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transducer for online viscometry in exclusion chromatography

*Mircea Florea
ICERP, 291A Republicii Blvd., RO-2000 Ploiesti, Romania

Received 16 February 2000; accepted 18 February 2000

Abstract

A differential refractive index (DRI) detector was tested as a pressure transducer for single capillary online viscometry in
exclusion chromatography. The relationship between the detector response and pressure is linear, in agreement with the
theoretically expected influence of pressure on refractive index and its dependence on temperature is negligible. Whole
polymer and local intrinsic viscosities were determined and compared for narrow and, respectively, broad molecular weight
distribution polymer samples. Considering that the detection system described can be improved, the results suggest that
modern DRI detectors are susceptible to satisfy the requirements for a suitable pressure transducer in this application.
 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction have become commercially available [4,5] and in-
formation tremendously increased concerning their

A concentration detector is traditionally used in assessment and EC-viscometry data reduction. All
exclusion chromatography (EC) for providing the these detectors are in fact pressure-sensitive detec-
weight concentration profile of the polymer elution tors, measuring the pressure drop of the eluent
curve [1,2]. This way is not an absolute method for passing through capillaries. The pressure drop, DP,
obtaining molecular weight (M ) and molecular for laminar flow obeys Poiseuille’s equation, beingw

weight distributions (MD), requiring EC-M cali- proportional to viscosity, h, which is largely in-w

bration for each polymer–solvent system. Standards fluenced by temperature variations, as well with
required for conventional calibration are available flow-rate, Q [6,7]:
only for very few polymer materials. The alternative

8 hQis to determine the polymer M in the EC effluent byw ] ]]DP 5 L (1)4p dusing M -sensitive detectors, such as, light-scatteringw ]S D
2detectors or viscometer detectors in conjunction with

the universal calibration method [3]. where L and d are the length and, respectively, the
In the last decade, on-line viscometer detectors internal diameter of the capillary.

Several detector designs were described including
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using electronic and mathematical filtration methods through the detection cell. The influence of the
to remove the interference of flow-rate noise. Tem- temperature is mostly cancelled, as the detector
perature variations are eliminated by placing the response is proportional to the difference of refrac-
whole equipment or essential parts of it in a thermo- tive indices in the two parts of the flow cell.
static compartment. First, the relationship between the detector output

The differential refractive index (DRI) detector is and pressure was investigated. Then, the merits
applicable to many polymers, being the most com- concerning measuring the pressure drop of EC
monly used concentration detector in EC. However, effluent across a single capillary were evaluated in
it shows some drawbacks by comparison with other the case of some narrow MD poly(styrene) (PS)
detectors, as for example, a lower sensitivity to standards and broad PS and poly(methyl methacryl-
concentration, dependence of refractive index on M ate) (PMMA) samples.w

]and an undesirable sensitivity to temperature and Whole polymer intrinsic viscosities, [h], can be
pressure. The latest shortcoming is caused by the determined exclusively from the viscometer detector
influence of temperature and pressure on refractive response, independently of the corresponding con-
index. For many liquids the variation of refractive centration chromatogram and hence they are not

24index with temperature, ≠n /≠T, is around 24310 affected by interdetector transport time or differences
21K , while the variation with pressure, ≠n /≠P, is between cell sizes of the two detectors. Additionally,

25 21about 5310 bar [15,16]. To reduce thermal these are not very sensitive to flow-rate variations
noise, these detectors enclose a large thermal ballast and are independent of the resolution of the sepa-
and long inlet tubing to perform necessary heat ration and calibrations. As high shear rates can

]exchange of the effluent, and, in modern EC dedi- induce shear-thinning effects, [h] of polymer sam-
cated equipment, they are thermostated [17]. ples having high molecular weights was of a special

Based on the variation of refractive index with concern. Such phenomena were not yet reported in
pressure, this work demonstrates the use of a DRI EC related viscometry, not even in the case of
detector as a differential pressure transducer for on- capillaries having I.D. as small as 0.15 mm (0.0060)

4 21line single capillary viscometry in EC. To this (shear rate |5310 s , for a flow-rate of 1 ml /
purpose, a sufficient sensitivity to pressure is re- min). However, mechanical shear degradation has
quired to allow the use of a capillary with a been observed in the chromatographic columns for

6geometry that ensures good resolution but cause no some polymers having M higher than 10 [18].w

shear-thinning. The use of capillaries having internal Therefore, to check the detector performances and
]diameters of 0.0060 [11], 0.0100 [12] and 0.0140 data reduction, [h] values were determined and

[4,7] has been reported. A predictable, simple and compared with dilute solution viscometry results, for
stable relationship between detector response and high-M PS standards. In addition, the Markw

pressure is also required, to permit routine data Houwink plot obtained from these values was com-
reduction. pared with literature data.

To transform it into a pressure transducer, the DRI Further assessments were done by comparing plots
detector is used to monitor the variation of refractive of whole polymer intrinsic viscosities of narrow MD
index with pressure of the eluent. The two sides of standards with plots of local intrinsic viscosities
the flow cell are filled with eluent, the outlets of the determined from a broad MD PS sample, versus
detector are plugged and the inlets are connected to retention time and molecular weights. Then, using
the ends of the capillary. If the capillary is placed at the interdetector transport time derived for PS, an
the end of the chromatographic line, one side of the attempt was made to determine the Mark–Houwink
flow cell is connected to the high-pressure end of the constants for a broad PMMA sample.
capillary and the other one is left open, at atmos-
pheric pressure. The DRI detector could also func-
tion as a differential pressure transducer in a four- 2. Theory
capillary bridge configuration [12,13], but this work
is limited to experiments with a single capillary. In The variation of refractive index with pressure can
this way of use of the DRI detector, there is no flow be derived by differentiation of one of the well-
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known relationships [16,19,20] which express spe- f(n). For example, in the case of the well known
cific refraction, r, as a function of refractive index, n, Lorentz–Lorenz equation (e.g., Ref. [16]),
and density, r. They are written in a general form as: 2n 2 1

]]f(n) 5 2f(n) 5 rr (2) n 1 2

differentiation with respect pressure, P, and tempera- and
ture, T, provides: 2 2sn 2 1dsn 1 2d

]]]]]g(n) 5 .≠f n ≠f ns d s d 6n
]] ]]S D S Ddf(n) 5 1 (3)

≠P T ≠T P
Similarly, the term expressing the variation of

the term that describes the variation with pressure is refractive index with temperature is expressed as:
written as:

≠n Dn
] ]S DS D 5 g(n) ? a or 5 g(n) ? b (7)≠f n ≠r ≠rs d ≠T P DT P]] ] ]S D 5 r 1 r (4)

≠P T ≠P ≠P
where a is the thermal dilatation coefficient at

where ≠r /≠P can be neglected, as r is quasi-in- constant pressure, and the total variation of the
dependent of pressure (and temperature); refractive index is given by:

≠f n ≠f n ≠ns d s d Dn 5 g(n) ? b ? DP 1 a ? DT . (8)s d]] ]] ]S D 5 S D
≠P T ≠n ≠P T

The voltage change, DE, of the DRI detector isand
proportional to the difference of refractive indices in

≠r the two parts of the flow cell, n and n [21],]5 rb, 2 1
≠P

n 2 ns d2 1
]]]DE 5 E – E* 5 S (9)where b represents the isothermal compressibility, n1

1 ≠V where S /n represents the sensitivity of the DRI1] ]S Db 5 2 V ≠P T detector; E, the detector response; and E*, the offset0

of the detector output, equal to the detector response
with V5volume.

when n 5 n .1 2Therefore, the variation with pressure of the
When used as a differential pressure transducer,

refractive index is expressed as:
the detector output is proportional to the difference

≠n rrb of pressures, DP, applied on the two sides of the cell:
] ]]S D 5 (5)
≠P T ≠f ns d

S ? g(n ) ? b ? P 2 P]] s d0 2 1≠n ]]]]]]]]]E 2 E* 5 (k DP
n 1 g(n ) ? (a ? DT 1 b(P 2 P )0 0 1 0

and substituting rr from Eq. (2) gives:
(10)

≠n
]S D 5 g(n) ? b where n is the refractive index at ambient pressure,0≠P T

P ; k, a proportionality constant, representing the0
or for finite but small variations sensitivity to pressure of the DRI detector, compris-

ing all the previous constants in the above equationDn
]S D 5 g(n) ? b (6)
DP T (n 1 g(n ) ? (a ? DT 1 b(P 2 P )(n ).0 0 1 0 0

where
As it results from Eq. (10) and literature data1

]]] about the variation of refractive index with tempera-g(n) 5
≠ln f ns s dd ture [15,16], the influence of the environmental]]]

≠n temperature variations on the sensitivity factor, k, is
is a constant of which value depends on the form of expected to be negligible.
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The variation of refractive index with pressure,
≠n /≠P , determined on the basis of Eq. (10), showss dT

some variation with the form of f(n). Thus, for THF
at 208C and atmospheric pressure, it results 3.83

25 2110 atm with the Gladstone–Dale formula, 4.03
25 2110 atm by using the Eykman formula and 4.33
25 2110 atm for the Lorentz–Lorenz relationship.

These values were calculated considering n51.40,
25 21and b 59.4310 atm (informative value sup-0

plied by Gilson). No determinations of the refractive
index at the wavelength the DRI detector works
(950630 nm) were available; however, it can be
estimated from values determined at different wave- Fig. 1. Flow scheme for using DRI detector as a pressure

transducer in a single-capillary configuration.lengths. The value above was calculated for a
wavelength of 950 nm using the Cauchy formula

20[16] and data at three different wavelengths, n 5 way fitting (0.3 mm I.D.) to the inlet of the DRIa
20 201.4051, n 5 1.4123 [22] and n 5 1.4072 [23,26]. detector and to the UV detector, respectively. Capil-b D

lary tubing of different materials and geometry were
tested. The results reported in this work were ob-

3. Experimental tained using 0.46 m PEEK tubing of 0.25 mm
(0.0100) internal diameter (I.D.). Increasing the flow

A modular Gilson HPLC system (Gilson Medical resistance of the capillary improves the signal-to-
Electronics, Middleton, WI, USA) was used to noise ratio, but the geometry of the capillary must be
perform EC experiments. This included a 305 pump, a compromise between a low dead volume and a
a M806 manometric module, a model 116 UV higher I.D., to ensure a good resolution of detection
detector tuned at 254 nm for PS or at 230 nm for and to avoid shear-thinning effects in the case of
PMMA and a model 132 DRI detector-connected in higher-M macromolecules, respectively. Connect-w

series in this order. Alternatively, the above single- ions between the column outlet, detectors and capil-
piston pump and manometric module were substi- lary were made using tubing of larger I.D. (0.3 mm)
tuted by a Jasco PU-980 two-piston pump (Jasco, to minimise possible flow fluctuations due to the
Tokyo, Japan). The DRI detector was equipped with so-called Lesec effect [24,25]. The outlet of the
a standard analytical (458 angle, 8 ml) flow cell. Data detector channel connected to the capillary was
acquisition was performed at a sampling frequency closed tightly, taking care to eliminate air from the

21of 10 s , through the model 5068 Gilson System tubing. The reference side of the flow cell was filled
Interface Module, by a home-made software, running with eluent and left open.
under MS-Windows. HPLC-grade (LiChroSolv, There are no important restrictions regarding the
Merck, Darmstadt, Germany) tetrahydrofuran (THF), detector cell endurance. The maximum pressure limit
passed through an online membrane degasser and a of the DRI detector cell is 0.5 MPa while the UV
kit of two Zorbax PSM-S bimodal columns (DuPont, detector cell withstands up to 3.45 MPa. Employing
Wilmington, DE, USA) were used to perform sepa- THF at a flow-rate of 1 ml /min, the pressure drop
ration. A Rheodyne 7125 injection valve (Rheodyne, across the above capillary is 0.036 MPa at 208C (for
Cotati, CA, USA) with a sample loop of 100 ml was a viscosity of THF, h50.48 mPa?s [26]). At the
used for sample injection, equipped with a position same flow-rate and temperature, the shear rate of a
sensor, which optionally initiates data collection. Newtonian fluid at the wall of the capillary, e.g. Ref.

4 21To get the detector response versus pressure and [27] is 1310 s and Reynolds number is 154.
viscosity elution curves, the usual flow scheme of the The sensitivity setting of the DRI detector was

26DRI detector has been modified as shown in Fig. 1. 6310 refractive index units per full scale
The capillary has been connected through a three- (DRIUFS), which is 5 times higher than when the



M. Florea / J. Chromatogr. A 878 (2000) 1 –15 5

detector is used in normal mass detection mode. conventional EC, using the above calibration rela-
Else, ‘stepped chromatograms’ could result, due to tionship and literature values of Mark–Houwink
the inability of the analog-to-digital converter to constants [31]. In the case of the PS sample MD
distinguish very small voltage changes [28]. extends over the calibration range, consequently the

The columns, the capillary and the high-pressure values indicated are approximate, affected by ex-
filter located before the injector were water-jacketed trapolation.
and maintained at a near ambient temperature with
an accuracy of 60.028C measured in the thermostat.
Good thermal stability of the system was also 4. Results and discussion
obtained by keeping the jackets filled with water,
without circulation, as it functions as efficient ther- 4.1. Detector response versus pressure
mal ballast.

Intrinsic viscosities were determined for some With the results derived in the theoretical section,
samples by dilute solution viscometry at 208C, using the detector sensitivity to pressure is estimated to be

21an Ubbelohde glass capillary viscometer in accord- in the range of 630–710 mV atm , for a sensitivity
26ance with the ASTM Test Method D445 and follow- setting of 6310 Dn per full-scale output of 100

ing the procedure for in situ dilution described in mV. As the sensitivity of DRI depends on the
Ref. [29]. refractive index of the eluent, the value of the

Narrow MD PS standards in the M range be- sensitivity used could be in error [21].w

tween 800 and 1 800 000 were supplied by DuPont. Experimentally, the DRI detector response to
A linear calibration relationship (type 1 calibration pressure variation was first estimated by applying
[30]) was determined using nine PS standards, up to known static pressures on the detector inlet, by
M 5900 000: log(M )521.2443Retention time raising and lowering the level of the outlet tubingw w

(min)111.035, at a flow-rate of 1.554 ml /min. filled with eluent and observing the voltage change.
Toluene was used as flow marker at a concentration A linear relationship between voltage change and
of 200 ppm. Concentrations of samples were be- pressure was observed both when flow was stopped
tween 0.05 and 0.1 g/dl. The universal calibration or eluent flowed at a certain constant flow-rate.
relationship was constructed using literature data on Taking into account the density of THF to calculate
the [h] versus M relationship for polystyrene [31]. the pressure exerted by the column of liquid, aw

21The log[h] versus retention time relationship was sensitivity to pressure of about 630 mV atm was
limited to the range between 9000 and 900 000, thus obtained at an ambient temperature of 248C, in
obtaining: log[h]520.8783Retention time (min)1 agreement with the previous theoretical considera-
5.929. tions.

Concentration of samples used in chromatographic Next, the scheme in Fig. 1 was used to monitor the
determination of intrinsic viscosities were pro- detector response to the pressure drop caused by the
gressively increased from 0.05 g/dl for the highest flow of the eluent across a capillary. Actual flow-
up to 1 g/dl for the lowest M . rates were determined by weighing the solventw ]

An industrial polystyrene sample (M 5 260 600, collected in determined time intervals and taking intow]
M 5 69 200, [h] 5 89.0 ml /g) obtained by suspen- account its density at the corresponding temperature.n

sion polymerisation was used to obtain the plot of The relationship between pressure drop across a
local intrinsic viscosities versus retention time and capillary and both flow-rate and viscosity is linear.

]
molecular weight. A PMMA sample (M 5 164 800, However, pressure losses caused by fittings, bendingw]
M 5 68 100, [h] 5 50.1 ml /g) was obtained by free and coiling of the capillary tubing, flow restrictionsn

radical polymerisation of methyl methacrylate (tech- of diverse nature, entrance and exit of the fluid are
nical-grade reagent purified by distillation) in independent of viscosity and proportional to the
toluene, initiated by AIBN at 758C, followed by square of the flow-rate, e.g. Ref. [32]. Such pressure
several purification steps by dissolution and re-pre- losses become as important as the capillary has a
cipitation. These samples were characterised by lower flow resistance. If such effects are not taken
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Fig. 2. Response of DRI detector (used in pressure detection mode) to pressure variations generated by the eluent (THF, at 248C) flowing
across a linear capillary, at different flow-rates.

into account, monitoring the DRI detector signal relationship (Eq. (1)), taking into account the vis-
against flow-rate could erroneously indicate a non- cosity of THF at the given temperature (data from
linear variation of the refractive index with pressure. Ref. [26]). The result is in fair agreement with the

Fig. 2 illustrates the result of increasing the value determined by applying static pressure on the
nominal flow-rate setting, from 0 to 1.5 ml /min by detector cell. The exact match of these values is
increments of 0.3 ml /min in the case of a linear conditioned by the knowledge of the actual bore size
capillary. The variation of the detector response with of the capillary.
flow-rate is very well approximated by a linear
relationship, as can be observed in Fig. 3, even if a 4.2. Pressure elution curves
negligible quadratic term can be identified in the plot
of residuals, as in Fig. 4. When the same capillary Fig. 5 contrasts a typical elution curve obtained
was used, but it was coiled (radius, 20 mm), the plot using the DRI detector as a pressure transducer in
of residuals (Fig. 4) shows a significant increase of single capillary configuration with the concentration
the quadratic term. It is much more practical to elution curve generated by the UV detector. The
handle a coiled capillary, but because of the observa- signal corresponding to the polymer bands decreases
tion above this idea was dropped. with M , being also accompanied by a constant andw

The sensitivity to pressure was derived, in the case rhythmical flow-rate noise. A slight drift of the base
of the linear capillary, from the slope of the detector line was almost unavoidable in these experiments,
signal versus the actual flow-rate divided by the caused by the characteristic thermal drift of the DRI
pressure drop. The slope of the detector signal versus detector response encountered in concentration-de-
flow-rate gives the voltage change for a pressure tection mode, too, but amplified due to the higher
drop caused by unity flow-rate. The corresponding sensitivity setting. The base line drift generally
pressure drop is calculated based on Poiseuille’s diminished after a longer warm-up period.
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Fig. 3. Detector response versus flow-rate for: (s) linear capillary (data from Fig. 2) and (j) coiled capillary.

Flow fluctuations caused by injection of the 305 pump was used along with the 806 manometric
sample, and due to the passing of sample from one module than in the case when these components
column into the other, originate a signal variation were substituted by a Jasco PU-980 pump.
unnoticed by the concentration detector. These flow Setting the electronic filter incorporated in the DRI
fluctuations were more prominent in the case of very detector at a higher time constant produces, besides
high M PS standards even for similar specific the smoothing of the elution curve, a significantw

viscosities. Also, they were larger when the Gilson broadening of the useful signal, too. Numerical

Fig. 4. Plot of residuals for detector response versus flow-rate for Fig. 3: (s) linear capillary and (j) coiled capillary.
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Fig. 5. Typical pressure elution curve as it results from DRI detector in a single capillary configuration (A) and the corresponding UV
detector output (B). Pump: Jasco PU-890, nominal flow-rate, 1.5 ml /min. Sample: mixture of polystyrene standards in THF: 900 K, 0.050
g/dl; 109 K, 0.1350 g/dl; 9 K, 0.0226 g/dl; injected volume, 40 ml. Temperature: ambient |248C.

filtration methods, such as fast Fourier transform DP 2 DP1 i 0
] ]]](FFT) [33] and Savitsky–Golay [34] combined with [h] 5 (11)F Gi c DPi 0moving average [35,36] provide better smoothing

capabilities without significant band broadening, if where DP and DP are the pressure drops due to the0 i

the corresponding parameters are properly chosen. solvent and polymer solution, respectively, and c isi

Good results were also obtained by applying the the local concentration of the polymer solution,
ksmooth function supplied by Mathcad software corresponding to the ith data point on the pressure
(Mathsoft), version 7 or higher, which uses a Gaus- elution curve.
sian kernel to compute local weighted averages of By combining Eqs. (10) and (11) and assuming
the input vector. horizontal baseline of the pressure elution curve,

A higher signal-to-noise ratio is expected to be local intrinsic viscosities are expressed as:
achieved using a higher performance pulse dampener E 2 E1 i 0

]]]]and keeping the DRI detector in a thermostatic [h] 5 (12)i c E 2 E*i 0environment.
where E is the ith data point on the chromatogram;i

E , the value of the base line; E 2 E*, represents0 04.3. Intrinsic viscosities
the voltage change corresponding to the pressure
drop due to the flow of pure eluent, at the respective

4.3.1. Data reduction flow-rate, Q. The ratio (E 2 E ) /(E 2 E*) repre-i 0 0

On the basis of Poiseuille’s equation and using a sents the specific viscosity of the solution, at the
simplified Huggins relationship [29], local intrinsic corresponding retention time.
viscosities, [h] , are expressed [4,30] as: Also,i
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c 5 m /DV5 m ? f /Q, (13) Another alternative to find the ratio (E 2 E*) /Qi i i s 0

is to determine the value that provides the known
where m is the mass of the polymer in the corre-i intrinsic viscosity of a polymer standard.
sponding volume increment, DV, and f is the sam-s

pling frequency. m is derived as the product be-i 4.3.2. Whole polymer intrinsic viscosity resultstween the total injected mass and the weight fraction
Whole polymer intrinsic viscosities were deter-of the sample in slice i, which is obtained from the

mined for a series of narrow standards as meancorresponding height of the normalised concentration
values obtained each from four pressure elutionchromatogram.
curves and by using Eq. (15). Calculations were]The bulk (whole sample) intrinsic viscosity, [h], is
preceded by FFT smoothing and base line subtrac-given by:
tion. A nominal flow-rate of 1.5 ml /min was used to

N get a better signal-to-noise ratio. The results areO c [h]i i plotted against M in Fig. 6, comparatively with awi51] ]]][h] 5 (14) general relationship, of the form:N

1 / 2Oci h 5 K ? M 1 K9 ? M . (16)f g i Q i ii51

where N is the total number of data points in the This is valid over a wider M range and for PSw
22selected peak region, and K 58.51260.50310 ml /g and K95Q

24
N 1.74260.136310 ml /g [31]. In the M range ofw

]O E 2 E 9000–900 000, the experimental [h] were fitted by as di 0,i
i51] linear relationship which provides Mark–Houwink]]]]][h] 5 Q (15)

E 2 E* ? m ? fs d0 s constants a 50.706 and K50.015 ml /g. On the
basis of these results, it can be concluded thatwhere m is the total injected mass of polymer.
reliable intrinsic viscosities are obtained using theTaking into account second-order terms in Hug-
detection method and data reduction described.gins or Kraemer equations proved to be unnecessary

In the given conditions shear-thinning effects doin the given experimental conditions. No differences
not occur up to at least 900 000. The value de-were found between the results provided by the
termined (275 ml /g) for the 1 800 000 sample wasequations above and more sophisticated ones, as
much lower than expected (427 ml /g) and than thecited in Ref. [4].
value obtained by dilute solution viscometry, whichThe detector response to the pressure drop caused
was in agreement with literature data. This sample isby the flow of the eluent, E 2 E*, is expected to0
likely to experience shear degradation by passingremain constant for constant flow-rate and constant
through the chromatographic columns.temperature of the capillary. The ratio of the detector

response to flow-rate, (E 2 E*) /Q, in Eq. (15)0

equals the slope of the detector signal versus flow- 4.3.3. Local intrinsic viscosity results
rate calibration. Hence, if the temperature of the Determination of local intrinsic viscosities requires
capillary is kept at the same temperature as the the exact match of concentration and viscosity
calibration was done, the need for determining the elution curves. This is unfortunately not easily done
flow-rate in each run is eliminated. by simply correcting for the geometric interdetector

Otherwise, the actual flow-rate, Q, once deter- volume. In the conditions of EC viscometry, flow
mined by an absolute method, is monitored and fluctuations have been identified by Lesec and co-
corrected by the use of an internal flow-rate marker workers [24,25] that cause viscosity elution curves to
[37]. The detector signal, E 2 E*, can be deter- be distorted, with an appearance of peak shift toward0

mined for each run or periodically, for example, by higher retention times.
switching off the pump at the end of the chromato- The current practice is to determine an interdetec-
gram. Free draining of the eluent must be avoided in tor transport time, which allows superimposing in-
this case, since it impairs the result. trinsic viscosity versus elution time plots obtained
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Fig. 6. Plot of intrinsic viscosities of narrow PS standards versus M : experimental results (j) in comparison with literature data (—).w

from a broad MD standard and, respectively, from a searching for an interdetector volume which allows
series of narrow MD standards. It has been shown superimposition of the two plots of [h] versus
[38] that such an effective interdector volume also retention time is not rational and further analysis
makes a correction for axial dispersion. could be worthless, in the given circumstances.

Peak shifts were evidenced in this study by Results on determining [h] from broad MD samples,i

aligning concentration and viscosity chromatograms however, proved to be meaningful with regard to the
of a narrow PS standard to the peaks of a small M behaviour of the detection system, especially for thew

impurity. It was noticed that the peak of the PS capabilities of the DRI detector as a differential
standard on the viscosity curve is abnormally located pressure transducer, and consequently are given
at a slightly higher elution volume in comparison below.
with the concentration chromatogram. Also, a small Viscosity (mean value of three replicates,
broadening of the viscosity chromatograms was smoothed by FFT) and concentration chromatograms
observed in comparison to concentration chromato- were determined for the broad PS sample and are
grams. This broadening is likely due to the use of presented in Fig. 7. Values of intrinsic viscosities
larger I.D. capillaries for connections, which in this determined by dilute solution viscometry, by conven-
case have to be replaced. Other factors that may tional EC and by EC with viscometric detection
affect the viscosity chromatograms could be the (mean value of three replicates) were in relatively
difference between the volumes of the detector cells, good agreement, 92.7, 89.0 and 88.4 ml /g, respec-
the electronic filter of the DRI detector (the lowest tively.
setting of 0.2 s was used), numerical filtration and A weighted least-squares method was applied to
flow fluctuations. find an effective interdetector volume, using as

Under these conditions, determination of [h] is weighting factors the heights of the baseline-sub-i

altered since the specific viscosities and concen- tracted viscosity elution curve, which are propor-
trations cannot be exactly fitted. Also, it is expected tional to the corresponding specific viscosities. It was
that the plot [h] versus retention time derived from considered that in comparison with the errors ini

chromatograms affected by instrumental dispersion determination of specific viscosities, the errors in
]would be lower than the plot of [h] versus retention measurement of concentrations are insignificant. This

time obtained from narrow MD PS samples. Hence, is justified taking into account the high sensitivity
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Fig. 7. Concentration (UV 254 nm, - - -) and FFT filtered viscosity (—) chromatograms of broad MD PS sample (concentration, 0.225 g/dl;
injected volume, 40 ml; Jasco PU-890 pump, flow-rate, 1.554 ml /min; temperature, ambient).

and stability of the UV detector response in this case. • a trend observed on the plot of residuals,
(log [h] 2linear fit of log [h] ) versus retentionAlso, the error in the determination of log [h] was i ii

time (Fig. 10)considered to be inversely proportional to specific
• the comparison of the simulated and experimentalviscosities. This method is similar to that proposed in

viscosity curves (Fig. 11)Ref. [30] with the exception that, in the present
Fig. 11 suggests a broadening of the experimentalwork, the errors in determination of concentrations

chromatogram, too, and this was also clearly ob-were neglected.
served on chromatograms obtained at a flow-rate ofBy this method, a value of 109 ml had to be used
1.028 ml /min.for the interdetector volume, to superimpose the

Seeking for an effective interdetector volumelinear fit of [h] versus retention time on the plot ofi
] failed and this was also confirmed by an attempt[h] versus retention time derived from narrow stan-

made to obtain the Mark–Houwink constants of adards. The geometrical interdetector volume was
broad PMMA sample using the interdetector volumeestimated to be 25 ml. The fit was restricted to the
found for PS. Chromatograms and experimentalregion between 4 and 5.5 min, discarding that part
conditions are given in Fig. 12. The Mark–Houwink(3.8–4 min) outside the range of the calibration
exponent found was clearly overestimated (a 50.79)relationship. This value of the interdetector time

23appeared to be reproducible at injection volumes of and the constant, K, underestimated (K53.8310
40, 50 and 60 ml, as well as, at flow-rates of 1.028 ml /g) and this is attributable to the false interdetec-
and 1.554 ml /min. However, several indications tor value derived for the PS sample and the lower
showed that this is too a high value: polydispersity of the PMMA sample. [h] versusi

• the curvature at the ends of the [h] versus retention time or [h] versus M relationships de-i i w

retention time plot (Fig. 8) and the respective rived from samples having lower polydispersities
Mark–Houwink plot [39] (Fig. 9), where the show a higher variation with interdetector volume.
corresponding relationships derived from narrow This suggests that the accuracy of determining
samples are linear Mark–Houwink parameters could be enhanced by
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Fig. 8. Local intrinsic viscosities vs. retention time (—), derived from chromatograms in Fig. 7 using an interdetector volume of 109 ml and
whole polymer intrinsic viscosities of narrow standards fitted to a linear relationship (– + –).

Fig. 9. Mark–Houwink plot derived from chromatograms in Fig. 7 (—) and from narrow MD PS standards (– + –), using an interdetector
volume of 109 ml.
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Fig. 10. Plot of residual errors between local intrinsic viscosities versus retention time, as in Fig. 8, and the corresponding regression line.

using an unknown polymer sample having higher squared differences between log [h] and the lineari

polydispersity than the broad PS standard provided fit of log [h] versus retention time for the broad PSi

that flow fluctuations and axial spreading do not sample appears to be a more rational value, in this
affect differently the corresponding chromatograms. case. It yields a linear Mark–Houwink plot within

An interdetector value of 80 ml that minimises the the calibration domain, but of course, the values of

Fig. 11. Experimental (—) and simulated (- - -) viscosity chromatograms corresponding to Fig. 7 and using an interdetector volume of 109
ml.
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Fig. 12. Concentration (UV 230 nm (- - -)) and FFT filtered viscosity (—) chromatograms of PAMA sample (concentration: 0.312 g/dl,
injected volume: 40 ml, Jasco PU-890 pump, flow-rate51.554 ml /min, temperature: ambient).

Mark–Houwink parameters are lower than normal determined in order to test the detection system and
for both PS and PMMA, being affected by the data processing. Sensitivity to pressure of the DRI
broadening of the viscosity chromatogram. detector was high enough to allow the use of a

capillary that provides good resolution without shear-
thinning effects in the usual M and flow-ratew

ranges.
5. Conclusions Determination of accurate interdetector volume,

which would allow to obtain reliable Mark–Houwink
A DRI detector was tested as a differential pres- constants, was not possible, as broadening of the

sure transducer for single capillary online viscomet- viscosity chromatogram occurred, likely due to high-
ric detection in EC. The relationship between the er I.D. connection tubing in the detection area.
detector response and pressure is linear, in agreement Obviously, the detection system described is not
with the theoretically expected influence of pressure yet acceptable for routine analysis, but it is highly
on refractive index. The influence of temperature on susceptible of being improved.
the detector sensitivity to pressure is negligible; Considering that the design of the detection sys-
however, base line drift was almost unavoidable in tem and the working conditions of the whole
the normal (not thermostated) working conditions of chromatograph can be improved, modern DRI detec-
the detector. tors are susceptible to satisfy the requirements for a

Provided that kinetic and end effects of the suitable pressure transducer in this application. Thus,
capillary can be neglected, the sensitivity factor of in contrast to the conditions described in this work,
the detector is derived from the detector response to one can consider thermostating the whole chromato-
the pressure drop caused by the flow of the eluent. graphic system, using a higher performance pulse
Data reduction is as simple as in the case of using an dampener, lower I.D. connection tubing in the de-
electronic transducer. tection area and perhaps a DRI detector with a lower

Whole polymer and local intrinsic viscosities were thermal drift.
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