-
nes.[11]

Most of the applicationsof LC/NMR so far arebased
on isocraticelution techniquesand/orthe useof partially
deuteratedsolvents.For theseparationof randomcopoly-
mers, however, gradient elution techniques must be
applied. In addition, only a very limited number of
mobile phasesare appropriate for the separationwhich
arenot necessarily suitablefor on-lineNMR detection. In
thepresentstudy, theanalysisof high-conversionrandom
copolymers of styrene and ethyl acrylate wil l be
described. The CCD of thesecopolymers is very broad
and, accordingly, the microstructure is rather complex.
The copolymerswil l be separatedby gradient elution on
a reversed-phasesystem. As themobilephasefully proto-
natedsolventswill beused.

Experimental part

Synthesisof poly[(styrene)-co-(ethylacrylate)]s

Styrene (S, Fluka) and ethyl acrylate (EA, BASF) were
destabilized, vacuum-distilled and stored under nitrogen
below 08C. The copolymersampleswere preparedby bulk
polymerizationat 708C undernitrogenusingdibenzoylper-
oxide (0.025mol L–1) as the initiator. The reactionmixture
wasdissolvedin ethylacetateand pouredinto pentaneafter
different reactiontimes.A seriesof copolymershavingdif-
ferentcomonomerconcentrationsandconversionswerepre-
paredsimilarly. To avoidcross-linking,thesampleswith the
monomercompositionof S/EA= 10/90mol-% wasprepared
by solution polymerizationin toluene.The copolymersam-
ples are listed in Tab.1, summarizing,the conversionsthe
weight-averagemolarmasses(M

—
w) andtheaveragechemical

compositionsof the copolymers.The molar masseswere
determinedby SEC and the averagechemicalcomposition
by 1H NMR spectroscopyandelementalanalysis.

HPLC

The chromatographicseparationswere carried out on a
WatersLCM 1 moduleequippedwith an evaporativelight-
scatteringdetector(ELSD, model500,Alltech). Thecolumn

was a Macherey& Nagel Nucleosil RP-18,5 lm average
particle size, 100 Å averagepore size, 25064.6mm I.D.
The mobile phasecomprisedHPLC grade tetrahydrofuran
(THF) and acetonitrile(ACN). The mobile phasecomposi-
tion was changedlinearly from THF/ACN 10/90 to 100/0
v/v in 25 min Sampleconcentrationwas100mg/mL in THF/
ACN 50/50v/v, 10 lL of thesamplesolutionwereinjected.

On-lineHPLC/1H NMR

The NMR measurementswere conductedon a Varian 500
MHz spectrometerUNITY INOVATM. The HPLC/NMR
probecontaininga 60 lL flow cell wasan indirectdetection
probewith PFG.All measurementswerecarriedout at room
temperature. The following pulse sequencewas used: the
WET (water suppressionenhancedthroughT1)[9] sequence
consisting of four 20 ms selectiveSEDUCE pulses(98.2,
80.0, 75.0, and 152.2degreesfor the B1-insensitiveWET),
four gradientpulses(duration1 ms) with the amplitudesof
24, 12, 6, and 3 G/cm, respectively, followed by an addi-
tional 3 ms delayanda composit90 degreereadpulse.13C
satellitesuppressionwasappliedduring the selectivepulses
using band selective WURST decoupling.SEDUCE is a
selectivepulse which gives highestselectivity for a given
pulselength,[12] while WURSTis anadiabaticpulsewith cer-
tain key properties(Wide band,Uniform Rate,SmoothTrun-
cation).[13] For eachfull spectrum8 scanswereaccumulated,
theaquisitiontime for a full spectrumwas9 s.

Resultsand discussion
Random styrene-ethyl acrylatecopolymersare typically
complex mixtures which are distributed in molar mass
and chemical composition. Depending on the different
reactivity of styrene and ethyl acrylate (rS/rEA = 0.80/
0.20) in the copolymerization reaction, the instantaneous
compositionof thecopolymer moleculesdiffers from the
composition of the monomer mixture. The depletion of
styrenein the monomermixture with increasing conver-
sion causessubsequent portionsof the copolymerto be
polymerized from monomermixturesof differentcompo-
sitions. Using appropriate chromatographic conditions,
the resulting chemically heterogeneous copolymers can
be separatedwith respect to chemicalcomposition distri-
bution (CCD) in the orderof increasingstyrenecontent.
As hasbeenshown previously, suitablechromatographic
conditionsarea C18 reversedstationary phaseanda linear
gradientof THF/ACN asthemobilephase.[14]

The chromatographic separation of a set of styrene-
ethyl acrylatecopolymers (SEA) according to chemical
composition is shownin Fig. 1. The elution ordercorre-
sponds to the styrenecontentof the macromolecules,i. e.
ethyl acrylate-rich fractions are eluted earlier than styr-
ene-rich fractions. A recalculation of the retentiontime
axis into a compositionaxis is possible by calibrating the
systemwith chemically uniform samples of known com-
position. Sincesuchsamplesarenot commercially avail-

Tab.1. Gross compositional analysis of poly[(styrene)-co-
(ethyl acrylate)]s.

Sample
no.a)

Conversion
in wt.-%

M
—

w /(g/mol) C analysis
fractionof S

in mol-%

1H NMR
fractionof S

in mol-%

SEA 10/90 95 70 000 10 11
SEA 40/60 98 215000 40 41
SEA 50/50 96 159000 50 50
SEA 60/40 97 143000 60 61
SEA 90/10 99 128000 90 90

a) Sampleno.: fractionof S/EA in themonomerfeedin mol-%.
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able,theyhaveto bepreparedin a rathertime-consuming
procedure.

In orderto avoid unnecessarysyntheticwork, thechro-
matographic systemshall be coupledto a 1H NMR spec-
trometer. The chemicalcomposition shall be determined
at eachpoint of the copolymer elution curvesfrom char-
acteristic resonancesignalsof the styreneand the ethyl
acrylatemoities. The major problem of running an on-
line coupledHPLC/NMR experiment is that a very low
polymer concentration has to be detected in a solvent
mixture which itself yields high intensity resonancesig-
nals.Due to the high price of deuterated solvents,in on-
line HPLC/NMR protonatedsolventsarepreferably used.
Fig. 2 showstheoff-line 1H NMR spectraof a SEA copo-
lymer anda 50/50 v/v mixtureof THF andACN which is
representative for the mobile phase.As can be seen, the
protonsignalsof ACN at dH 2.1andof THF at dH 1.7 and
3.5overlapwith specificresonanceregionsof thecopoly-
mer. In addition, impurities give rise to further signals in
thesolvent spectrum. For thedeterminationof thechemi-
cal compositionof thecopolymerthearomaticprotonsof
thestyreneunits at 6.5–7.3 andthemethylprotonsof the

ethyl acrylateunits at 0.7–1.3 canbeused.Theseappear
to beratherunaffectedby thesolventsignals.

Several pulse techniques have been introduced to
reducethe intensity of the solventsignals.The effective
solvent suppression of the present pulse technique is
shownin Fig. 3. Dueto thegradient elution thecomposi-
tion and the physical behaviour of the solvent is chan-
ging, thussolvent suppression mustadjustitself to fit to
thedrift in chemical shift. TheLC/NMR microflow probe
is configuredasa variabletemperature, pulsed field gra-
dient 1H-indirect detectionprobe, and multiple solvent
suppression on-the-fly is possible. A one-pulse experi-
ment is usedto find the solvent peaks.The transmitter
thenkeepsthebiggestsolventpeak(hereACN) at a con-
stant frequency and adjusted solvent suppression is
applied on the analyte-containing solvent stream.The
processis repeatedautomatically throughout the entire
gradient run. In combination with selective excitation,
selective13C decoupling and real-time hardwareadjust-
ment allows multiple frequency solvent suppression
(referred as WET-NMR) without using presaturation.A
seriesof free induction decays(FID) was collected for
eachdatapoint, a Fouriertransformationvia the acquisi-
tion times and a combination of the spectrawas carried
out usingthetwo-dimensionalNMR software.

As a result of the on-line HPLC/NMR experimenta
contourplot of 1H chemicalshift vs. acquisition time is
generated, seeFig. 4. Theaquisition time is equivalent to
theretentiontime of theHPLC separation. Despiteof the
significant numberof unwantedsolventsignals, resulting
from impurities of the mobile phase,all importantreso-
nancesignals of the polymer fraction canbe recognized.
Theprojection of all signalintensities towardstheaquisi-
tion time axis yields an intensity profile which is very
similar to the HPLC elution curve detected with a con-
centrationdetector.

Fig. 1. HPLC-chromatogramsof SEA copolymers of different
compositionobtainedwith anevaporativelight scatteringdetec-
tor; linear gradient ACN/THF 10/90 to 100/0 v/v in 25min,
NucleosilRP-18column,flow rate0.7mL/min.

Fig. 2. 1H NMR spectra of a SEA-copolymer(monomer com-
position S/EA 40/60) and a representativesolvent mixture of
THF/ACN 50/50v/v.

Fig. 3. 1H solvent suppression of SEA 40/60 without (a) and
with (b) 13C suppression.
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Fig. 5 showsthe NMR spectrum of sample SEA 40/60
extractedat the peakmaximum. The peakareasthat are
usedto determinethe chemicalcompositionaremarked.
However, residual signalsof the eluent are obtainedat
1.8–2.4 and1.2 dueto ACN andimpurities.Theconcen-
trationof the impurity affecting themethylprotonsof the
ethyl acrylateunits at 1.2 is constantduring analyte elu-
tion, thereforethe ethyl acrylate content at eachHPLC-
fraction couldbedetermined.

Selectedspectraof thecopolymerSEA 10/90at differ-
ent retentiontimesaresummarized in Fig. 6. Thestyrene
content is calculated from the intensity of the aromatic
protonsof the styreneunits (dH 6.5–7.4) and the methyl
protonsof theethyl acrylate units (dH 0.9–1.3). In agree-
mentwith the propertiesof the chromatographicsystem,

thestyrenecontentof thefractionsincreaseswith increas-
ing retention time. Thus, for a retention time of 558s a
styrenecontent of 9.6% is calculated, while a retention
time of 603scorresponds to astyrenecontentof 23.0%.

Using the on-line coupledHPLC/1H NMR procedure,
copolymers of different gross composition can be ana-
lysed. For different positions at the elution curves the
actual styrenecontent canbe determined. As is shown in
Fig. 7, the copolymers are separatedwith respect to
chemical composition in the order of increasing styrene
content. Eachpoint (–o–) across the elution curvesindi-
catestheresultof oneNMR experiment.For comparison,
thechemical composition calibrationcurve obtainedfrom
narrow-dispersecopolymer standardsis given. As canbe
seen,a perfectagreementof thetwo methodsis obtained.

Fig. 4. Contour plot of chemical shift vs. acquisition time of the on-line HPLC/
1H NMR analysisof SEA 40/60.

Fig. 5. 1H NMR spectrumof thepeakmaximumof theHPLC/1H NMR experiment of SEA 40/60.
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To summarize, on-line coupled HPLC/NMR is a
uniquemethod for the investigationof the CCD of ran-
dom copolymers. It is obvious that the gradient HPLC/
NMR methodis muchlesstime consuming thanthecon-
ventional off-line calibration. In addition, the NMR
detection yields very specific information on the copoly-
mer microstructureat eachpoint of the chromatographic
curve.
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Fig. 6. On-line 1H NMR spectracollectionof SEA 10/90at differentretentiontimesand
calculated styrenecontents.

Fig. 7. HPLC-chromatogramsof SEA-copolymersof different
compositionwith high conversion.Styrene content obtainedby
(——) HPLC-calibration; (–o–) on-line HPLC/1H NMR experi-
ments.


