Available online at www.sciencedirect.com

SCIENCE@DIRECT® JOURNAL OF
CHROMATOGRAPHY A

¥ S
ELSEVIER Journal of Chromatography A, 1098 (2005) 104-110

www.elsevier.com/locate/chroma

Comprehensive two-dimensional liquid chromatography with on-line
Fourier-transform-infrared-spectroscopy detection
for the characterization of copolymers

S.J. Kokb* Th. Hankemeiet!, P.J. Schoenmakeéts

8TNO Nutrition and Food Research, Packaging Research Department, Utrechtseweg 48, 3704 HE Zeist, The Netherlands
b University of Amsterdam, Faculty of Science, Department of Chemical Engineering, Nieuwe Achtergracht 166,
1018 WV Amsterdam, The Netherlands

Received 3 September 2004; received in revised form 16 August 2005; accepted 19 August 2005
Available online 6 September 2005

Abstract

The on-line coupling of comprehensive two-dimensional liquid chromatography (liquid chromatograperexclusion chromatography,
LC x SEC) and infrared (IR) spectroscopy has been realized by means of an IR flow cell. The system has been assessed by the functional-gro
analysis of a series of styrene-methylacrylate (SMA) copolymers with varying styrene content. Ultraviolet (UV) detection was used as a detectior
technique to verify the detection with IR. The LCSEC-IR functional-group contour plots (comprehensive chromatograms) obtained for styrene
were in agreement with the contour plots constructed from the UV signal. In addition, contour plots can be obtained from non-UV-active groups.
One such plot, for the carbonyl-stretching vibration of methylacrylate (MA), is shown. Selective detection of MA proved possible using flow cell
IR detection. The combination of the contour plots for styrene and MA allowed a full characterization of the copolymer and it was revealed that
the present series of SMA copolymers exhibited homogeneous chemical-composition distributions (CCDs). In addition, commercially available
fast-SEC columns have been assessed in this study with respect to their potential to serve as second-dimension separation columns.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction distributions may affect the physical properties of the polymer
and knowledge of these distributions is crucial for the synthetic
The molecular structure of polymers is complex and theypolymer chemist, for product development, and for product
can show a dispersity in more than one property. Next to theontrol.
molar-mass distribution (MMD) other distributions can be dis-  Size-exclusion chromatography (SEC) is a well-established
tinguished. For example, a chemical-composition distributiorchromatographic technique to characterize polymers. It sep-
(CCD) and a functionality-type distribution (FTD) can also bearates polymers according to their hydrodynamic volume
present. In addition, a topological distribution which leads to awhich, for a homopolymer, can be related to the molar mass).
variation in polymer architecture (e.qg. linear, branched, graftedyvhen combined with the appropriate detectors (e.g. ultra-
and a structural variation for copolymers can be discerned, leaddolet/visible, UV-vis, or infrared spectroscopy, IR), SEC can
ing to random, block or alternating copolyméts?]. All these  be used to obtain chemical-composition information as function
of the molar mass. However, only the average composition at
S a certain molecular size is obtained. In addition to SEC, non-
* Corresponding author at: GE Plastics Europe, Material Characterization andxclusion based chromatographic techniques can be used to
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groups (FTD{3]). In both cases, any effect of the polymer molar dimension. As a consequence, the second-dimension analysis
mass on the chromatographic retention should be avoided, as thime and the loop volume together determine the (maximum)
would confound the CCD or FTD information. This is achievedflow rate for the first-dimension separation. When choosing an
under critical (isocratic) or pseudo-critical (gradient) conditions.LC x SEC set-up, the SEC analysis time must be reduced to a
At these conditions no molar-mass information can be obtainedninimum, while maintaining an adequate separation efficiency.
Obviously, a two-dimensional distribution cannot be deter-In addition, the eluents used in the first- and second-dimension
mined using just one separation mechanism and a twoseparations must be completely miscible.
dimensional separation is required5]. When combining two In general, on-line detection in LC or SEC is accomplished
different separation mechanisms an increase in resolution ary ultraviolet, refractive-index (RI), evaporative-light-scattering
selectivity can be obtained. Systems separating into two com(ELS) or MS detection. All of these techniques have their lim-
pletely independent directions are called orthogd6hl With itations. For instance, UV detection can only be used when
such separation systems, fractions can be obtained that acbromophores are present in the analyte and is therefore limited
homogeneous in terms of two parameters. to UV-active polymers. RI detectors exhibit a low sensitivity,
In practice, two-dimensional chromatography can be carwhile an ELS detector yields a non-linear response. Both these
ried out in an off-lingl7—13] or on-line mannef2,5,14-19] A latter types of detectors are universally applicable. They do not
trend can be observed towards the on-line approach. Althougtespond selectively to specific polymers. In addition, on-line
the on-line approach requires a dedicated instrumental set-upC—MS is limited to rather polar and relatively small polymers
and often home-written software, it is preferred to the off-lineand mass-spectra can be extremely complex. In contrast, infrared
approach for a number of reasons. In principle an on-line coufIR) spectroscopy is better suited for the selective detection of
pling allows complete quantification from second-dimension(either UV-active or non-UV-active) functional groups. IR detec-
data. Furthermore, the entire analysis takes places in a closéidn has already been applied in the characterization of polymers
system and no contamination or oxidation can take place duduring many yearf20—26]and it has proven to be a powerful
ing fraction collection and pre-concentration, as is the case itool. Two types of interfacing can be distinguished, viz. cou-
the off-line approach. Finally, on-line analysis can be performegling via a solvent-elimination interface or coupling via a flow
fully automated and unattended. Off-line fractionation has thesell. In the first (off-line) approach the eluent is removed prior
advantage that beside injection into the second-dimension cale IR detection, while in the second case spectra are acquired
umn other analytical techniques can be used for characterizatioduring the elution in an on-line manner. The advantages and dis-
e.g. IR, or nuclear-magnetic-resonance (NMR) spectroscopgdvantages of each technique have been described extensively
(pyrolysis-) gas chromatography—mass spectrometry (GC-MSand the reader is referred f@6—29]for an in-depth discussion
or matrix-assisted laser-desorption ionization time-of-flight-MSon this topic. The coupling of comprehensive two-dimensional
(MALDI-TOF-MS). Also, after the fractions have been collected LC and IR can reveal information about the polymer that cannot
the polymers can be dried and redissolved in a suitable sobe obtained when either one of the selected LC modes is coupled
vent for the second-dimension separation, thus avoiding eluenseparately to IR detection.
miscibility problems. Recently, IR detection was used in the analysis of a grafting
For the full characterization of a polymer sample by on-lineproduct of butylacrylate onto poly(styreésck-butadiene) by
LC x SEC, an eight-port valve containing two sample-storageoupling of critical chromatography (CC) and SEC (CC-SEC)
loopsis often usef?,15-19] Recently, it has been demonstrated via a commercial solvent-elimination interfdd®]. The authors
that the best results are achieved when a 10-port valve is usethowed IR spectra at several elution times, which can be used
in a symmetrical configuration (séég. 1) [5]. While one loop  for identification purposes. Furthermore, plots of absorption-
is being filled with the first-dimension effluent, the fraction thatband intensities were constructed to reveal distribution inho-
had previously been collected in the second loop is analyzed imogeneities. However, the authors mentioned that the inherent
the second-dimension separation. In a comprehensive set-up, thgray characteristics of the interface could result in overlapping
fraction collection time is equal to the analysis time in the secondlepositions of chromatographic peaks that are only marginally
separated. The circular deposition substrate used in this study
offers only a confined space for the deposition of a large number
of second-dimension fractions. Therefore, solvent-elimination
and sample deposition is restricted to a limited number of indi-
vidually discernable second-dimension fractions, unless large
L AMW— W (expensive) rectangular substrates are used. When an IR flow
cell is used, the entire chromatogram can be recorded and the
total analysis time is not restricted by the required spatial reso-
lution on a particular substrate and by the size of the substrate.
[SEC cotumn| - OV_HFTIR }-w In this work we therefore chose to investigate the use of an IR
. " _ flow cell in combination with comprehensive two-dimensional
Fig. 1. Set-upforthe LG: SEC-UV-FTIR system comprisinga 10-portswitch- | ~ ooty 3 series of styrene-methylacrylate copolymers with
ing valve.Abbreviations: P, SEC-eluent pump; L1-L2 fraction-collection loops . 1o
(200! each); C, connection tubing; R, restriction; UV, UV detector; FTIR, Varying fractions of styrene were selected as model compounds.
FTIR spectrometer and flow cell; W, waste. The chemical compositions and molar masses of the model

HPLC
system
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compounds were determined with gradient-elution LC as th& his system served as first-dimension LC system operating in the
first dimension and SEC as the second dimensionXl$SEC).  gradient mode. Isocratic second-dimension eluent was delivered
During the LCx SEC optimization process, two commercially by a Dionex model P580 pump (Germering, Germany), operat-
available fast SEC columns were assessed with respect to thémng at 0.8 ml/min and preceded by a vacuum degasser (Alltech,
potential to serve as second-dimension separation columns. TEeerfield, IL, USA). Chloroform was selected as SEC elu-
performance of the IR flow cell was verified by the construc-ent. It exhibits adequate IR-transparency windows in regions of
tion of functional-group chromatograms (contour plots). Such dunctional-group vibrations of the two co-monomers of interest.
plot, that was specific for styrene, was compared to the signah schematic of the experimental set-up is showRim 1 First-

obtained by UV detection. dimension separations were carried out on a 1508 mm
I.D. Waters NovaPak silica column (particle diametgrm,
2. Experimental specified pore diameter ). During the gradient-optimization
process, the flow rate was 1.0 ml/min (linear gradient: 90-10%
2.1. Chemicals n-heptane—-DCM to 93-7% DCM-MeOH in 17.5min). In the

two-dimensional set-up, the flow rate was reduced by a factor

Mobile phases consisted of methanol (MeOH, Biosolve 25 to 40ul/min and the gradient slope was reduced correspond-
Valkenswaard, The Netherlands), unstabilized tetrahydrofuingly, resulting in a total gradient time of 437 min. This in order
ran (THF, Biosolve), chloroform (Biosolve), dichloromethane to obtain a comprehensive LESEC set-up. The gradient was
(DCM, J.T. Baker, Deventer, The Netherlands) andeptane  Started upon injection of the sample.
(Fluka, Buchs, Switzerland). All mobile phases used were of Three SEC columns, with total analysis times of 5min or
HPLC grade or better. In the experiments for the assessmelftss were selected for potential use in the second dimension
of SEC columns, narrow polystyrene standards with differenffor column details, segable 3. Experiments were performed
peak molar massesff,) were used, which were purchased from using the Waters LC system with THF as eluent (Eaisle 1for
Polymer Standards Service (Mainz, Germany) in the form oflow rates). In all experiments, the LC and SEC columns were
a ReadyCal mixture. The mixture was diluted to 2 mg/ml inthermostatted at 3%C.
THF. In the LCx SEC experiments, narrow polystyrene stan- Comprehensive coupling of LC and SEC was achieved by
dards from Polymer Laboratories (Church Stretton, Shropshiréneans of a helium-actuated VICI two-position 10-port valve
UK) were used to construct a relative calibration curve. Poly{Valco, Schenkon, Switzerland) with a port diameter of 0.25 mm.
mer stock solutions were prepared by weighing the polymeA high-speed switching accessory (Valco) was used to obtain
and dissolution in DCM (20 mg/ml). Combining these solu-a valve-switching time of 8 ms in order to minimize pressure
tions resulted in a concentration of 5mg/ml for each standarduild-up for the first-dimension column and to reduce pressure
Styreneco-methylacrylate (SMA) copolymers were prepared atpulses in the second-dimension column. The 10-port valve was
the Technische Universiteit Eindhoven (Eindhoven, The Netherswitched every 5 min by means of an electronic pulse from the
lands) and a solution was prepared in DCM (ca. 75 mg/ml)LC system. Two injection loops of 2Q4 each were connected

Molar-mass data given in this study are expressed as PS equii@ the 10-port valve. This resulted in four or five fractions per
alents. All standard solutions were stored in the dark’@.6 first-dimension peak, which was considered acceptable. We have

recently found that the valve configuration as showtkiig. 1
2.2. Chromatography gives best results and yields constant retention times for the
second-dimension separation. For a detailed discussion on this
The LC system consisted of a Waters 2695 Separations Mod9PIC, the reader is referred [5]. An in-house 2D-LC program
ule (Milford, MA, USA), equipped with a vacuum degasser Written in a Matlab (Natick, MA, USA) environment was used
and a thermostatted column compartment. The sample volumdg' the calculation of two-dimensional contour plots.
injected were between 10 and 100and all standards and sam-
ples were analyzed in duplicate. UV detection was performe@.3. Spectroscopy
with a Waters photodiode-array (PDA) detector model 996. A
computer using Waters Millenium32 (version 3.2) software con- The FTIR system consisted of a Perkin-Elmer (Norwalk,
trolled the system and was used to record the UV detector signaCT, USA) spectrometer model Spectrum GX, equipped with

Table 1
Characteristics of fast SEC columns selected for this study

Packing, particle diametep.(n) Dimensions (mm)  Molar mass range  Flow rate {.l/min) Mobile phase velocity ~ Supplier

(L x1.D.) (g/mol) (mm/min)
HighSpeed SDV linear S, 3 5020 100-150,000 6000 47.7 Polymer Standards Service
HSPgel-RT MB-L/M, 3 150x 6.0 500-400,000 800 70.7 Waters
PLgel MiniMix-D, 5 50x 4.6 200-400,000 300 45.1 Polymer Laboratories

The Waters HSPgel column was used in kKGEC experiments. The mobile phase velocifywas calculated as: = F/nr2e, whereF is the volumetric flow rate
(rl/min), r¢ the column radius (mm) andthe interparticle porosity (typical value, 0.£80].
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a medium-band mercury/cadmium/telluride (MCT) detectorumn containing conventional packing material was assessed.
The FTIR sample and detector compartments were continusuch a column is normally used as a pre-column. All SEC
ously purged with nitrogen, which was dried using a Zandeicolumns were selected for a wide molar-mass range in order
Adsorbtion Dryer, Type KM5 TE (Essen, Germany) to min- to be generically applicable in future experiments.
imize the interference from carbon dioxide and water vapor All the columns were operated at the (maximum) flow
presentin the atmosphere. To ensure a stable and constant backte recommended by the manufacturer, keeping the second-
ground, the sample and detector compartments were purgelimension separation time within 5min. Details on column
for 60 min before data acquisition. Single-beam spectra (rangelimensions, packing materials and flow rates for the three
3300-1300 cm?), consisting of eight scans at a scan resolu-columns are given ifable 1
tion of 8 cnm 1, were acquired continuously using Perkin-Elmer  For the assessment of the columns the chromatographic res-
Spectrum TimeBase 1.1. This resulted in a data interval oblution was determined by analyzing a mixture containing four
4.69 s and 64 spectra per second-dimension SEC run of 5 miR.S standards with UV detection. As can be seen frign 2C,
Data acquisition was started by means of an electronic pulsgmply shortening the column length severely reduces the sepa-
from the LC system 124 min after injection of the sample. On-ration efficiency. Consequently, reliable molar-mass data cannot
line IR detection was accomplished using a high-pressure flowe obtained with such a column. It should be mentioned that the
cell (Reflex Analytical, Ridgewood, NJ, USA), which was con- Polymer-Laboratories column dimensions and packing materi-
nected in series after the UV detector. Two calcium-fluoride cellls were not optimized for use in fast SEC. Better separation
windows of 13 mm diameter (2 mm thickness) were used (transefficiencies were obtained when fast-SEC columns were used.
mission range, 50,000-1100 cf), which were separated by All PS standards could be distinguished when a PSS high-
a circular 0.39 mm thick Teflon spacer (8 mm clear aperture)speed column was used. The high-molar-mass PS standards (i.e.
resulting in a cell volume of 19.61. The inlet and outlet connec- 2,950,000 and 465,000 g/mol) were not baseline separated, as
tions of the flow cell were adapted by the manufacturer allowinghe molar-mass separation range of this column was from 100 to
to connect 1/16inx 0.010in. I.D. tubing at the flow cell inlet 150,000 g/mol. Furthermore, the high flow rate required to oper-
and 1/16inx 0.020in. 1.D. tubing at the flow cell outlet. ate this column places demands on the LC pump. We noticed
The acquisition of single-beam spectra instead of absorpan increased pump-seal wear after seven days of operation at
tion spectra has the advantage that a single suitable referen6enl/min. Additionally, the high flow rate results in high elu-
spectrum can be selected for the calculation of absorption speent costs. Best results in terms of chromatographic resolution
tra for the complete IR chromatogram. In the present case, were obtained when the Waters HSPgel column was used and
single-beam spectrum at 126.99 min was used, which was frdeaseline separation for all PS standards was obtained. Although
offirst-dimension eluentinterferences. Subsequently, IR absorhis column is relatively long, the better separation efficiency is,
tion spectra were calculated using a Matlab routine. The resultat least partly, due to the small particle diameter and not only
ing absorption spectra between 125 and 300 min were used foue to the longer column length. Actually, a shorter column
the construction of two-dimensional functional-group contourwould have been preferred, but this was not commercially avail-
plots using the 2D-LC program mentioned earlier. The integratedble. The high separation efficiency combined with a 5 min run
absorption within a selected IR window was used to constructime made us select this column for the KGSEC experiments
the contour plots. For methylacrylate, the integrated absorptioreported in this study.
of the carbonyl-stretch vibration was used (1748-1708%9m
while for styrene the integrated absorption of the aromatic-ring  0.04-
C—C stretching vibration was selected (1510-1482 &n

: : S . @A)
An increase in retention time (by ca. 0.7 min at a flow rate of
40pl/min) was observed for the IR-chromatograms, due to the _
5 0.004
extra system volume between the UV detector and the flow cell = 03 - 3 '
interface. 2] 4 (B)

3. Results and discussion 00

0.6 4

3.1. Selection of size-exclusion column ! AL
©
The second-dimension separation in kGEC needs to be 00 ] J\M

completed in a short time, while providing sufficient chromato- o ] i
graphic resolution for the application of choice. Conventional t (min)

SEC columns show a typical analysis time of 10—15 min at conFig. 2. SEC-UV chromatograms obtained from the analysis of a polystyrene
ventional flow rates. Preferably, such columns are not used tgfandard mixtureq=2mg/ml; injection volume, 1fll). The following SEC
realize a second-dimension separation. Therefore, two Comr.nqulumns were used: (A) Polymer Standards Service High Speed; (B) Waters

iallv available SEC column iallv devel dt hi VHSF’geI; (C) Polymer Laboratories MiniMix-D. For additional column details
Cially available columns, especially developed to achie gnd conditions, see Table 1. Peak molar masses: (1) 659,000 g/mol, (2)

an analysis time shorter than 5min were evaluated (fast-SEg7 500 g/mol, (3) 9130 g/mol and (4) 374 g/mol. Peaks marked with an asterisk
columns). Additionally, a miniaturized (small-bore) SEC col- are not identified. UV detection was performed at 261 nm.

UV repsonse
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3.2. Comprehensive LC x SEC-UV-IR of SMA copolymers 5 .

The SMA copolymers are preferably separated by normal-
phase LC (NPLC)31,32] because the introduction of large
amounts of reversed-phase eluents in the IR flow cell may com-
plicate IR detection. The SMA copolymers were dissolved in
DCM. This is a solvent for both PS and PMA, but a weak eluent
on silica €gjo, = 0.32). Thus, it prevents breakthrough of the
injected samplg33]. A non-solventg-heptane) was selected as
the starting (weak) eluent. By adding an increasing amount of 14
methanol£g;,, = 0.73) to DCMin the gradient step, the elution 104
strength was gradually increased and a separation accordingto i i i i , i
chemical composition was accomplished. Ly 150 15 200 26 2l 2 sla 80 4

The maximum first-dimension flow ratéHKmax) for gen- L glimersion:Gme.(min) t SEG{fuin)
uinely comprehensive two-dimensional LC is defined by therig. 3. LCx SEC-UV contour plot of a mixture containing SMA copolymers
injection volume in the second dimensioﬁ%j) and by the  with: (A) 90%; (B) 80%; (C) 60%; (D) 40% and (E) 20% styrene. UV detection

maximum (fuII permeation) second-dimension analysis timevas performed at 261 nm. A PS calibration curve is indicated on the right and
(Zl‘R,max) according to Eq(l). was constructed from narrow PS standards with peak molar masses of 2,950,000,

465,000, 34,500 and 1250 g/mol.

JO OV B -

5
24 (A) (B) (C) (D) (E) £
=

2" dimension time (min)

nd

(1) For molar-mass calibration of the second-dimension SEC col-
IR max umn, the first-dimension eluent was changed to 100% DCM
(isocratic) and a series of PS standards was analyzed by UV
A low flow rate for the first-dimension column is a prereg- and FTIR detection. All other parameters (i.e. valve switch-
uisite to fulfill Eq. (1). This can be accomplished by the useing time, eluent flow rates) were held constant. In this way, the
of a small-bore or microbore colunjB]. Alternatively, a con- first-dimension column only served as a diluter and all PS stan-
ventional sized column can be used and an effluent splitter cattards eluted at the column hold-up time. Subsequentlyp200
be incorporated between the first-dimension column and thijections were made into the second-dimension column. After-
switching valve. However, a varying split ratio (caused by awards, calibration curves were constructed from the UV trace at
varying viscosity of the first-dimension effluent) is a potential 261 nm (inserted ifig. 3, right-hand side) and from the IR trace
obstacle and a large part of the sample is discarded to wastéC=C stretching vibrations at 1491 crh calibration curve not
Therefore, we have chosen an alternative set-up, employinghown).
an analytical sized (i.e. 3.9mm 1.D.) column operating at an The LCx SEC-UV chromatogram (contour plot) obtained
unconventionally low flow rate of 4@l/min. The large diam- for the SMA copolymersis shown Ifig. 3. It can be seen that all
eter permits a high sample load, favoring the sensitivity of theSMA copolymers used in this study are of a similar molar mass.
method. For high-molar-mass polymers the optimal flow rate irA one-dimensional separation according to hydrodynamic vol-
the van-Deemtei{ versus:) curve is very low, because molecu- ume, would not have revealed any compositional information.
lar diffusion decreases significantly with increasing molar mas&JV detection allows only the styrene part of the copolymer to be
(e.g. for polystyrene in THD, (mm2s1)=0.0388/-°54°  studied. Employing an IR flow cell allowed the selective detec-
[34]). Also, the use of low flow rates reduces the risk of columntion of both co-monomers in the SMA copolymer samples and
blocking upon the injection of concentrated polymer solutionsthe contour plot of MA obtained by IR demonstrates the useful-
because the redissolution of the precipitated polymer is a timaiess of IR for non-UV absorbing polymers.
dependent process. Proper functioning of the first-dimension The IR contour plots for the carbonyl-stretching vibration
column at the selected low flow rate was verified in practice(characteristic for MA) and the=6C stretching vibration (char-
and we still obtained baseline separation for all copolymers aacteristic for styrene) are givenkigs. 4 and brespectively. The
40 pl/min. contour plot characteristic for styrene is in agreement with the
Because the analytes experience an additional dilution in theV contour plot (comparé&igs. 3 and b The two functional-
second-dimension separation, a high sample load is desirable gnoup contour plots clearly reveal information on the chemical
the first dimension. In the current experiméif,j =200pl and  composition ¢-axis) and the molar massesdxis).
2tr,max= 5 min, which is in agreementwith E.). It can be fore- The copolymer homogeneity was determined from the ratio
seen that reducing the column length of the second-dimensioof the functional-group contour plots for styrene and methy-
SEC column by a factor of two will still lead to an acceptable lacrylate (cf.Figs. 4 and h The ratios have been calculated for
resolution. In that case, even smaller fraction volurr?éémj() a limited molar-mass range from the SEC fractions correspond-
can be used at the same first-dimension flow rate, increasing tlieg to the elution region of the SMA copolymers. The results
overall resolution obtained by L& SEC, or equal fraction vol- are shown inFig. 6. The fact that the ratios approach zero at
umes can be used at a higher first-dimension flow rate, reducirthe side of the polymer elution window fig. 6 is caused by
the total analysis time to approximately 2.5 h. a very small numerator. No evidence was found for chemical
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inhomogeneities in the comprehensive two-dimensional distri-
butions (chemical-composition distribution versus molar-mass
distributions, or CCDx MMD) of the copolymers.

All the contour plots shown here, exhibit broad horizontal
bands at approximately 4 min SEC elution time. These bands
represent the injection-solvent peaks (indicating the total per-
meation volume 0f7r may), arising from the successive injec-
tions of first-dimension eluent. A decreasing response with
increasing gradient time is observed. As the injection volume
is 200ul, the signals obtained for the injection-solvent peaks
10 can be very intense compared with the analyte response. A sam-
ple amount of about 750g per SMA copolymer is injected

2™ dimension time (min)
(Sd) W o]

4] . . . . . .
125 150 175 200 235 250 275 300 into the LC column. This amount is diluted upon elution in

1" dimension time (min) the first-dimension column and experiences a further dilution
in the second-dimension separation step. For example,d@50
of a SMA copolymer elutes from the LC column in a 25 min
809%; (C) 60%; (D) 40% and (E) 20%. The response was constructed from thEetention window, which is equal to five second-dimension frac-
integrated absorption from 1708 to 1748¢hn tions. Assuming a Gaussian peak profile, the amount of SMA

Fig. 4. LCx SEC-IR functional-group contour plot for the carbonyl-stretching
vibration of a mixture of SMA copolymers. Styrene content: (A) 90%; (B)

in the fraction taken around the apex is 36 The result-
ing peak width from the second-dimension SEC-column is

5 =000 1 1 - -0 about one-sixth of the elution volume (i.e. 505s). At the cur-
MRS AR rent sampling rate, approximately 11 spectra can be acquired
44 and the central fraction of a Gaussian peak represenig &4
i —_— sample. The signal-to-noise obtained at the apex of the SEC-
34 T o b ° . elution peak for SMA (for example 80% styrene) was 5 and
i 18 at 1510-1482 cit and 1748-1708 cit, respectively. This

yields respective limits of detection (LOD) of 50 and,ig for

the styrene and MA absorption bands in the IR spectrum taken at
the chromatographic peak top. However, in this simple calcula-
1 tion we have assumed a Gaussian-profile for the eluted analytes

10 . . .
pm— in both dimensions.

" dimension time (min)

- d

(3]
E
=2Q

| E

S
o

(Sd) W 50|

() T T T T T T
125 150 175 . 200 225 250 275 300 4. Conclusions
1" dimension time (min)

Fig. 5. LCx SEC—IR functional-group contour plot for the aromatic-ring@© Comprehensive coupling of LC and SEC with on-line spec-

stretching vibration of a mixture of SMA copolymers. Styrene content: (A) 90%; troscopic IR detection via a flow cell offers the possibility for

(B) 80%; (C) 60%; (D) 40% and (E) 20%. The response was constructed fronge|ective detection of functional groups for a variety of complex

the integrated absorption from 1510 to 1482¢m . .
polymers. This was successfully demonstrated by the analysis of

a series of styrene-methylacrylate (SMA) copolymers with vary-

ing styrene content. UV detection was used as reference to verify

the analysis with IR detection. The LCSEC—IR functional-

0.0 . (E) . group contour plot obtained for methylacrylate proved that selec-
0.1 : ‘ tive detection was possible using a flow cell and IR detection.
00 : (D) The use of a commercially available fast-SEC column in the
0.1 ' ' ' second dimension was possible with respect to flow rate, chro-

; 3 ©) matographic resolution and flow cell compatibility.
as% T ' ' Application of the currently described LXSEC-UV-IR
; system is not limited to SMA copolymers. Recently, we have

IR band-ratio (styrene/MA)

0.0 ; . ® , demonstrated the usefulness of an IR flow cell for the analysis
: of a blend consisting of aromatic and aliphatic polyesters and of
0.0 . ‘ B @ a polyester/polydimethylsiloxane copolynji26]. Provided that
5 4 3 an eluent can be selected that exhibits an IR-transparent window
log M (PS) in the region where functional-group vibrations of interest are

Fig. 6. IR absorption-band ratios for SMA copolymers determined from thePresent, the application area of comprehensive two-dimensional
functional-group contour plots iRigs. 4 and 5The dotted lines mark a con- chromatography can be extended to include many classes of non-
stant ratio within the elution window of the respective SMA copolymer. Styrene(J\/-active (co)polymers when an IR flow cell is used. Using
content: (A) 90%; (B) 80%; (C) 60%; (D) 40% and (E) 20%. LC x SEC and IR spectroscopy, it is now possible to selec-
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