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Full Paper: Randompoly[(styrene)eo-(ethyl acrylate)]s
can effectively be analysedwith respectto the chemical
composition distribution by on-line coupled HPLC/
H NMR. The separatiorof the copolymersis conducted
on a reversed-phaseolumn using acetonitrile/tetrahydro-
furan as the eluent mixture. Via on-line coupling, the
chromatographigpeaksare directly transferredinto the
NMR spectrometeandanalysedon-flow. Informationon

the chemicalcompositionandthe chemicalheterogeneity
of copolymerswith high conversionis obtained. The

experimentshave been carried out using conventimal

HPLC-gradesolventsand no deuteriumlock. The results
of the on-line HPLCAH NMR investigation have been
correlatedwith a HPLC procedurebasedon calibration

with narrow-distributedopolymerstandards.
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Intr oduction

Randomcopolymes are heteogeneas with resgect to
molar mass and chemical composiion. The chemnical
composiion distribution (CCD)is arestit of the different
reactivties of the monomersin the polymerization pro-
cess, the differert sequace of incorporatin into the
polyme chain, and the different chain termination reac-
tions. The CCD canbedeternined efficiently by gradient
high-peformanceliquid chromatography(HPLC). In a
fundamemal pape Teramachetal. sepaatedcopolymes
of styrene and methyl acryate accoding to chemical
composiion using an adsorpion-desoption mechanism
andthe gradientelution techrigue™ Sincethen gradient
elution hasbeenappliedto seveal typesof copolymers;
anexhausive overview on differentapgdicationshasbeen
given by Glockner several yeass ago!? It hasbeenfound
that in many cass the molar masseffect is negligible
when an adsorpion mectanism is respondile for the
separatio.

Quanttativeinformation on the chemicalheterogneity
is obtained by calibrating the chromatograpic system
with chemically narrowdistributedlow-convesion copo-
lymers. By deternining the retentiontime at the peak
maximum for differentsampes of known conposition a
calibraion curve of retentiontime versuscomposiion is
construted. This calibraion curveis usedfor calcukting
the CCD. Therefore,the detemination of the CCD of a
particdar sanple necessitesthe synthegs of a set of
calibraion sampes which makes the whole procedue
rathertime corsumingandlaborious.

A mudh more feasble procedire would be the direct
monitoring of the chenical composiion acrass the elu-
tion curve. This is possble when the liquid chromato-
graphicseparéon is directly coupledto a spectroscoig
detectiontechique, preferally 'H NMR. The combina
tion of liquid chromdography with NMR has been
attemptel numepoustimes Early experimetts of coupled
SECHH NMR were conduded in a stop-fow mode or
with very low flow rates*®! This wasnecessarto accu-
mulatea sufficient numberof spectraper sample volume
in orderto improve the sigral-to-nose ratio. For exam
ple, Hatadaet al. describedhe analysis of isotacticpoly-
methyl methacylate by on-line LC/NMR using a flow
rateof 0.2mL/min.®! Problens associatdwith theimple-
mentationof on-line HPLC/NMR haveincluded the need
for deueratedsolvents,inadejuate solvent suppressio
techniqeesandlow sensitivity.

Howeve, recentrapid advancesn HPLC/NMR pro-
vide evidencethat many of the major technicalobstacles
have beenovercomd’ & With the devdopmentof more
powerful NMR spectroneterscombined with new NMR
techniguesfor solventsuppressin it becane much easier
to obtain well resolvedspectrain the on-flow mode.In
particulatr the solvent suppessiontechnige devebped
by Smallombeet al¥! significantly improvesthe specta
during the HPLC/NMR run. This experimentwhich is
basedontthe WET solventsuppessiontechrique of Ogg
etal ! combinesshapedf pulses, pulsed-fiet! gradients
(PFG),andselective*C decouplihg, andallowsto aquie
high-quaity spectraat on-flow conditions as has been
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shownfor the analysis of the chemical compositon of
polyethylere oxided® and the tactidty of oligostyre-
nest*!

Most of the appicationsof LC/NMR so far are based
on isocraticelution techniquesand/orthe useof partialy
deuteragd solvents.For the separationof randomcopoly
mers, howewer, gradiert eluton techriques must be
applied. In addition, only a very limited numbe of
mobile phasesare appropiate for the separationwhich
arenot necessaly suitablefor on-line NMR detedion. In
the presentstudy the analysis of high-conversiorrandom
copolymes of styrene and ethyl acrylate will be
described The CCD of thesecopolymes is very broad
and, accodingly, the microstucture is rather complex
The copolymerswill be separatedby gradien elution on
areverseebhasesystem As the mobile phasefully proto-
natedsolventswill beused.

Experimental part

Synthesi®f poly[(styrene)-co-(ethyhcrylate)]s

Styrene (S, Fluka) and ethyl acrylate (EA, BASF) were
destabilized, vacuum-distilled and stored under nitrogen
below 0°C. The copolymersampleswere preparedby bulk

polymerizationat 70°C undernitrogenusingdibenzoylper

oxide (0.025mol L) asthe initiator. The reactionmixture
was dissolvedin ethylacetateand pouredinto pentaneafter
differentreactiontimes. A seriesof copolymershaving dif-

ferentcomonomerconcentrationgnd conversionsvere pre-
paredsimilarly. To avoid cross-linking,the sampleswith the
monomercompositionof S/EA= 10/90mol-% wasprepared
by solution polymerizationin toluene.The copolymersam-
ples are listed in Tab.1, summarizing,the conversionsthe
weight-averagenolar masse$M,) andthe averagechemical
compositionsof the copolymers.The molar masseswere
determinedby SEC and the averagechemicalcomposition
by 'H NMR spectroscopyandelementahnalysis.

HPLC

The chromatographicseparationswere carried out on a
WatersLCM 1 module equippedwith an evaporativelight-
scatteringdetector(ELSD, model500, Alltech). The column

Tab.1. Gross compodtional analysis of poly[(styrene)€o-
(ethylacrylate)]s.

Sample Conversion M, /(g/md) Canalysis HNMR
nod in wt.-% fractionof S fractionof S
inmol-%  in mol-%
SEA10/90 95 70 000 10 11
SEA40/60 98 215000 40 41
SEA50/50 96 159000 50 50
SEA60/40 97 143000 60 61
SEA90/10 99 128000 90 90

@ Sampleno.: fractionof S/EAin the monomeifeedin mol-%.

was a Macherey& Nagel Nucleosil RP-18,5 um average
particle size, 100 A averagepore size, 250x 4.6 mm 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 Sampleconcentratiorwas100mg/mLin THF/
ACN 50/50v/v, 10 uL of thesamplesolutionwereinjected.

On-lineHPLC/*H NMR

The NMR measurementsvere conductedon a Varian 500
MHz spectrometerUNITY INOVA™. The HPLC/NMR
probecontaininga 60 uL flow cell wasanindirectdetection
probewith PFG.All measurement&ere carriedout at room
temperatue. The following pulse sequencewas used: the
WET (water suppressiorenhancedhrough T1)® sequence
consistirg of four 20 ms selective SEDUCE pulses(98.2,
80.0, 75.0, and 152.2 degreedor the B;-insensitiveWET),
four gradientpulses(duration1 ms) with the amplitudesof
24, 12, 6, and 3 G/cm, respectively followed by an addi-
tional 3 ms delay anda composit90 degreereadpulse.*C
satellite suppressionwas appliedduring the selectivepulses
using band selective WURST decoupling. SEDUCE is a
selective pulse which gives highestselectivity for a given
pulselength*? while WURSTIis anadiabaticpulsewith cer
tain key propertiegWide band,Uniform Rate,SmoothTrun-
cation)*¥ For eachfull spectrumB scanswereaccumulated,
theaquisitiontime for afull spectrumwvas9s.

Resultsand discussion

Randm styrene-ethy acrylate copolymers are typically
conplex mixtures which are distributedin molar mass
and chenical compositon. Depending on the different
readivity of styrene and ethyl acrylate (rs/rea = 0.80/
0.20) in the copolymerizatbn reacton, the instantaneous
compositionof the copolymer moleculesdiffers from the
conposition of the monomer mixture. The depldion of
styrenein the monomermixture with increasig conver
sion causessubsegent portions of the copolymerto be
polymerized from monomermixturesof differentconpo-
sitions. Using appropria¢ chromaographic conditions,
the resulting chenically heteogeneas copolymers can
be separatedwith respectto chemicalcomposiion distri-
bution (CCD) in the order of increasingstyrenecontent.
As hasbeenshown previously, suitable chromdographic
conditionsarea C,s reversedstationay pheseandalinear
gradientof THF/ACN asthe mobile phas€e!

The chromatogaphic separéion of a set of styrene-
ethyl acrylate copolymers (SEA) accordirg to chemical
compositionis shownin Fig. 1. The elution order corre-
spordsto the styrenecontentof the macromadecules,i. e.
ethyl acrylate-rich fractions are eluted earlier than styr
enerich fractions. A recalculaion of the retentiontime
axisinto a conpositionaxisis possilte by calibraing the
systemwith chemcally uniform sampes of known com
postion. Sincesuchsamplesare not conmercially avail-
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Fig.1. HPLC-chromatogamsof SEA copolymes of different
compositionobtainedwith an evaporativdight scatteringdetec-
tor; linear gradient ACN/THF 10/90 to 100/0 v/v in 25min,
NucleosilRP-18column,flow rate0.7 mL/min.
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Fig.2. 'H NMR specta of a SEA-copolymer(monamer com-
position S/EA 40/60) and a representativesolvent mixture of
THF/ACN 5050 v/v.

able,theyhaveto be prepaedin arathertime-consunig
procedue.

In orderto avad unrecessargyntheticwork, the chro-
matograplt systemshall be coupledto a *H NMR spec-
trometr. The chemicalcomposition shall be determned
at eachpoint of the copolymer elution curvesfrom char
acterigic resonancesignalsof the styrene and the ethyl
acrylate moities. The major problem of running an on-
line coupledHPLC/NMR expeiment is that a very low
polyme concentation hasto be deteced in a solvent
mixture which itself yields high intensity resonancesig-
nals.Dueto the high price of deutera¢d solvents,in on-
line HPLC/NMR protonatedsolventsare preferaby used.
Fig. 2 showsthe off-line 'H NMR spectraof a SEA copo-
lymer anda 50/50 v/v mixture of THF andACN whichis
represetative for the mobile phase. As canbe seen, the
protonsigralsof ACN at dy 2.1andof THF atd4 1.7 and
3.50verlapwith specificresmanceregiors of the copoly-
mer. In addtion, impurities give rise to further signals in
the solvent spectrum For the determination of the chemi-
cal conpositionof the copolymerthe aromaticprotonsof
the styreneunits at 6.5—7.3 andthe methyl protonsof the

a) without '°C suppression

L.

b) with '°C suppression

s
6 7 s 5 4 5 2 S
Fig.3. 'H solvent suppresion of SEA 40/60 without (a) and

with (b) *C suppression.

ethyl acrylateunits at 0.7—1.3 canbe used.Theseappear
to beratherunafectedby the solventsignals.

Several pulse techniqes have been introduced to
reducethe intensity of the solventsignals.The effective
solvent suppession of the present pulse techniqwe is
shownin Fig. 3. Dueto the gradien elutionthe composi-
tion and the physical behaviarr of the solvent is chan
ging, thus solvent suppressio mustadjustitself to fit to
thedrift in chenical shift. The LC/NMR microflow probe
is configuredasa variabletemperatue, pulsel field gra-
dient H-indirect detectionprobe, and multiple solvent
suppressio on-thefly is possble. A onepulse experi-
mentis usedto find the solvent peaks.The transnitter
thenkeepsthe biggestsolvent peak(hereACN) at a con-
stant frequency and adjusted solvent suppressio is
applied on the analyte-containhg solvent stream. The
processis repeatedautamatically throughout the entire
gradientrun. In combindion with sdective excitation,
selective'®*C decouplng and reattime hardwareadjust-
ment allows multiple frequency solvent suppressio
(referred as WET-NMR) without using presaturationA
seriesof free induction decays(FID) was collected for
eachdatapoint, a Fouriertransfomationvia the acquisi-
tion times and a combiration of the spectrawas carried
outusingthetwo-dimensionaNMR software.

As a result of the on-line HPLC/NMR experimenta
contourplot of *H chemicalshift vs. acqusition time is
generatedseeFig. 4. The aquisition time is equivalent to
theretentiontime of the HPLC separéon. Despiteof the
significant numberof unwaned solventsigrals, resultirg
from impurities of the mobile phase, all importantresoe
nancesigrals of the polymer fraction canbe recagnized.
The projedion of all signalintensities towardsthe aquisi-
tion time axis yields an intensity profile which is very
similar to the HPLC elution curve detected with a con-
centrationdetecbor.
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Fig.4. Contour plot of chemical shift vs. acquisition time of the on-line HPLC/

'H NMR analysisof SEA 40/60.
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Fig. 5.

Fig. 5 showsthe NMR spectum of sampe SEA 40/60
extractedat the peakmaximum The peakareasthat are
usedto determinethe chemicalcomposition are marked
However residu4 signalsof the eluert are obtainedat
1.8-2.4 and1.2dueto ACN andimpurities.The concen-
tration of theimpurity affecting the methyl protonsof the
ethyl acrylateunits at 1.2 is constantduring analyte elu-
tion, thereforethe ethyl acrylate content at eachHPLC-
fraction couldbe determined

Seleted spectraof the copolymerSEA 10/90at differ-
entretentiontimesaresummaizedin Fig. 6. The styrene
contentis calcuated from the intensity of the aromaic
protonsof the styreneunits (64 6.5-7.4) and the methyl
protonsof the ethyl acrylate units (64 0.9-1.3).In agree-
mentwith the propertes of the chromatogaphic system,

B

H NMR spectrunof the peakmaximumof the HPLC/H NMR experimat of SEA 40/60.

the styrenecontentof thefractionsincreasesvith increas-
ing retention time. Thus, for a retentiontime of 558s a
styrene content of 9.6% is calculaed, while a retention
time of 603 s correspond to a styrenecortentof 23.0%.
Using the on-line coupledHPLC/*H NMR procedue,
copolymers of different gross composition can be ana-
lysed For different positions at the elution curvesthe
actual styrenecontent canbe determinedAs is shown in
Fig. 7, the copolymes are separatedwith respect to
chemical composiion in the order of increasimg styrene
content. Eachpoint (—0-) acrassthe elution curvesindi-
catestheresultof oneNMR expeiment. For comparison
thechenical compositon calibration curve obtainedfrom
narow-dispersecopolymer standrdsis given. As canbe
seen, a perfectagreenentof thetwo methodss obtaned.
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Fig.6. On-line*H NMR spectracollectionof SEA 10/90at differentretentiontimes and

calculata@ styreneconterts.
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Fig.7. HPLC-chromatogamsof SEA-copolymersof different
compositionwith high conversion.Styrere contert obtainedby
(——) HPLC-calibration (o) on-line HPLC*H NMR experi-
ments.

To summaize, on-line cowled HPLC/NMR is a
unique method for the investigation of the CCD of ran
dom copolymers. It is obvious that the gradiet HPLC/
NMR methodis muchlesstime consuming thanthe con-
ventioral off-line calibraion. In addition, the NMR
detecion yields very specificinformation on the copoly-
mer microstructureat eachpoint of the chromatographic
curve.
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